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At a Glance Summary
	Applicable Measure Codes:
	There are three measure codes in this workpaper:
Industrial/Central Plant low pressure steam trap repair or replacement
Industrial/Central Plant high pressure steam trap repair or replacement
Commercial steam trap repair or replacement, any pressure

	Measure Description: 
	This measure consists of paying a rebate to repair or replace existing steam traps.  For the two industrial measures the rebate is to repair or replace only failed steam traps in leaking or blow-through.  The commercial measure rebates the repair or replacement of all the existing, older steam traps in the customer’s facility.  The calculations reduce the potential therm savings claimed by the percentage of working (non-failed) traps in the facility based on the attached steam trap studies.

	Energy Impact Common Units: 
	Savings are claimed on a per unit basis.  Therms per steam trap repair or replaced per year. 

	Base Case Description:
	Source:  Various Studies.  Virtually all steam systems require steam traps to remove excess condensate from the steam lines and prevent steam leakage to the condensate system.  Older steam traps are prone to steam leakage due to corrosion, erosion and deposits on the steam trap orifice and valve.  The attached studies document the average failure rates for steam systems.

	Base Case Energy Consumption: 
	Source:  Various Studies.  The base case energy consumption for offsetting steam leakage was derived from the attached studies.  The attached studies combined with industry standard calculations document the average therm loss for three cases; industrial low pressure steam systems, industrial high pressure steam systems and commercial steam systems.

	Measure Energy Consumption:
	Source:  Various Studies.  Zero therms. A new steam trap eliminates the steam lost from the failed, leaking steam trap, thereby eliminating the therms lost.  The steam trap does not consume energy itself.

	Energy Savings (Base Case – Measure)
	Source:  Various Studies.  The average energy savings equals the base case energy consumption. 

	Costs Common Units: 
	The common unit cost is the new equipment cost, excluding labor, for each repaired or replacement steam trap.

	Base Case Equipment Cost ($/unit):
	Source:  Various Studies.  The base case equipment cost is zero.  It is assumed the customer would take no action and the old steam traps continue to leak based on the attached studies.

	Measure Equipment Cost ($/unit): 
	Source:  Various Studies.  The measure cost of a steam trap varies by the size, type and number of traps installed.  Normally the customer or a vendor repairs or removes the existing trap and installs the replacement trap.  Volume discounts usually apply.  Vendor surveys were used to determine costs and the figures were averaged to determine cost.  
Commercial traps – average cost $77/trap
Industrial/Central Plant low pressure – average cost $180/trap
Industrial/Central Plant high pressure – average cost $223/trap

	[bookmark: OLE_LINK1]Measure Incremental Cost ($/unit): 
	Source:  Various Studies.  The incremental cost equals the measure equipment cost since the basecase cost (no steam trap replacement) is zero.

	Effective Useful Life (years): 
	Source:  Various StudiesVendor discussions were used to generate a consensus of average life.  The life of the trap varies mainly by steam trap type and usage.  The life can vary from as little as one to three years in a 24 hour per day high steam pressure refinery to five to seven years in a commercial dry cleaner.  For this workpaper an average life of 6 years was chosen.

	Program Type:
	This measure is applicable to the Business Energy Efficiency Rebate Program.  

	Net-to-Gross Ratios: 
	Source:  80% NTG; per program requirements.

	Important Comments:
	No minimum leak rate is required.  On the industrial side any leaking or blow through trap can be repaired or replaced.  On the commercial side, especially at dry cleaners, the practice is to avoid the cost of testing the steam traps and repair or replace all the steam traps at the facility.  The potential therm savings are then reduced by the percentage of traps found to be leaking on average from the studies listed.  Gas savings per trap depend upon the service and condition of the existing traps.  The average savings is based on the attached studies.




	Measure Code
	DEER RunID
	Measure Description
	Building Type
	Building Vintage
	Climate Zone
	Peak Electric Demand Reduction (kW/unit)
	 Electric Savings (kWh/unit)
	Gas Savings (therms/unit)
	Measure Incremental Cost ($/unit)
	Effective Useful Life (years)

	
	N/A
	Industrial/Central Plant steam trap repair or replacement, <15 psig steam system operating pressure
	BCR
	AV
	ALL
	
0
	
0
	638 therms/trap
	$180/trap
	6

	
	N/A
	Industrial/Central Plant steam trap repair or replacement, > 15 psig steam system operating pressure
	BCR
	AV
	ALL
	
0
	
0
	2,342 therms/trap
	$223/trap
	6

	
	N/A
	[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Commercial steam trap repair or replacement, any steam pressure
	BCR
	AV
	ALL
	
0
	
0
	46    therms/trap
	$77/trap
	6
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[bookmark: _Toc302129693]Section 1. General Measure & Baseline Data
[bookmark: _Toc302129694]1.1 Measure Description & Background
Steam systems distribute heat from boilers to satisfy space heating, process, and commercial end use requirements.  Steam distribution systems contain steam traps, which are automatic valves that remove condensate, air, and other non-condensable gases, while preventing or minimizing steam loss.  Steam traps that fail may allow excess steam to escape, thus increasing the amount of steam that must be generated to meet end use requirements.  
All traps are susceptible to wear and dirt contamination and require periodic inspection and maintenance to insure correct operation.  Faulty steam traps (blocked, leaking, or blow-through) can be diagnosed with ultrasonic, temperature, or conductivity monitoring techniques (see Appendix A for a description of these failure modes.)
Regular steam trap maintenance and faulty steam trap repair or replacement are steps that minimize steam production.  This measure provides an incentive for repair or replacement of faulty steam traps.  There are four major types of steam traps:  1) thermostatic (including float and thermostatic), 2) mechanical, 3) thermodynamic, and 4) fixed orifice.  This measure applies to all types of steam traps.  Float and thermostatic traps are the most common commercial type of trap sold, while mechanical (inverted bucket) are common at dry cleaning establishments.  

Because industrial processes typically operate at higher steam pressures and for longer hours, they are treated separately from commercial establishments.  Industrial plants typically inspect their traps, either with their own staff or by inspectors, therefore only leaking traps are rebated.  Commercial customers typically do not pay to have their traps inspected and have higher leak rates.  Therefore the rebate applies to replacing all their traps, but the therm savings are discounted to account for the operating traps (non-leaking) which are repaired or replaced.

Catalog Description

Industrial/Central Plant steam traps are for end-use customers who manufacture a saleable product or have a central steam plant that operates >8000 hrs/year. Commercial steam traps are for end-use customers in commercial and institutional facilities, such as retail, offices, dry cleaners, or greenhouses. .

Program Restrictions and Guidelines
Terms and Conditions
New industrial steam traps must repair or replace, one for one, existing failed steam traps. New commercial steam traps must be repaired or replace, one for one, existing failed or older steam traps. New construction is not eligible. Include a manufacturer’s specification sheet for the repair kit or replacement steam trap(s).
Market Applicability 
This measure is applicable to any non-residential and multi-family application.  

[bookmark: _Toc302129695]1.3 Codes & Standards Requirements Analysis
There are no applicable codes for steam traps.

[bookmark: _Toc302129696]1.4 EM&V, Market Potential, and Other Studies
Multiple studies were used in preparing this workpaper.  The primary studies used were;
Enbridge Steam Trap Survey
KW Engineering Steam Trap Survey
Enbridge Steam Saver Program 2005
Armstrong Steam Trap Survey
DOE Federal Energy Management Program Steam Trap Performance Assessment
Oak Ridge National Laboratory Steam System Survey Guide
KEMA Evaluation of PG&E’s Steam Trap Program, Sept 2007

Copies of these studies are attached in the appendix.

Delta Therm Assumption (ΔThm):  Data and information was pulled from the referenced studies and documents to determine typical operating pressures, hours, boiler efficiencies and most importantly average leak rates for steam traps.  Since this a repair and replacement program, the delta savings are the total savings (in therms) for eliminating the leaking traps.  The commercial steam trap therm savings were further adjusted by the most recent EM&V study.

Hours of Operation: 
[bookmark: _Toc153623495]Industrial/Central Plant:
Actual operating hours of a steam system vary depending on end-use applications, boiler size, and seasonal variations.  Not every steam trap in a system operates for the same number of hours in a year, but most plants keep the main high-pressure system operating to supply minor loads.  Therefore, the annual operating hours of the steam traps in a steam system will far exceed the annual equivalent full load hours of the boilers in the same system.  
Based on many years of studying steam traps in the Enbridge service territory, the average hours of operation of a typical steam trap is estimated to be 7,500 to 8,000 hours per year.  Process facilities with nominally 24/7 operations actually operate at most 8,424 hours per year, since they typically shut down the steam system for at least two weeks per year for scheduled maintenance and holidays.  Certain facilities never shut down, so their steam traps nominally operate 8,760 hours per year.  Since they use valves to segment their steam system, each steam trap may spend only a few hours per year depressurized, to allow maintenance work on steam components in close proximity to the trap.  
In this workpaper, the basis for annual operating hours is a steam plant that nominally operates 24 hour per day, 7 days per week, but it is depressurized 6 weeks per year.  That is, the part of the steam system in which the steam trap operates is assumed to be depressurized for a total of six weeks per year for scheduled and unscheduled maintenance activities, implying a total of 7,752 hours per year operating under pressure.  
[bookmark: _Toc153623496]Commercial:
Commercial establishments might operate their steam system anywhere from about 2,000 hours per year (8 hours/day, 5 days/week) to about 6,000 hours per year (16 hours/day, 7 days/week).  In the kW Engineering study, the steam system operating schedule was obtained for each dry cleaner establishment.  They report operating their steam system 7.5 to 9 hours per day, 6 days per week, year-round except holidays.  The average annual operating time for dry cleaners studied is 2,425 hours per year.  

[bookmark: _Toc302129697]1.5 Base Cases for Savings Estimates: Existing & Above Code
The base case for this measure is the therms lost by the leaking steam traps.  This is also the total savings for this measure.  See Section 2 for the quantification of these savings.

[bookmark: _Toc302129698]1.6 Base Cases & Measure Effective Useful Lives
This program is a Replace or Repair on Failure (ROF) program, equivalent to a Replace on Burnout (ROB) type program.  The steam trap EUL was determined as follows.


During the course of conversations with vendors to collect cost data for this workpaper, steam trap life was also discussed.  Vendors and manufacturers did not provide references for rigorous studies, but suggested that inverted bucket steam traps have a typical life in the range of 5-7 years, float and thermostatic of 4-6 years, and thermodynamic disc of 1-3 years[footnoteRef:1].  Thermodynamic steam traps at refineries have a life of only 2-3 years.  However, three years at a refinery is over 25,000 hours, while 6 years at a commercial dry cleaner is less than 15,000 hours of operation.   [1:  Personal communications with vendors.] 


Based on this information a value of 6 years is used in this workpaper as the recommended steam trap life.  

[bookmark: _Toc302129699]1.7 Net-to-Gross Ratios for Different Program Strategies
The Net-to-Gross ratio for the Space Heating Boilers is 0.80 as give in the Nicor Gas Energy Efficiency Plan 2011 – 2014 filing[endnoteRef:1] .  [1:  Nicor Gas Energy Efficiency Plan 2011-2014. Revised Plan Filed Pursuant to Order Docet 10-0562. May 27, 2011.
] 


[bookmark: _Toc173576414][bookmark: _Toc302129718]Table 1  Net-to-Gross Ratios
	Program Approach
	NTG

	Steam Traps
	0.80



[bookmark: _Toc302129700]Section 2. Calculation Methods
[bookmark: _Toc302129701]2.1 Electric Energy Savings Estimation Methodologies
This is a gas only measure.  While there theoretically could be reduced use of the feedwater pump to replace lost steam, it would be difficult to calculate or prove and very small compared to the gas savings.

[bookmark: _Toc302129702]2.2. Demand Reduction Estimation Methodologies
None

[bookmark: _Toc302129703]2.3.  Gas Energy Savings Estimation Methodologies

Annual Gas Savings:

             Energy Savings [therms/unit] = Annual Base Gas Usage – Annual Energy Efficient Gas Usage

In this case it is assumed that the base case gas use is the amount wasted to replace steam lost through a leaking trap and “Annual Energy Efficient Gas Usage” is zero as the replacement trap does not leak.  So the equation is:

Energy Savings [therms/yr-trap] = 	Annual Gas Usage to produce useful steam to make up for steam lost through one leaking steam trap.

The overall equation to calculate the energy savings is:

E = F x Hv/B x T x P
Where;
E = Average Annual Energy Savings per trap [therms/yr-trap]
F = Average Steam Flow Rate Through a Leaking Trap [lb/hour] 
Hv = Average Heat of Vaporization to make the steam [BTU/lb]
B = Average Boiler Efficiency [fraction between 0 and 1.0 (equivalent to 0% to 100%)]
T = Average Annual Operating Hours of the trap [hours/yr]
P = Average Percentage of Leaking/Blow Through Traps by Segment [fraction between 0 and 1.0 (equivalent to 0% to 100%)]

In order to calculate the amount of energy lost through a leaking or failed steam trap using this equation we must obtain or calculate the following key parameters:

[bookmark: _Ref120074179][bookmark: _Ref121806660][bookmark: _Toc153623518][bookmark: _Toc302129719]
Table 2.	Key Parameters[footnoteRef:2] [2:   Detailed calculations shown in Attachment #4. ] 

	Parameters
	Industrial
	Commercial[footnoteRef:3] [3:   Based on data obtained from dry cleaners – If not “from” need reference. ] 


	
	Low Pressure 
(≤15 psig)
	Medium Pressure (>15 psig)
	---

	Average steam trap inlet pressure (psig)
	10.9
	85.9
	82.8

	Average heat of evaporation of steam produced (Btu/lb)
	951
	888
	890

	Average installed boiler efficiency
	80%
	80%
	80%

	Boiler energy required to replace lost steam (Btu/lb)
	1,189
	1,110
	1,113

	Annual operating hours
	7,752
	7,752
	2,425

	Annual Energy Cost Savings
	
	
	

	Average percentage of leaking & blow-thru steam traps
	16%
	16%
	27%

	Average leak rate (lb/hr per trap rebated)
	6.9
	27.2
	5.1

	Annual gas savings (therms/year per trap rebated)
	638
	2,342
	46

	Measure Cost (MC)
	
	
	

	Average steam trap cost ($/trap)
	$180
	$223
	$77


[bookmark: _Toc153623491][bookmark: _Toc302129704]Inlet Pressure
[bookmark: _Toc153623492][bookmark: _Toc302129705]Industrial
The average steam trap inlet pressure was calculated using an Enbridge survey[footnoteRef:4] of steam traps.  For this workpaper, the Enbridge data was divided into two pressure groups:  ≤ 15 psig and > 15 psig.  As shown in Table 3, the average pressure for the two groups was calculated by weighting each pressure by the number of leaking traps.  For each pressure category, the weighted average is the sum of the average pressure in the range times the number of traps in the range, divided by the sum of the number of traps in the range.  The resulting values for the low-and medium-pressure categories are 10.9 and 85.9 psig, respectively.   [4:   See Attachment #1. ] 

[bookmark: _Toc153623493][bookmark: _Toc302129706]Commercial
The average steam trap inlet pressures at dry cleaner establishments is the average boiler operating pressure from a survey performed in Southern California by kW Engineering[footnoteRef:5].  The pressures ranged from 74 to 100 psig, with an average of 82.8 psig.   [5:   See tab named “Dry Cleaners Data” in Attachment #4] 

[bookmark: _Ref123034060][bookmark: _Ref123034049][bookmark: _Ref123365202]

[bookmark: _Ref151984156][bookmark: _Toc153623519][bookmark: _Toc302129720]Table 3.	Average Inlet Pressure Calculation
	Pressure range (psig)
	Number of Steam Traps
	Average Pressure in Range (psig)
	(Average pressure) X (Number in Range)
	Average Pressure in Category (psig)

	Industrial Low Pressure (≤ 15 psig)

	<5
	234
	2.5
	585
	10.9

	5
	0
	5
	0
	

	6 to 9
	24
	7.5
	180
	

	10
	515
	10
	5150
	

	11 to 14
	249
	12.5
	3112.5
	

	15
	517
	15
	7755
	

	Industrial Medium Pressure (> 15 psig)

	16 to 19
	37
	17.5
	647.5
	85.9

	20
	28
	20
	560
	

	25
	33
	25
	825
	

	30
	73
	30
	2190
	

	40
	61
	40
	2440
	

	50
	26
	50
	1300
	

	60
	60
	60
	3600
	

	61 to 99
	175
	80
	14000
	

	100
	45
	100
	4500
	

	101 to 124
	117
	112.5
	13162.5
	

	125
	14
	125
	1750
	

	150
	54
	150
	8100
	

	200
	2
	200
	400
	

	250+
	26
	425
	11050
	

	Commercial (based on Dry Cleaners)

	74
	20
	74
	1480
	82.8

	80
	30
	80
	2400
	

	100
	15
	100
	1500
	



[bookmark: _Toc153623497][bookmark: _Toc302129707]Leak Rate
[bookmark: _Toc153623498][bookmark: _Toc302129708]Industrial
In steam systems that have not been maintained for 3 to 5 years, between 15% to 30% of the installed steam traps may have failed[footnoteRef:6].  More specifically, a large Enbridge study yielded 16.3% of steam traps were leaking or failed open (blow-through), with an additional 7.7% blocked (Attachement 2).  A recent survey of 2,650 steam traps at a large Southern California oil refinery found 27.7% were “leaking heavily” or blow-through, with an additional 6.3% blocked.  The average leak rates for leaking and blow-through steam traps in the two pressure categories are calculated from two Enbridge surveys[footnoteRef:7].  Attachment #3 reports the results of six years of steam trap surveys (2000-2005) with 41,124 steam traps tested:  6,719 leaking (plus blow-through[footnoteRef:8]) traps resulted in an estimated 707.2 million lb/year of steam lost.  Assuming the operating schedule discussed above, 7,752 hours/year, the average steam loss rate per leaking trap is 13.6 lb/hr.  In contrast, the “leaking heavily” and blow-through steam traps at California oil refineries (including some large orifice traps at over 250-psig pressure) are reported to lose an average of 200 lb/hr of steam[footnoteRef:9].   [6:   Energy Tips – Steam, Steam Tip Sheet #1, DOE/G0-102006-2248, U.S. Department of Energy, January 2006.  ]  [7:   See Attachment #1 and Attachment #3.  ]  [8:   Some leaking traps have the trap orifice partially blocked.  In a leaking trap experiencing blow-through, the trap orifice is completely open, allowing the maximum leak rate.   ]  [9:   Private conversation with large oil refinery in Southern California, Nov. 21, 2006.] 

The value of 13.6 lb/hr is an average over a wide range of steam trap inlet pressures.  To find the average leak rate for low-and medium-pressure traps, Napier’s equation was used:  
Flow Rate = (Discharge Coefficient) X (Orifice Area) X (Inlet Pressure + 14.7) / 70		Eqn-1
Where the flow rate is measured in lb/s, the discharge coefficient of a sharp-edged orifice is used (0.62), the orifice area in square inches, and the inlet pressure in psig.  Assuming that the orifice area is not correlated to inlet pressure, then the flow rate is proportional to the absolute steam pressure at the inlet.  With this assumption, the average flow rate through leaking steam traps in each pressure category is calculated from the average steam loss rate for all leaking traps times the average inlet pressure for the steam traps in each pressure category divided by the average inlet pressure for all steam traps.  The results are shown in Table 4.  Eqn-1 gives the maximum possible theoretical flow rate of steam through the steam trap; however, Enbridge has a included an adjustment factor of 50% to account for the fact that the actual leak rate in most cases is less than the maximum theoretical leak rate[footnoteRef:10].  The leak rates shown in Table 4 do not include this adjustment factor; hence the value of 13.6 lb/hr calculated above appears as 27.2 lb/hr in this table.  This is done to allow consistent treatment of the energy savings analysis in Section 7 below, that is, consistent between industrial and commercial.   [10:   See Attachment #6] 

[bookmark: _Ref123038148][bookmark: _Toc153623520][bookmark: _Toc302129721]Table 4.	Maximum Theoretical Steam Loss per Leaking and Blow-through Trap
	Parameters
	All Pressures
	Low Pressure
	Medium Pressure

	
	(0-600 psig)
	(≤15 psig)
	(>15 psig)

	Average inlet pressure (psig)
	35.5
	10.9
	85.9

	Average inlet pressure (psia)
	50.2
	25.6
	100.6

	Maximum steam loss per leaking&blow-thru trap (lb/hr)
	27.2
	13.8
	54.4


From Enbridge Data[footnoteRef:11] [11:   See Attachment #3] 

[bookmark: _Toc153623499][bookmark: _Toc302129709]Commercial
The percentage of steam traps that were leaking or failed open (blow-through) is much higher for dry cleaner establishments than for industrial sites.  A study by Armstrong International found 27.8% of steam traps at dry cleaning and laundry facilities were leaking or blow-through[footnoteRef:12].  In the kW Engineering study of small dry cleaners establishments in Southern California, they found 27.0% were leaking or blow-through, with 15.9% blocked.  [12:   See Attachment #5] 

The average leak rates for leaking and blow-through steam traps at dry cleaning establishments is based on average boiler operating steam pressure (82.8 psig) collected for the kW Engineering study (see Table 3).  Orifice diameters range from 7/64th inch to 3/16th inch at dry cleaners.  The most common value of 1/8th inch was used to calculate the maximum leak rate using Eqn-1 above, with the result of 38.1 lb/hr per trap failed open.  The adjustment factor developed by Enbridge is not included in this number.  
[bookmark: _Toc153623500][bookmark: _Toc302129710]Boiler Efficiency
To calculate the cost of steam loss from a leaking trap, it is necessary to have an estimate of the efficiency of the steam generation boiler.  To determine representative steam boiler efficiencies, data from the California Energy Commission (CEC)[footnoteRef:13] were examined.  CEC lists several hundred steam boilers, and these boilers were divided into two groups: [13:   CEC efficiency data included in Attachment #7, and also available online at http://www.energy.ca.gov/appliances/appliance/excel_based_files/boilers/. ] 

· ≤ 2 MMBtuh (steam only)
· 2-10 MMBtuh (steam only)
The CEC results are plotted in Figure 1 and Figure 2.  As shown in both figures, the boiler listings all start at 80%, with a relatively large number of boilers all rated at 80% efficiency.  Based on this data, a baseline efficiency value of 80% was used to compute the cost of steam generation.
[image: ]
[bookmark: _Ref121981342][bookmark: _Toc122413941][bookmark: _Toc153623526][bookmark: _Toc302129727]Figure 1.	CEC Efficiency Data (Steam Boilers ≤ 2 MMBtuh) 
[image: ]
[bookmark: _Ref121981343][bookmark: _Toc122413942][bookmark: _Toc153623527][bookmark: _Toc302129728]Figure 2.	CEC Efficiency Data (Steam Boilers 2-10 MMBtuh) 
[bookmark: _Toc153623504][bookmark: _Toc302129711]Energy Savings
Table 5 shows the gas savings calculation methodology.  The average steam trap inlet pressures are taken from Table 3.  The heat of vaporization of steam corresponds to the average steam trap inlet pressures, with the implicit assumption that the average boiler nominalpressure (where the vaporization occurs) is at essentially that same pressure.  The boiler energy to replace the lost steam (Btu of gas/lb of steam) is the heat of vaporization divided by the boiler efficiency of 80%.  The annual operating hours are taken from Section 3; and the industry average percentage of leaking & blow-through traps was discussed in Section 4.  The lower section of the table considers the average steam loss at maximum flow through the trap, not the average actual steam loss.  The average maximum steam loss (lb/hr per trap) is taken from Section 4.  The annual average maximum steam loss (lb/yr per trap) is the product of the average maximum steam loss (lb/hr) and the annual plant operating hours.  The annual average maximum gas savings (therms/yr per trap) is the product of the boiler energy to replace the lost steam (Btu of gas/lb of steam) and the annual average maximum steam loss (lb/yr per trap).  




[bookmark: _Ref123043694][bookmark: _Toc153623524][bookmark: _Toc302129722]Table 5.	Annual Gas Savings
	Parameters
	Industrial
	Commercial

	
	Low Pressure (≤15 psig)
	Medium Pressure (>15 psig)
	---

	Average steam trap inlet pressure (psig)
	10.9
	85.9
	82.8

	Heat of vaporization (Btu/lb)
	951
	888
	890

	Average installed boiler efficiency
	80%
	80%
	80%

	Boiler energy to replace lost steam (Btu of gas/lb of steam)
	1,189
	1,110
	1,113

	Annual operating hours
	7,752
	7,752
	2,425

	Industry average of leaking&blow-thru steam traps
	16%
	16%
	27%

	Steam loss at maximum flow
	
	
	

	Average steam loss (lb/hr per trap)
	13.8
	54.4
	38.1

	Average annual steam loss (lb/yr per trap)
	107,364
	421,906
	92,476

	Annual gas savings (therms/year per trap)
	1,276
	4,683
	1,029


The annual cost savings and the paybacks are calculated in Table 6.  Also shown are the results of several steam trap surveys discussed in Section 4.  On the industrial side, the results of the Enbridge steam trap survey are used[footnoteRef:14]; on the commercial side, the results of the kW Engineering steam trap survey of dry cleaners are used[footnoteRef:15].  The steam loss from a normal trap should be negligible and, from a blocked trap, zero.  The maximum theoretical steam loss through a blow-through trap is taken from Table 5.  The Enbridge adjustment factor is used to obtain the average steam loss per leaking and blow-through trap[footnoteRef:16].  Enbridge developed an adjustment factor of 50% to account for the fact that the actual leak rate in almost all cases is less than the maximum theoretical leak rate, sometimes a lot less.  On the industrial side, standard practice is to test the steam traps at a facility and replace the leaking and blow-through traps.  Rebates are given for each leaking trap replaced.  Hence, the average steam loss per trap rebated is the average steam loss per leaking and blow-through trap (638 and 2,342 therm/yr per trap rebated for low and medium pressure, respectively).  On the commercial side, primarily at dry cleaners, it is common practice to avoid the cost of testing the steam traps and simply replace all of the steam traps at the facility.  This is a common practice for several reasons.  Typically, the cost of testing a steam trap represents a significant portion of the cost of simply replacing a steam trap.  Also, due to frequent transfers in ownership, the new owners are less likely to know the maintenance history of the equipment.  And due to historically poor steam system maintenance in small commercial establishments, there is a higher likelihood of the need for replacement compared to industrial steam systems.  To estimate the average steam loss per trap rebated (therms/yr per trap rebated), the average steam loss per leaking and blow-through trap (515 therms/yr per trap) is multiplied by the average percentage of leaking and blow-through traps (27.0% in the survey of dry cleaners).   [14:   See Attachment #3.  ]  [15:   See the Dry Cleaners Data tab in Attachment #4.  ]  [16:   See Attachment #6] 


Adjustments for EM&V Studies

The KW Engineering study examined leak rates in the field, but was not able to complete a billing analysis as discussed in the study.  KEMA was tasked by PG&E to prepare a billing analysis for the 490 applications received since program inception.  KEMA had similar difficulty as KW in performing regression analysis on the dry cleaner’s bills.  Some of the customers showed high volatility in monthly energy use resulting in an inability to model savings in a statistically significant manner.  Of the establishments with steadier bills, a regression analysis was possible, showing a 33.% realization rate (Attachment 8).  Since PG&E has access to the electric use information as well a good fitting model was created showing a realization rate of 0.33 for the commercial steam traps.  Since the industrial steam trap measures only allow replacement for a leaking trap the realization rate was left at 1.0.  Adjusting the commercial steam trap savings estimates by this realization rate reduces the claimed therm savings as follows:

Commercial:  Gross Therms saved/trap =  1,029 therms (maximum blow-thru loss) x 50% averaging factor x 27%  leaking traps x 0.33 (realization rate) = 46 therms/trap



[bookmark: _Ref151972793][bookmark: _Toc153623525][bookmark: _Toc302129723]Table 6.	Annual Cost Savings
	Parameters
	Industrial
	Commercial

	
	Low Pressure 
(≤15 psig)
	Medium Pressure 
(>15 psig)
	---

	
	(%)
	Therms/yr per trap
	(%)
	Therms/yr per trap
	(%)
	Therms/yr per trap

	Normal traps (%)
	76.0%
	0
	76.0%
	0
	57.1%
	0

	Blocked traps (%)
	7.7%
	0
	7.7%
	0
	15.9%
	0

	Leaking&blow-thru traps (%)
	16.3%
	---
	16.3%
	---
	27.0%
	---

	Maximum blow-thru
	---
	1,276
	---
	4,683
	---
	1,029

	Averaging factor
	50%
	---
	50%
	---
	50%
	---

	Average steam loss
	---
	638
	---
	2,342
	---
	515

	All traps (%)
	---
	---
	---
	---
	100.0%
	139

	EM&V Adjustments
	---
	---
	---
	---
	0.33
	46


The annual cost savings ($/yr per trap rebated) is the product of the average steam loss per trap rebated (therms/yr per trap rebated) and the gas rate (divided by a hundred cents/dollar).  The estimated annual cost savings for low-and medium-pressure steam traps are $606 and $2,224 per trap rebated, respectively.  Replacement of normal and blocked traps is not included.  The estimated annual cost savings for commercial (dry cleaners) steam traps is $44 per trap rebated, when all steam traps at a facility are replaced without testing.  The average steam trap cost is taken from Section 6.  The payback is the average cost of the replacement traps to the customer (with or without the rebate) divided by the annual cost savings per trap.  

[bookmark: _Toc302129712]Section 3. Load Shapes
The load shapes for this measure are determined by the E3 calculator based on the end-use of the measure and the applicable market sector.

[bookmark: _Toc302129713]Section 4. Base Case & Measure Costs
[bookmark: _Toc302129714]4.1 Base Case Costs

The base case is zero.  That is to say the assumption is that the leaking steam trap is not replaced.  Therefore the cost of this measure is the full cost of a replacement steam trap.
[bookmark: _Toc302129715]4.2 Measure Costs
[bookmark: _Toc153623502]Industrial
A vendor survey was conducted to collect retail cost data for steam traps (these prices do not include installation).  Cost data were collected for three of the four main types of traps, including[footnoteRef:17]: [17:   Vendors surveyed did not provide pricing for orifice type traps.  ] 

Float & Thermostatic
Mechanical (inverted bucket)
Thermodynamic
The results of the vendor survey are shown in Table 7.  The prices are grouped by steam trap type and by maximum operating pressure.  This workpaper is focused on steam traps with pipe connections up to 2 inches, and representative prices were therefore collected within this size range.  Based on discussions with vendors and with Enbridge[footnoteRef:18], about half of all steam traps sold are of the float and thermostatic design, and the remaining half are split between inverted bucket and thermodynamic.  For averaging purposes, the cost results are therefore split into two categories:  1) float and thermostatic and 2) other (includes both inverted bucket and thermodynamic).  The average price shown at the bottom of Table 7 represents the average price between the two categories.   [18:   Private conversation with Enbridge, December 2005. ] 



[bookmark: _Ref120080870][bookmark: _Ref120080861][bookmark: _Toc153623521][bookmark: _Toc302129724]Table 7.	Steam Trap Costs Provided by Vendors
	Type of Steam Trap
	Pressure (psig)

	
	15
	30
	75
	125
	150
	180
	200
	250

	Float & Thermostatic
	
	
	
	
	
	
	
	

	3/4 inch
	$127
	$150
	$203
	$207
	$454
	$454
	$454
	---

	1 1/2 inch
	$258
	$314
	$352
	$352
	---
	---
	---
	---

	Average
	$192
	$232
	$278
	$279
	$454
	$454
	$454
	---

	Other
	
	
	
	
	
	
	
	

	Inverted bucket
	$82
	$82
	$82
	$82
	$105
	$105
	$105
	$105

	1/2 inch thermodynamic
	$185
	$185
	$185
	$185
	$185
	$185
	$185
	$185

	3/4 inch thermodynamic
	$235
	$235
	$235
	$235
	$235
	$235
	$235
	$235

	Average
	$168
	$168
	$168
	$168
	$175
	$175
	$175
	$175

	Average
	$180
	$200
	$223
	$223
	$315
	$315
	$315
	$175


An Enbridge survey (see Attachment #1) was used to determine a typical population profile for leaking traps.  This population profile is shown in Table 8.  The cost data from Table 7, combined with the population profile information in Table 8, was then used to compute a weighted cost for steam traps that operate above and below 15 psig.  These average results are shown at the bottom of Table 8.  In addition, some facilities are installing a universal connector with each trap ($150) to speed up the replacement process next time[footnoteRef:19].   [19:   Private conversation with large oil refinery in Southern California, Nov. 21, 2006.] 


[bookmark: _Ref123358485][bookmark: _Toc153623522][bookmark: _Toc302129725]Table 8.	Estimated Steam Trap Costs for Two Categories (≤ 15 psig and > 15 psig)
	Parameters
	Pressure (psig)

	
	15
	30
	75
	125
	150
	180
	200
	250

	Number of Leaking Traps
	1,539
	171
	235
	264
	54
	0
	2
	26

	Total Replacement Cost
	$276,892
	$34,145
	$52,207
	$58,887
	$16,983
	$0
	$629
	$4,553

	Average Cost per Trap
	$180
	$223


[bookmark: _Toc153623503]
Commercial
The steam traps sold to small commercial operations, such as dry cleaner establishments, are almost all inverted bucket traps rated for 125 psig with ½-inch pipe size.  Table 9 lists the prices found for inverted bucket steam traps of the pipe size and pressure rating commonly used in small commercial steam systems, such as dry cleaners:  1/2 inch and 125 psig.  The average price is $77, which does not include installation.  Where volume discounts are offered, the price for 15 traps is used, since that is a common number of steam traps in dry cleaners steam systems.  Less common at 1/2 inch and 125 psig are thermostatic traps (also averaging $77) and the more expensive thermodynamic disc traps (averaging $138).  

[bookmark: _Ref152489312][bookmark: _Toc153623523][bookmark: _Toc302129726]Table 9.	1/2 in.-Pipe, 125-psig Inverted Bucket Steam Trap Costs Provided by Vendors
	Source
	Make/Model
	Retail Price

	From Table 7 above
	
	$82

	Steam trap installer in LA area
	Quoted value for “average retail price of steam traps for dry cleaners”
	$99

	Cleaner's Supply
	Armstrong 880 with strainer
	$66

	
	Armstrong 890 with no strainer
	$41

	
	United #850 with strainer
	$35

	Grainger
	Grainger 4NU78 (with strainer)
	$114

	McMaster-Carr
	McMaster-Carr 4897K27 (with strainer)
	$100

	Average
	
	$77



[bookmark: _Toc302129716]4.3 Incremental & Full Measure Costs
Since the base case cost is zero, incremental cost is the full cost of the new steam traps.  Since this measure is extremely cost effective and since labor costs vary widely, it was decided to use the average equipment cost of a new steam trap.
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Disclaimer


The Gas Company has made reasonable efforts to ensure all information is correct.  However, neither The Gas Company's publication nor verbal representations thereof constitutes any statement, recommendation, endorsement, approval or guaranty (either express or implied) of any product or service.  Moreover, The Gas Company shall not be responsible for errors or omissions in this publication, for claims or damages relating to the use thereof, even if it has been advised of the possibility of such damages.


Executive Summary


H6 (Application Code B)


Equipment Measure(s):  Steam traps


Measure Description


Steam systems distribute heat from boilers to satisfy space heating, process, and commercial end use requirements.  Steam distribution systems contain steam traps, which are automatic valves that remove condensate, air, and other non-condensable gases, while preventing or minimizing steam loss.  Steam traps that fail may allow excess steam to escape, thus increasing the amount of steam that must be generated to meet end use requirements.  


All traps are susceptible to wear and dirt contamination and require periodic inspection and maintenance to insure correct operation.  Faulty steam traps (blocked, leaking, or blow-through) can be diagnosed with ultrasonic, temperature, or conductivity monitoring techniques (see Appendix A for a description of these failure modes.)


Regular steam trap maintenance and faulty steam trap replacement are steps that minimize steam production.  This measure provides an incentive for replacement of faulty steam traps.  There are four major types of steam traps:  1) thermostatic (including float and thermostatic), 2) mechanical, 3) thermodynamic, and 4) fixed orifice.  This measure applies to all types of steam traps.  Float and thermostatic traps are the most common commercial type of trap sold, while mechanical (inverted bucket) are common at dry cleaning establishments.  


Market Applicability


Although the payback is short, experience shows that many customers are not replacing faulty steam traps, perhaps due to a general lack of awareness of the potential energy savings.  The incentives described in this measure are expected to stimulate adoption primarily due to increased awareness, although the incentives also reduce economic barriers.  


This measure is applicable for gas customers that operate process, commercial, and space heating boilers.  In these applications, steam traps typically operate between a few psig up to 150 psig (rarely over 250 psig). 


Terms and Conditions


Steam traps designed for any pipe sizes are eligible for this program.  New construction is not eligible.  The customer may be required to provide the location of the new steam trap in the steam loop, make and model number, a specification sheet, steam operating pressure, and receipts showing the cost and purchase date.  


Cost Effectiveness Modeling Measure Data


Measure data for cost effectiveness were developed for three steam trap categories:  industrial (low and medium pressure) and commercial (based on dry cleaners).  Dry cleaner establishments were chosen to represent commercial applications because of the high volume of rebate activity.  Unitized cost effectiveness determinants are summarized below.  


		Parameters

		Industrial

		Commercial



		

		Low Pressure (≤15 psig)

		Medium Pressure (>15 psig)

		---



		Average inlet pressure (psig)

		11

		86

		83



		Average leak rate (lb/hr per trap rebated)

		6.9

		27.2

		5.1



		Annual energy savings (therms/yr per trap rebated)

		638

		2,342

		139



		Incentive amount per trap rebated


		$100

		$100

		$100



		Measure lifetime (years)

		6

		6

		6



		Net-to-gross ratio
 

		0.80 or 0.96

		0.80 or 0.96

		0.80 or 0.96



		MDSS Measure Code 

		---

		---

		---



		Application Code 

		---

		---

		---
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1.
Overview 


A summary of key parameters for steam traps
 is shown in Table 1.  A brief overview of these parameters is as follows:  


Average Inlet Pressure – The average inlet pressures for the low-pressure (≤ 15 psig) and medium-pressure (> 15 psig) commercial categories were calculated using an Enbridge survey
 of steam traps.  The two average pressures are 10.9 psig (low-pressure category) and 85.9 psig (medium-pressure category).  The average steam trap inlet pressures at dry cleaner establishments is the average boiler operating pressure from a survey performed in Southern California (82.8 psig) by kW Engineering
.  


· Annual Operating Hours – For industrial customers, an annual operating time of 7,752 hours was used for steam traps based on the assumption that the steam traps will operate under pressure on a continuous basis, except for six weeks per year for plant maintenance and other system shutdowns.  For commercial applications (based on dry cleaners), the average annual operating time is less:  2,425 hours (roughly 8 hours per day, 6 days per week, except holidays).  


· Average Leak Rate – The average leak rates for the two commercial categories were calculated from Enbridge steam trap surveys
.  The average leak rate for dry cleaners was calculated from the kW Engineering study of dry cleaners.  


· Boiler Efficiency – A boiler efficiency of 80% was used for computing the cost of steam generation.  


· Measure Cost – Measure costs were determined based on telephone conversations with steam trap vendors.  The costs were weighted based on a steam trap population profile obtained from an Enbridge survey.  Steam traps used at dry cleaner establishments are inexpensive inverted-bucket traps.  


· Annual Energy Savings – The annual energy savings attributed to the replacement of leaking and blow-through traps was calculated based on the leak rate, operating time, and steam boiler efficiency.  The annual energy savings attributed to the wholesale replacement of steam traps at dry cleaners was calculated based on the leak rate, operating time, steam boiler efficiency, and the average percentage of leaking and blow-through traps.  


· Incentive/Payback – An incentive of $100/unit has been used in the past to promote the purchase of steam traps.  A nominal value of $100 per trap has been used to calculated the paybacks shown in Table 1.  However, this nominal incentive level will likely be divided into three separate incentive levels to match each of the three categories of steam traps described in this workpaper.  For reference, Table 1 shows payback values for the steam traps with and without the incentive.  All estimated payback times are less than 4 months.


Additional comments and calculations follow, and are grouped in the following sections:  


· Inlet Pressure


· Operating Hours


· Leak Rate


· Boiler Efficiency


· Measure Cost


· Energy Savings


· Incentive/Payback


· Other


· Measure Lifetime


· Net-to-Gross


· Qualifying Efficiency (or leak rate)

Table 1.
Key Parameters


		Parameters

		Industrial

		Commercial




		

		Low Pressure 
(≤15 psig)

		Medium Pressure (>15 psig)

		---



		Average steam trap inlet pressure (psig)

		10.9

		85.9

		82.8



		Average heat of evaporation of steam produced (Btu/lb)

		951

		888

		890



		Average installed boiler efficiency

		80%

		80%

		80%



		Boiler energy required to replace lost steam (Btu/lb)

		1,189

		1,110

		1,113



		Annual operating hours

		7,752

		7,752

		2,425



		Annual Energy Cost Savings

		

		

		



		Average percentage of leaking & blow-thru steam traps

		16%

		16%

		27%



		Average leak rate (lb/hr per trap rebated)

		6.9

		27.2

		5.1



		Annual gas savings (therms/year per trap rebated)

		638

		2,342

		139



		Annual cost savings ($/year per trap rebated)


		$606

		$2,224

		$132



		Measure Cost (MC)

		

		

		



		Average steam trap cost ($/trap)

		$180

		$223

		$77



		Incentive 

		

		

		



		Incentive amount per unit ($/trap)

		$100

		$100

		$100



		Customer Payback (years)

		

		

		



		(yrs, without rebate)

		0.30

		0.10

		0.58



		(yrs, with rebate)

		0.13

		0.06

		0.00



		Cost to SCG

		

		

		



		Measure Lifetime (years)

		6

		6

		6



		Net-to-Gross Ratio 

		0.96

		0.96

		0.96



		Cost of NG Savings to SCG (¢/therm)

		2.6

		0.7

		12.0





2.
Inlet Pressure


2.1
Industrial


The average steam trap inlet pressure was calculated using an Enbridge survey
 of steam traps.  For this workpaper, the Enbridge data was divided into two pressure groups:  ≤ 15 psig and > 15 psig.  As shown in Table 2, the average pressure for the two groups was calculated by weighting each pressure by the number of leaking traps.  For each pressure category, the weighted average is the sum of the average pressure in the range times the number of traps in the range, divided by the sum of the number of traps in the range.  The resulting values for the low-and medium-pressure categories are 10.9 and 85.9 psig, respectively.  

2.2
Commercial


The average steam trap inlet pressures at dry cleaner establishments is the average boiler operating pressure from a survey performed in Southern California by kW Engineering
.  The pressures ranged from 74 to 100 psig, with an average of 82.8 psig.  


Table 2.
Average Inlet Pressure Calculation


		Pressure range (psig)

		Number of Steam Traps

		Average Pressure in Range (psig)

		(Average pressure) X (Number in Range)

		Average Pressure in Category (psig)



		Industrial Low Pressure (≤ 5 psig)



		<5

		234

		2.5

		585

		10.9



		5

		0

		5

		0

		



		6 to 9

		24

		7.5

		180

		



		10

		515

		10

		5150

		



		11 to 14

		249

		12.5

		3112.5

		



		15

		517

		15

		7755

		



		Industrial Medium Pressure (> 15 psig)



		16 to 19

		37

		17.5

		647.5

		85.9



		20

		28

		20

		560

		



		25

		33

		25

		825

		



		30

		73

		30

		2190

		



		40

		61

		40

		2440

		



		50

		26

		50

		1300

		



		60

		60

		60

		3600

		



		61 to 99

		175

		80

		14000

		



		100

		45

		100

		4500

		



		101 to 124

		117

		112.5

		13162.5

		



		125

		14

		125

		1750

		



		150

		54

		150

		8100

		



		200

		2

		200

		400

		



		250+

		26

		425

		11050

		



		Commercial (based on Dry Cleaners)



		74

		20

		74

		1480

		82.8



		80

		30

		80

		2400

		



		100

		15

		100

		1500

		





3.
Operating Hours


3.1
Industrial


Actual operating hours of a steam system vary depending on end-use applications, boiler size, and seasonal variations.  Not every steam trap in a system operates for the same number of hours in a year, but most plants keep the main high-pressure system operating to supply minor loads.  Therefore, the annual operating hours of the steam traps in a steam system will far exceed the annual equivalent full load hours of the boilers in the same system.  


Based on many years of studying steam traps in Enbridge service territory, the average hours of operation of a typical steam trap is estimated to be 7,500 to 8,000 hours per year.  Process facilities with nominally 24/7 operations actually operate at most 8,424 hours per year, since they typically shut down the steam system for at least two weeks per year for scheduled maintenance and holidays.  California oil refineries never shut down, so their steam traps nominally operate 8,760 hours per year
.  Since they use valves to segment their steam system, each steam trap may spend only a few hours per year depressurized, to allow maintenance work on steam components in close proximity to the trap.  


In this workpaper, the basis for annual operating hours is a steam plant that nominally operates 24 hour per day, 7 days per week, but it is depressurized six weeks per year.  That is, the part of the steam system in which the steam trap operates is assumed to be depressurized for a total of six weeks per year for scheduled and unscheduled maintenance activities, implying a total of 7,752 hours per year operating under pressure.  


3.2
Commercial


Commercial establishments might operate their steam system anywhere from about 2,000 hours per year (8 hours/day, 5 days/week) to about 6,000 hours per year (16 hours/day, 7 days/week).  In the kW Engineering study, the steam system operating schedule was obtained for each dry cleaner establishment.  They report operating their steam system 7.5 to 9 hours per day, 6 days per week, year-round except holidays.  The average annual operating time for dry cleaners studied is 2,425 hours per year.  


4.
Leak Rate


4.1
Industrial


In steam systems that have not been maintained for 3 to 5 years, between 15% to 30% of the installed steam traps may have failed
.  More specifically, a large Enbridge study yielded 16.3% of steam traps were leaking or failed open (blow-through), with an additional 7.7% blocked.  A recent survey of 2,650 steam traps at a large Southern California oil refinery found 27.7% were “leaking heavily” or blow-through, with an additional 6.3% blocked.  See Appendix A for a further discussion of the these terms for faulty steam traps.  


The average leak rates for leaking and blow-through steam traps in the two pressure categories are calculated from two Enbridge surveys
.  Attachment #3 reports the results of six years of steam trap surveys (2000-2005) with 41,124 steam traps tested:  6,719 leaking (plus blow-through
) traps resulted in an estimated 707.2 million lb/year of steam lost.  Assuming the operating schedule discussed above, 7,752 hours/year, the average steam loss rate per leaking trap is 13.6 lb/hr.  In contrast, the “leaking heavily” and blow-through steam traps at California oil refineries (including some large orifice traps at over 250-psig pressure) are reported to lose an average of 200 lb/hr of steam
.  


The value of 13.6 lb/hr is an average over a wide range of steam trap inlet pressures.  To find the average leak rate for low-and medium-pressure traps, Napier’s equation was used:  


Flow Rate = (Discharge Coefficient) X (Orifice Area) X (Inlet Pressure + 14.7) / 70

Eqn-1


where the flow rate is measured in lb/s, the discharge coefficient of a sharp-edged orifice is used (0.62), the orifice area in square inches, and the inlet pressure in psig.  Assuming that the orifice area is not correlated to inlet pressure, then the flow rate is proportional to the absolute steam pressure at the inlet.  With this assumption, the average flow rate through leaking steam traps in each pressure category is calculated from the average steam loss rate for all leaking traps times the average inlet pressure for the steam traps in each pressure category divided by the average inlet pressure for all steam traps.  The results are shown in Table 3.  Eqn-1 gives the maximum possible theoretical flow rate of steam through the steam trap; however, Enbridge has a included an adjustment factor of 50% to account for the fact that the actual leak rate in most cases is less than the maximum theoretical leak rate
.  The leak rates shown in Table 3 do not include this adjustment factor, hence the value of 13.6 lb/hr calculated above appears as 27.2 lb/hr in this table.  This is done to allow consistent treatment of the energy savings analysis in Section 7 below, that is, consistent between industrial and commercial.  


Table 3.
Maximum Theoretical Steam Loss per Leaking and Blow-through Trap


		Parameters

		All Pressures

		Low Pressure

		Medium Pressure



		

		(0-600 psig)

		(≤15 psig)

		(>15 psig)



		Average inlet pressure (psig)

		35.5

		10.9

		85.9



		Average inlet pressure (psia)

		50.2

		25.6

		100.6



		Maximum steam loss per leaking&blow-thru trap (lb/hr)

		27.2

		13.8

		54.4





From Enbridge Data


4.2
Commercial


The percentage of steam traps that were leaking or failed open (blow-through) is much higher for dry cleaner establishments than for industrial sites.  A study by Armstrong International found 27.8% of steam traps at dry cleaning and laundry facilities were leaking or blow-through
.  In the kW Engineering study of small dry cleaners establishments in Southern California, they found 27.0% were leaking or blow-through, with 15.9% blocked. 


The average leak rates for leaking and blow-through steam traps at dry cleaning establishments is based on average boiler operating steam pressure (82.8 psig) collected for the kW Engineering study (see Table 2).  Orifice diameters range from 7/64th inch to 3/16th inch at dry cleaners.  The most common value of 1/8th inch was used to calculate the maximum leak rate using Eqn-1 above, with the result of 38.1 lb/hr per trap failed open.  The adjustment factor developed by Enbridge is not included in this number.  


5.
Boiler Efficiency


· To calculate the cost of steam loss from a leaking trap, it is necessary to have an estimate of the efficiency of the steam generation boiler.  To determine representative steam boiler efficiencies, data from the California Energy Commission (CEC)
 were examined.  CEC lists several hundred steam boilers, and these boilers were divided into two groups:


· ≤ 2 MMBtuh (steam only)


· 2-10 MMBtuh (steam only)


The CEC results are plotted in Figure 1 and Figure 2.  As shown in both figures, the boiler listings all start at 80%, with a relatively large number of boilers all rated at 80% efficiency.  Based on this data, a baseline efficiency value of 80% was used to compute the cost of steam generation.
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Figure 1.
CEC Efficiency Data (Steam Boilers ≤ 2 MMBtuh) 
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Figure 2.
CEC Efficiency Data (Steam Boilers 2-10 MMBtuh) 


6.
Measure Cost


6.1
Industrial


A vendor survey was conducted to collect retail cost data for steam traps (these prices do not include installation).  Cost data were collected for three of the four main types of traps, including
:


· Float & Thermostatic


· Mechanical (inverted bucket)


· Thermodynamic


The results of the vendor survey are shown in Table 4.  The prices are grouped by steam trap type and by maximum operating pressure.  This workpaper is focused on steam traps with pipe connections up to 2 inches, and representative prices were therefore collected within this size range.  Based on discussions with vendors and with Enbridge
, about half of all steam traps sold are of the float and thermostatic design, and the remaining half are split between inverted bucket and thermodynamic.  For averaging purposes, the cost results are therefore split into two categories:  1) float and thermostatic and 2) other (includes both inverted bucket and thermodynamic).  The average price shown at the bottom of Table 4 represents the average price between the two categories.  


Table 4.
Steam Trap Costs Provided by Vendors


		Type of Steam Trap

		Pressure (psig)



		

		15

		30

		75

		125

		150

		180

		200

		250



		Float & Thermostatic

		

		

		

		

		

		

		

		



		3/4 inch

		$127

		$150

		$203

		$207

		$454

		$454

		$454

		---



		1 1/2 inch

		$258

		$314

		$352

		$352

		---

		---

		---

		---



		Average

		$192

		$232

		$278

		$279

		$454

		$454

		$454

		---



		Other

		

		

		

		

		

		

		

		



		Inverted bucket

		$82

		$82

		$82

		$82

		$105

		$105

		$105

		$105



		1/2 inch thermodynamic

		$185

		$185

		$185

		$185

		$185

		$185

		$185

		$185



		3/4 inch thermodynamic

		$235

		$235

		$235

		$235

		$235

		$235

		$235

		$235



		Average

		$168

		$168

		$168

		$168

		$175

		$175

		$175

		$175



		Average

		$180

		$200

		$223

		$223

		$315

		$315

		$315

		$175





An Enbridge survey (see Attachment #1) was used to determine a typical population profile for leaking traps.  This population profile is shown in Table 5.  The cost data from Table 4, combined with the population profile information in Table 5, was then used to compute a weighted cost for steam traps that operate above and below 15 psig.  These average results are shown at the bottom of Table 5.  Steam traps at California oil refineries typically cost $188 each.  In addition, some facilities are installing a universal connector with each trap ($150) to speed up the replacement process next time
.  


Table 5.
Estimated Steam Trap Costs for Two Categories (≤ 15 psig and > 15 psig)


		Parameters

		Pressure (psig)



		

		15

		30

		75

		125

		150

		180

		200

		250



		Number of Leaking Traps

		1,539

		171

		235

		264

		54

		0

		2

		26



		Total Replacement Cost

		$276,892

		$34,145

		$52,207

		$58,887

		$16,983

		$0

		$629

		$4,553



		Average Cost per Trap

		$180

		$223





6.2
Commercial


The steam traps sold to small commercial operations, such as dry cleaner establishments, are almost all inverted bucket traps rated for 125 psig with ½-inch pipe size.  Table 6 lists the prices found for inverted bucket steam traps of the pipe size and pressure rating commonly used in small commercial steam systems, such as dry cleaners:  1/2 inch and 125 psig.  The average price is $77, which does not include installation.  Where volume discounts are offered, the price for 15 traps is used, since that is a common number of steam traps in dry cleaners steam systems.  Less common at 1/2 inch and 125 psig are thermostatic traps (also averaging $77) and the more expensive thermodynamic disc traps (averaging $138).  


Table 6.
1/2 inch-Pipe-Size, 125-psig Inverted Bucket Steam Trap Costs Provided by Vendors


		Source

		Make/Model

		Retail Price



		From Table 4 above

		

		$82



		Steam trap installer in LA area

		Quoted value for “average retail price of steam traps for dry cleaners”

		$99



		Cleaner's Supply

		Armstrong 880 with strainer

		$66



		

		Armstrong 890 with no strainer

		$41



		

		United #850 with strainer

		$35



		Grainger

		Grainger 4NU78 (with strainer)

		$114



		McMaster-Carr

		McMaster-Carr 4897K27 (with strainer)

		$100



		Average

		

		$77





7.
Energy Savings


Table 7 shows the gas savings calculation methodology.  The average steam trap inlet pressures are taken from Table 2.  The heats of vaporization of steam correspond to the average steam trap inlet pressures, with the implicit assumption that the average boiler pressure (where the vaporization occurs) is at essentially that same pressure.  The boiler energy to replace the lost steam (Btu of gas/lb of steam) is the heat of vaporization divided by the boiler efficiency of 80%.  The annual operating hours are taken from Section 3; and the industry average percentage of leaking & blow-through traps was discussed in Section 4.  The lower section of the table considers the average steam loss at maximum flow through the trap, not the average actual steam loss.  The average maximum steam loss (lb/hr per trap) is taken from Section 4.  The annual average maximum steam loss (lb/yr per trap) is the product of the average maximum steam loss (lb/hr) and the annual plant operating hours.  The annual average maximum gas savings (therms/yr per trap) is the product of the boiler energy to replace the lost steam (Btu of gas/lb of steam) and the annual average maximum steam loss (lb/yr per trap).  


Table 7.
Annual Gas Savings


		Parameters

		Industrial

		Commercial



		

		Low Pressure (≤15 psig)

		Medium Pressure (>15 psig)

		---



		Average steam trap inlet pressure (psig)

		10.9

		85.9

		82.8



		Heat of vaporization (Btu/lb)

		951

		888

		890



		Average installed boiler efficiency

		80%

		80%

		80%



		Boiler energy to replace lost steam (Btu of gas/lb of steam)

		1,189

		1,110

		1,113



		Annual operating hours

		7,752

		7,752

		2,425



		Industry average of leaking&blow-thru steam traps

		16%

		16%

		27%



		Steam loss at maximum flow

		

		

		



		Average steam loss (lb/hr per trap)

		13.8

		54.4

		38.1



		Average annual steam loss (lb/yr per trap)

		107,364

		421,906

		92,476



		Annual gas savings (therms/year per trap)

		1,276

		4,683

		1,029





The annual cost savings and the paybacks are calculated in Table 8.  Also shown are the results of several steam trap surveys discussed in Section 4.  On the industrial side, the results of the Enbridge steam trap survey are used
; on the commercial side, the results of the kW Engineering steam trap survey of dry cleaners are used
.  The steam loss from a normal trap should be negligible and, from a blocked trap, zero.  The maximum theoretical steam loss through a blow-through trap is taken from Table 7.  The Enbridge adjustment factor is used to obtain the average steam loss per leaking and blow-through trap
.  Enbridge developed an adjustment factor of 50% to account for the fact that the actual leak rate in almost all cases is less than the maximum theoretical leak rate, sometimes a lot less.  On the industrial side, standard practice is to test the steam traps at a facility and replace the leaking and blow-through traps.  The Gas Company rebates each trap replaced.  Hence, the average steam loss per trap rebated is the average steam loss per leaking and blow-through trap (638 and 2,342 therm/yr per trap rebated for low and medium pressure, respectively).  On the commercial side, primarily at dry cleaners, it is common practice to avoid the cost of testing the steam traps and simply replace all of the steam traps at the facility.  This is a common practice for several reasons.  Typically, the cost of testing a steam trap represents a significant portion of the cost of simply replacing a steam trap.  Also, due to frequent transfers in ownership, the new owners are less likely to know the maintenance history of the equipment.  And due to historically poor steam system maintenance in small commercial establishments, there is a higher likelihood of the need for replacement compared to industrial steam systems.  To obtain the average steam loss per trap rebated (139 therms/yr per trap rebated), the average steam loss per leaking and blow-through trap (515 therms/yr per trap) is multiplied by the average percentage of leaking and blow-through traps (27.0% in the survey of dry cleaners).  


Table 8.
Annual Cost Savings


		Parameters

		Industrial

		Commercial



		

		Low Pressure 
(≤15 psig)

		Medium Pressure 
(>15 psig)

		---



		

		(%)

		Therms/yr per trap

		(%)

		Therms/yr per trap

		(%)

		Therms/yr per trap



		Normal traps (%)

		76.0%

		0

		76.0%

		0

		57.1%

		0



		Blocked traps (%)

		7.7%

		0

		7.7%

		0

		15.9%

		0



		Leaking&blow-thru traps (%)

		16.3%

		---

		16.3%

		---

		27.0%

		---



		Maximum blow-thru

		---

		1,276

		---

		4,683

		---

		1,029



		Averaging factor

		50%

		---

		50%

		---

		50%

		---



		Average steam loss

		---

		638

		---

		2,342

		---

		515



		All traps (%)

		---

		---

		---

		---

		100.0%

		139



		Cost Parameters

		

		

		

		

		

		



		Gas rate (¢/therm)

		

		95

		

		95

		

		95



		Annual cost savings ($/yr per trap rebated)

		

		$606

		

		$2,224

		

		$132



		Average steam trap cost ($/trap)

		

		$180

		

		$223

		

		$77



		Incentive amount per unit ($/trap)

		

		$100

		

		$100

		

		$100



		Payback without rebate (yr)

		

		0.30

		

		0.10

		

		0.58



		Payback with rebate (yr)

		

		0.13

		

		0.06

		

		0.00





The annual cost savings ($/yr per trap rebated) is the product of the average steam loss per trap rebated (therms/yr per trap rebated) and the gas rate (divided by a hundred cents/dollar).  The estimated annual cost savings for low-and medium-pressure steam traps are $606 and $2,224 per trap rebated, respectively.  Replacement of normal and blocked traps is not included.  The estimated annual cost savings for commercial (dry cleaners) steam traps is $132 per trap rebated, when all steam traps at a facility are replaced without testing.  The average steam trap cost is taken from Section 6.  The payback is the average cost of the replacement traps to the customer (with or without the rebate) divided by the annual cost savings per trap.  


8.
Incentive and Payback


The incentive level for steam traps in recent years has been $100/unit.  Using this incentive level, a comparison of the measure cost (not including installation) and the rebate amount for average size units is shown in Figure 3.  A payback illustration, based on a gas cost of 95 ¢/therm, is shown in Figure 4.  As indicated, without an incentive, the payback for steam trap replacement is approximately 4 months for low-pressure traps (≤ 15 psig), about 2 months for medium-pressure traps (> 15 psig), and about 10 months for dry cleaner traps.  With a $100 per trap incentive, the payback times are approximately cut in half, except for dry cleaners, where the rebate covers the measure cost (not including installation).  


Even though the payback without the incentives is short, experience shows that many gas customers are not testing their steam traps and replacing faulty ones.  Lack of awareness is believed to be one factor that is limiting more widespread replacement of steam traps, and the incentives described in this workpaper are expected to increase awareness, thereby stimulating the adoption of steam trap test and replacement programs.  While the primary benefit of this measure is expected to be increased awareness, this measure will also reduce economic barriers, which can be a major obstacle for customers that are cash constrained.  
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Figure 3.
Comparison of Measure Cost and Rebate
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Figure 4.
Payback – With and Without Rebate

9.
Other


9.1
Measure Lifetime


Steam traps are not specifically identified in the CPUC Energy Efficiency Policy Manual
.  These devices have been categorized in the past as a “System Controls” measure, which the CPUC identifies as having a 15 year life.  


During the course of conversations with vendors to collect cost data for this workpaper, steam trap life was also discussed.  Vendors and manufacturers did not provide references for rigorous studies, but suggested that inverted bucket steam traps have a typical life in the range of 5-7 years, float and thermostatic of 4-6 years, and thermodynamic disc of 1-3 years
.  Thermodynamic steam traps at refineries have a life of only 2-3 years
.  However, three years at a refinery is over 25,000 hours, while 6 years at a commercial dry cleaners is less than 15,000 hours of operation.  


A value of 6 years is used in this workpaper as the recommended steam trap life.  


9.2
Net to Gross Ratio


The net to gross ratio is an estimate of free ridership occurring in energy efficiency programs.  Free riders are program participants who would have replaced faulty steam traps even if a rebate were not offered.  The CPUC Energy Efficiency Policy Manual recommends a value of 0.96 for all equipment covered under the Express Efficiency Program and 0.80 for equipment in the Business Energy Efficiency Program (BEEP).  Both values are shown in Table 1.  


9.3
Qualifying Efficiency (or Leak Rate)


No minimum leak rate is required.  This measure is currently written such that any steam trap with pipe connections up to 2 inches qualifies.  On the industrial side, standard practice is to test the steam traps at a facility and replace the leaking and blow-through traps first, and replace blocked steam trap if time allows.  On the commercial side, especially at dry cleaners, the practice is to avoid the cost of testing the steam traps and simply replace all of the steam traps at the facility.  The Gas Company rebates each trap replaced.  

List of Attachments


The following attachments support this workpaper (supplied as separate electronic files):


· Attachment #1 – Enbridge Steam Trap Survey


· Attachment #2 – kW Engineering Steam Trap Survey


· Attachment #3 – Enbridge Steam Saver Program 2005


· Attachment #4 – Key Parameters for Steam Traps


· Attachment #5 – Armstrong Steam Trap Survey

· Attachment #6 – Enbridge Industrial SteamSaver Program 


· Attachment #7 – Steam Boiler Efficiency


· Attachment #8 – CPUC Energy Efficiency Policy Manual


Appendix A.
Technology Description


A.1
Introduction


Steam traps are automatic valves used in every steam system to remove condensate, air, and other non-condensable gases while preventing or minimizing the passing of steam.  If condensate is allowed to collect, it reduces the flow capacity of steam lines and the thermal capacity of heat transfer equipment.  In addition, excess condensate can lead to “water hammers,” with potentially destructive and dangerous results.  Air that remains after system startup reduces steam pressure and temperature and may also reduce the thermal capacity of heat transfer equipment.  Non-condensable gases, such as oxygen and carbon dioxide, cause corrosion.  Finally, steam that passes through the trap provides no heating service.  This effectively reduces the heating capacity of the steam system or increases the amount of steam that must be generated to meet the heating demand.  


The temperature of the liquid condensate discharged from steam traps is determined by the pressure in the condensate collection vessel and return piping.  Many condensate return systems operate at atmospheric pressure; hence the temperature of the condensate is about 212 (F immediately after being discharged from the steam trap.  This high-temperature distilled water contains a significant amount of heat and should be returned to the boiler.  For example, the gas energy savings from returning 1,000 lb/hr of condensate at 200 (F to an 80% efficient boiler, rather than using makeup water at 50 (F is 187.5 MBtuh
.  


Steam traps have three failure modes:  blocked, leaking, and blow-through.  A blocked steam trap does not allow steam or condensate to pass through it.  Steam traps are blocked by solid matter (e.g., rust chips); strainers are often installed on the upstream side of the trap to reduce the chance of blockage, but even they can be blocked under severe conditions.  Depending upon the type of steam trap, a normal steam trap passes no steam or a negligible flow of steam.  A leaking steam trap passes an above-normal flow of steam, perhaps due to valve inside the steam trap getting stuck in a partially open position.  The steam flow through a leaking steam trap can range from a negligible flow to the maximum possible flow.  A steam trap in the blow-through condition has failed open; the steam flow is the maximum possible through the steam trap.  Enbridge concluded from their studies of steam traps that the average steam flow through leaking and blow-through steam traps is about 50% of the maximum possible flow.  


In general, there are four types of steam traps:


· Mechanical (includes inverted bucket, the least expensive)


· Thermostatic (includes float & thermostatic, the most common)


· Thermodynamic (includes disc)


· Fixed orifice


The range of pipe connection size varies by type of steam trap:  


· Mechanical (inverted bucket) steam traps ranged from ½-inch to 2.5-inch


· Thermostatic are ¼-inch to 1-inch


· Float and thermostatic (F&T) steam traps range in pipe size from ¼-inch to 3-inch


· Thermodynamic and disc range from 3/8-inch to 1-inch


· Fixed orifice range from ½-inch to 2-inch


A.2
Simple Steam Loop


Steam traps are an integral part of all steam loops.  Figure 5 shows a simple steam loop with two steam traps.  The recirculation pump in the lower left corners establishes the steam pressure, which in turn sets the boiling point of the condensate.  Condensate is primarily water, but with additives to extend the life of the components of the steam loop.  Boiler blowdown of a small portion of the steam flow is also used to extend the life of the components.  The boiler unit is on the left:  a good boiler will include an economizer to preheat the liquid condensate, the boiler to make steam, a superheater to increase the steam temperature above the boiling point, and perhaps a combustion air preheater.  The superheated steam passes through the main steam line, an insulated pipe, on its way to the thermal load.  The steam trap before the thermal load pulls off whatever has condensed in the main steam line along the way, which is especially useful during start-up or shut-down.  Most of the steam is condensed in the thermal load, and the steam trap downstream of the thermal load keeps the remaining steam out of the condensate return line.  The condensate return line is hot, and should be insulated as well.  The condensate is collected in a tank, with vapor (air plus steam) over liquid condensate.  Make-up water is added to this tank to replace steam and condensate lost to blowdown, the process, or leaks.  The recirculation pump draws off the bottom of the condensate tank.  If the condensate tank is at atmospheric pressure, a larger pump (larger head and larger power) is required than if the tank is pressurized to near the boiler pressure.  
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Figure 5.
Simple Steam Loop Diagram

A.3
Mechanical Steam Traps


Mechanical steam traps are mostly inverted bucket steam traps.  In inverted bucket traps, steam is contained within an inverted bucket floating in condensate (see Figure 6).  A common steam trap at small commercial facilities, such as dry cleaners, is the Armstrong 890 steam trap (see Figure 7).  As the level of condensate rises, it is discharged.  Inverted bucket traps require water within the bucket, called the prime, to operate.  This trap is most appropriate for steady steam loads.  Condensate is discharged intermittently by inverted bucket steam traps.  
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Inverted Bucket Trap







Source: “Design of Fluid Systems”, Spirax Sarco, 2000


Figure 6.
Inverted Bucket Trap

The operation of a mechanical steam trap is driven by the difference in density between condensate and steam.  The denser condensate rests on the bottom of any vessel containing the two fluids.  As additional condensate is generated, its level in the vessel will rise.  This action is transmitted to a valve via either a “free float” or a float with connecting levers in a mechanical steam trap.  In the inverted bucket steam trap, steam entering the submerged bucket causes it to rise upward and seal the valve against the valve seat.  As the steam condenses inside the bucket or if condensate is predominately entering the bucket, the weight of the bucket will cause it to sink and pull the valve away from the valve seat.  Any air or other non-condensable gases entering the bucket will cause it to float and the valve to close.  Thus, the top of the bucket has a small hole to allow non-condensable gases to escape.  The hole must be relatively small to avoid excessive steam loss.  The average useful life of inverted bucket steam traps is 5-7 years
.  When the inverted bucket traps has a stainless steel bucket, the trap life can be extended by replacing the valve mechanism and seat every 3 to 5 years.
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Source:  Armstrong International


Figure 7.
Armstrong 890 Inverted Bucket Trap

A.4
Thermostatic Traps


Thermostatic steam traps include bimetallic metal, liquid-filled bellows, thermostatic, and “float and thermostatic” (F&T).  The operation of a thermostatic steam trap is driven by the difference in temperature between steam and sub-cooled condensate.  Valve actuation is achieved via expansion and contraction of a bimetallic element or a liquid-filled bellows.  Figure 8 shows a bellows thermostatic trap.  As condensate cools, the volume of an enclosed bellows decreases and the discharge valve opens.  Thermostatic traps always cause some condensate to remain in the system.  Condensate is discharged continuously.  Thermostatic traps close when exposes to hot steam.  An increase in upstream pressure tends to close the valve and vice versa.  While higher temperatures still work to close the valve, the relationship between temperature and bellows expansion can be made to vary significantly by changing the fluid inside the bellows.  Using water within the bellows results in nearly identical expansion as steam temperature and pressure increase, because pressure inside and outside the bellows is nearly balanced.  
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Source: “Design of Fluid Systems”, Spirax Sarco, 2000.


Figure 8.
Bellows Thermostatic Trap

A bimetallic thermostatic trap also closes when exposure to steam expands the bimetallic element.  Upstream pressure works to open the valve in a bimetallic trap, while expansion of the bimetallic element works in the opposite direction.  Changes in the downstream pressure will affect the temperature at which the valve opens or closes.  In addition, the nonlinear relationship between steam pressure and temperature requires careful design of the bimetallic element for proper response at different operating pressures.  


In contrast to the inverted bucket trap, both types of thermostatic traps allow rapid purging of air at startup.  The inverted bucket trap relies on fluid density differences to actuate its valve.  Therefore, it cannot distinguish between air and steam and must purge air (and some steam) through a small hole.  A thermostatic trap, on the other hand, relies on temperature differences to actuate its valve.  Until warmed by steam, its valve will remain wide open, allowing the air to easily leave.  After the trap warms up, its valve will close, and no continuous loss of steam through a purge hole occurs.  


Recognition of this deficiency (continuously purging air and some steam) with inverted bucket traps or other simple mechanical traps led to the development of float and thermostatic traps (Figure 9).  In F&T traps, condensate is discharged when the rising level of condensate lifts a float attached to a level.  A thermostatically operated vent discharges air from the top of the trap.  The condensate release valve is driven by the level of condensate inside the trap, while the air release valve is driven by the temperature of the trap.  Float and thermostatic traps have good air removal characteristics.  However, the internal valves and seats must be matched to the steam pressure or the trap can fail in the closed position.  The average useful life of F&T steam traps is 4-6 years
.  

[image: image10.jpg]Figure 21
Float and Thermostatic Steam Trap






Source: “Design of Fluid Systems”, Spirax Sarco, 2000.


Figure 9.
Float and Thermostatic Trap

A.5
Thermodynamic Traps


Thermodynamic trap valves are driven by differences in the pressure applied by steam and condensate, with the presence of steam or condensate within the trap being affected by the design of the trap and its impact on local flow velocity and pressure.  Thermodynamic traps include three types:  disc, piston, and lever.  Disc, piston, and lever designs are three types of thermodynamic traps with similar operating principles; a disc trap is shown in Figure 10.  Thermodynamic disc traps have a disc situated on a central orifice.  When subcooled condensate enters the trap, the increase in pressure lifts the disc off its valve seat and allows the condensate to flow into the chamber and out of the trap.  The narrow inlet port results in a localized increase in velocity and decrease in pressure as the condensate flows through the trap.  As the condensate entering the trap increases in temperature, it will eventually flash to steam because of the localized pressure drop in the port.  This increases the velocity and decreases the pressure even further, causing the disc to snap closed against the seating surface.  The moderate pressure of the flash steam on top of the disc acts on the entire disc surface, creating a greater force than the higher pressure steam and condensate at the inlet, which acts on a much smaller portion of the opposite side of the disc.  Eventually, the disc chamber will cool, the flash steam will condense, and inlet condensate will again have adequate pressure to lift the disc and repeat the cycle.  Condensate is therefore discharged intermittently.  The average useful life of thermodynamic disc steam traps is 1-3 years
.  

[image: image11.jpg]Figure 26
Thermodynamic Steam Trap






Source: “Design of Fluid Systems”, Spirax Sarco, 2000.


Figure 10.
Thermodynamic Disc Steam Trap

A.6
Fixed Orifice Steam Traps


Fixed orifice steam traps contain a set orifice in the trap body and continually discharge condensate.  As the rate of condensation decreases, the condensate temperature will increase, causing a throttling in the orifice and reducing capacity due to steam flashing on the downstream side.  An increased load will decrease flashing and the orifice capacity will become greater.  


Orifice steam traps function best in situations with relatively constant steam loads.  In situations where steam loads vary, the orifice trap will allow steam to escape or condensate to back up into the system.  Varying loads, such as those found in most steam heating systems, are usually not good candidates for orifice steam traps.  














































































































�  These preliminary incentive amounts are subject to change and are used only for calculation purposes. 



�  NTG is 0.96 for Express Efficiency Program and 0.80 for Business Energy Efficiency Program (BEEP). 



�  See Appendix A for a description of steam traps.



�  See Attachment #1



�  See Attachment #2



�  See Attachment #1 and Attachment #3



�  Detailed calculations shown in Attachment #4. 



�  Based on data obtained for dry cleaners. 



�  Gas rate of 95 ¢/therm used for payback calculations. 



�  See Attachment #1. 



�  See tab named “Dry Cleaners Data” in Attachment #4



�  Private conversation with large oil refinery in Southern California, Nov. 21, 2006.  



�  Energy Tips – Steam, Steam Tip Sheet #1, DOE/G0-102006-2248, U.S. Department of Energy, January 2006.  



�  See Attachment #1 and Attachment #3.  



�  Some leaking traps have the trap orifice partially blocked.  In a leaking trap experiencing blow-through, the trap orifice is completely open, allowing the maximum leak rate.   



�  Private conversation with large oil refinery in Southern California, Nov. 21, 2006.



�  See Attachment #6



�  See Attachment #3



�  See Attachment #5



�  CEC efficiency data included in Attachment #7, and also available online at � HYPERLINK "http://www.energy.ca.gov/appliances/appliance/excel_based_files/boilers/" ��http://www.energy.ca.gov/appliances/appliance/excel_based_files/boilers/�. 



�  Vendors surveyed did not provide pricing for orifice type traps.  



�  Private conversation with Enbridge, December 2005. 



�  Private conversation with large oil refinery in Southern California, Nov. 21, 2006.



�  See Attachment #3.  



�  See the Dry Cleaners Data tab in Attachment #4.  



�  See Attachment #6



�  See Attachment #8. 



�  Gary Ford, Armstrong International, Nov. 8, 2006.  



�  Private conversation with large oil refinery in Southern California, Nov. 21, 2006.  



�  Adapted from “Process Heating:  Steam Traps,” by the University of Dayton Industrial Assessment Center.  



�  187,500 Btu/hr = 1,000 lb/hr X 1 Btu/lb-F X (200 F – 50 F) / 80%  



�  Gary Ford, Armstrong International, Nov. 8, 2006



�  Gary Ford, Armstrong International, Nov. 8, 2006



�  Gary Ford, Armstrong International, Nov. 8, 2006
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THE ENBRIDGE “STEAM SAVER” PROGRAM
STEAM BOILER PLANT EFFICIENCY-UPDATE TO YEAR END, 2005
March 1, 2006
Bob Griffin, P.Eng., Energy Solutions Manager, Enbridge Gas Distribution Inc., Toronto, Ontario
Daniel Johnson, B.A.Sc., Industrial Energy Engineer, Enbridge Gas Distribution Inc., Toronto, Ontario

ABSTRACT

Enbridge Gas Distribution Inc., with head office in
Toronto, Ontario has approximately 350 Industrial
and Institutional customers who own medium or
large steam plants.

This report is an up-date of the results of Enbridge’s
“Steam Saver” program first introduced in 1997.
The goal of this program is to reduce fuel
consumption in industrial steam plants and
distribution systems.

We have now completed 92 detailed boiler plant
performance tests and audits. Furthermore, our
energy partners Spirax-Sarco Ltd., and Preston-
Phipps Inc. (Armstrong) have completed 216 steam
trap surveys, testing and evaluating the condition of
more than 41,000 steam traps.

A description of the commercial and regulatory
structure under which Enbridge operates and makes
a profit, is also presented in this paper.

This paper also includes a Steam Plant

Enbridge has 1.7 million customers including 1200
“Large Volume” customers.

In 1997, Enbridge Gas Distribution introduced the
“Steam Saver” boiler plant audit which is aimed at
large volume industrial and institutional customers.

To date, 92 steam plants have been audited and
491 fuel saving projects have been identified.
These projects, if fully implemented, will save 3.8
Billion Cubic Feet (107 Million Cubic Metres) of
natural gas every year, amounting to 13.7 % of the
total natural gas consumed by these plants. 42%
of the gas savings identified in these surveys has
actually been realized as projects are
implemented.

There are several programs offered under the “Steam
Saver” banner. These are: Boiler plant audits, Steam
Trap Surveys, Combustion Tune-ups, Insulation
Surveys and Boiler Plant Metering. The results are
summarized as follows:

Year Program

Benchmarking study which provides detailed data Identified savings in CU M/YR introduced
on costs and performance of 25 medium and large Boiler Plant Audits 107.0 Million 1997
boiler plants. New Boiler Program 11 2000
Steam Trap Surveys 26.7 1999

INTRODUCTION Combustion Tune-ups 1.1 2000
The franchised service area of Enbridge Gas Metering 1.2 2000
Distribution Inc. includes the Greater Toronto area, Insulation Surveys 4.2 2001
Ottawa, Eastern Ontario and the Niagara Area. Stand-Alone Projects 147 1998
Total 156.0 MM CU M/YR

THE PRICE OF NATURAL GAS- TABLE 1

(5.5 BCF)

Since 1997, the price of natural gas to large industrial customers has increased dramatically. The average financial
payback period for the entire range of steam saving projects identified has dropped from 4.6 years to a simple

payback of 1.2 years:
TABLE 1
YEAR BURNER TIP PRICE OF NATURAL | AVERAGE PAYBACK ON BOILER
GAS ($ PER CU M) PLANT AUDITS, 491 PROJECTS
1997 Note2 | $0.10 or $ 2.83 per MMBTU 4.6 Years Note 2
1998 $0.12 or $ 3.40 per MMBTU 4.0 Years
1999 $0.16 or $ 4.53 per MMBTU 3.0 Years
2000 $0.19 or $ 5.38 per MMBTU 2.4 Years
2001 $0.30 or $ 850 per MMBTU 1.5 Years
2002 $0.25 or $ 7.08 per MMBTU 2.0 Years
2003 $0.28 or $ 7.92 per MMBTU 1.9 Years
2004 $0.33 or $ 9.26 per MM BTU 1.6 Years
2005 $0.40 or $11.27 per MMBTU 1.2 Years

Note 1: The price used for natural gas includes commodity and delivery (i.e. the burner-tip price)
Note 2: In order to calculate the payback, project capital costs were adjusted for inflation.





THE ENBRIDGE “STEAM SAVER” PROGRAM
UP-DATE TO YEAR END, 2005

GENERAL MARKET INFORMATION

THE STEAM BOILER POPULATION

Ontario is the most heavily Industrialized province in
Canada, having a population of 12 million people and
an industrial base of 5000 manufacturing companies,

(larger than 50 employees). Ontario can be compared
in size and industrial output with Michigan or Ohio.

The Enbridge franchise service area includes
approximately one third of the Province’s industry
and 65% of its large institutions.

The Steam Saver program is aimed at Industrial
customers and also medium and large sized
institutions such as Hospitals, Defense Bases and
Universities. These facilities have large Central
Heating Plants. Some institutions have installed co-
generation, replacing boilers with Heat Recovery
Steam Generators.

All major industrial sectors are represented. The
automotive, pulp-and -paper, petrochemical and steel
industries are particularly large energy and steam

users. Food and beverage processors are also heavy

steam consumers.

BOILER POPULATION FOR STEAM PLANTS WITH ANNUAL FUEL CONSUMPTION GREATER

TABLE 2

THAN 70 MILLION CUBIC FEET (2 MILLION CUBIC METRES) OF NATURAL GAS

Annual Gas Annual Gas
No. of Boilers No. of Plants Consumption Consumption
BCF/YR B CU M/YR
ENBRIDGE
AREA 1,120 350 66 BCF/YR 1.9B CU M/YR
TOTAL
ONTARIO 3,200 1,000 177 BCF/YR 5.0 B CU M/YR
TOTAL CANADA 9,600 3,000 442 BCFIYR | 12.5BCUM/YR

Note: figures exclude large electric utility plants

BCF/YR = Billion Cubic Feet per Year

B CU M/YR = Billion Cubic Metres per Year

FUEL CONSUMPTION IN BOILER PLANTS
In Ontario, fuel consumption in the target market
(medium and large steam plants) breaks down
approximately as follows:

Table 3
Annual Fuel Consumed by Medium and Large Boiler Plants-Ontario
Equivalent BCF/YR % of Total
Natural Gas 177 65%
Qil 50 18%
Wood & Hog Fuel 40 15%
Coal/other 5 2%
Total 272 100%

Note: Most plants which burn
wood and hog fuel are paper mills.
They co-fire with natural gas.






THE ENBRIDGE “STEAM SAVER” PROGRAM
THE REGULATORY AND BUSINESS MODEL
HOW THE GAS UTILITY MAKES A PROFIT BY HELPING CUSTOMERS TO SAVE GAS

GENERAL INFORMATION

Enbridge Gas Distribution Inc. operates a
comprehensive demand side management (DSM)
program aimed at saving natural gas in all markets,
Industrial, Commercial, Institutional and Residential.
The most frequent question from customers is, “Why
does the gas company engage in an activity which
reduces it's through-put?”

Enbridge Gas operates under the regulation of the
Ontario Energy Board (OEB) which, in 1993,
mandated gas utilities to implement DSM programs
to save energy for their customers. The OEB issued a
guideline, EBO 169, which set the rules for operating
DSM programs. The guideline specified that the
programs had to be cost effective and allowed for
“Cost Recovery” for the cost of programs. In 1997
and in 1999, additional rules were added. The “Lost
Revenue Adjustment Mechanism” (LRAM) allowed
Enbridge to recover revenue from reduced gas
through-put resulting from energy efficiency
programs. The “Shared Savings Mechanism” (SSM)
gives Enbridge an incentive reward if savings exceed
targets.

Targets for implemented savings projects are set each
year in negotiations with the OEB.

The Shared Saving Mechanism effectively allows
Enbridge to make a profit on energy efficiency
projects by sharing the savings with the customer.
The target for the company (Industrial, Commercial
and Residential groups) was approximately 80
million cubic metres (2.8 BCF) of savings in 2005.
Assuming the company meets or exceeds its target,
the formula for calculating the SSM reward amount
is complex. The amount of the reward is calculated
based on the total benefit of a project to society, not
just the natural gas saving. The costs are subtracted
from the total benefit and the award is a small
percentage of the Net Benefit. This is called the total
resource cost calculation.

In year 2003 for example, the total net benefit of
Enbridge DSM programs to customers in all markets
was $ 125.9 million.

In 2003, the cost to deliver all DSM programs was
$11.9 million. The CO2 savings were approximately
800,000 Tonnes.

DELIVERY AND MANAGEMENT OF DSM
PROGRAMS

Programs such as “Steam Saver” are delivered by
means of a technical sales force which calls on
customers. There are seven industrial and eleven
Commercial Energy Consultants who do the day to
day work required to bring in projects, arrange audits,
calculate savings, deal with contractors and track the
progress of projects. Projects are tracked
electronically by means of sales tracking software.
At any given time, there are about 1200 Commercial
and 300 Industrial projects in the pipeline.

In 2006, the Industrial sales group has a DSM target
to save 33 Million cubic metres (1.2 Billion Cubic
Feet) of natural gas. The equipment has to be
installed and operating in the customer’s plant before
the representative can make a claim. In 2006
Enbridge expects to complete approximately 150
projects including steam and process heating projects.

Technical Sales Representatives (Energy
Consultants) have individual targets, receiving
individual bonuses depending on their personal result
vs. target.

ADMINISTRATION

All project files are audited by an internal Enbridge
group called Planning and Evaluation. Outside
auditors representing the OEB, also check project
files randomly. They then follow up with Enbridge
energy consultants or directly with our customers if
explanations or verification is required.

Enbridge also has a marketing group which develops
programs and supports the sales group, and also, a
technical group which investigates new energy
efficient equipment, does field testing and evaluates
new gas and steam technologies.





THE ENBRIDGE “STEAM SAVER” PROGRAM
DESCRIPTION OF THE PROGRAM

1. THE STEAM PLANT PERFORMANCE TEST
AND AUDIT

Why Should a Customer Do a Boiler Plant Audit?
The purpose of the steam plant performance test and
audit is:
e To identify fuel savings opportunities.
e To provide energy saving and project cost
data to the customer, assisting in the
development the business case for projects.

Who Qualifies for an Audit?

All customers having boiler plants which consume
more than 5 million CU M/YR (180 million CU
FT/YR) or more of natural gas.

Who is Responsible for the Audit?

Twelve Enbridge Energy Consultants call on
industrial and institutional customers. The role of the
Enbridge representative is to sell an audit to a
qualified customer and then to assume project
responsibility. He organizes the field work, and
coordinates the report and follows-up to promote
implementation of recommendations.

How is an Audit Done?
Here is the standard procedure and report format:

Steam Plant and Boiler Consultants

Enbridge contracts outside consultants to take
primary commercial and technical responsibility for
the boiler plant audit. We contract mainly small
companies having specific steam and boiler expertise.
Enbridge representatives do all boiler testing, are
present on site during the study and contribute to
parts of the report.

The customer places a purchase order directly on the
outside consultant. Enbridge pays 50% of the cost of
the audit up to a maximum of $ 5,000.

Field Work

This is a crucial part of the process. The auditors
must establish a good relationship with the plant
management and operators.

1.1. THE AUDIT REPORT

The audit report is completed by the steam consulting
engineer together with the Enbridge representative.
The standard report comprises nine sections as
follows:

Executive summary-a listing of energy saving
opportunities complete with savings and capital cost
estimate.

Section 1-Plant Energy History

This is a summary of operating data for the past year.
We rely on the hourly gas consumption information
from the utility gas meter (The Metretek System).
Combustion test results and steam plant log data are
also employed. The result is a comprehensive report
on fuel consumption, steam production, peaks and
averages, blow down rate, water make-up, electricity
consumption and so on. This section also provides
an estimate of the cost of steam.

Section 2-Boiler Plant Equipment

The boiler pant is inspected with a view to
identifying problems or losses. Features such as
economizers, air pre-heaters, blow-down heat
recovery, excessive venting and instrumentation are
all considered. Combustion controls and plant
metering is also reviewed.

Section 3- Combustion Tests

Combustion tests are done at five firing points from
low to high fire for each boiler. The flue gas analysis
and stack temperature data for each test point is used
to calculate the boiler efficiency curve. The method
of calculation used is the ASME Power Test Code
PTC 4.1 -1964.





THE ENBRIDGE “STEAM SAVER” PROGRAM -DESCRIPTION

1. THE STEAM PLANT PERFORMANCE TEST AND AUDIT (CONTINUED)

1.1.) THE AUDIT REPORT (Continued)

Section 4-The Steam Distribution System

The size and characteristics of main steam loads is
identified and described. The state and efficiency of
the condensate return system is evaluated

Section 5-Metering and Monitoring

A review of existing Metering and recommendations
for metering and management reporting
improvements are made.

Section 6-Water treatment

A review of the water treatment records and
comments on blow-down, maintaining target levels
of sulphite, PH and alkalinity is made.

Section 7-Savings and Capital Cost
Calculations showing the savings and capital cost
estimates for each project. Savings estimates are
within 20% accuracy. Capital cost estimates are
within 35% accuracy.

Section 8-Safety Issues

This section includes comments on conditions such
as high Carbon Monoxide levels in flue gas, natural
gas leakage and hot surfaces.

Section 9- Mass and Heat Balance Analysis

A mass and energy balance analysis (model) of the
boiler plant and steam system is included. The U.S.
Department of energy’s Steam System Assessment
Tool (SSAT) software is used for this task.





THE ENBRIDGE “STEAM SAVER PROGRAM-DESCRIPTION
1. THE STEAM PLANT PERFORMANCE TEST AND AUDIT (CONTINUED)

1.2) STEAM PLANT PERFORMANCE TESTS AND AUDITS- RESULTS

The following tables (4 and 5) provide a summary of Water, electricity, labour, chemical and maintenance

the results of the boiler plant audit program. This savings are not included in the savings estimate.

data excludes other programs such as steam trap

surveys and insulation surveys to be presented later The average simple pay-back on these projects, based

in this paper. on the average cost of natural gas in 2005, is 1.2
years.

In summary, 13.7% of the total fuel can be saved if

all identified projects are implemented. A breakdown and analysis of savings by 10 project
categories shows that:

The annual identified savings for 92 audits is 107 e Heat recovery and especially economizers

Million CU M/YR or 3.8 BCF/YR. has the greatest potential for energy savings.

e  Steam pressure reduction is the fastest

The annual dollar savings identified is $ 42.9 million payback project (mainly for heating plants).

at the 2005 average burner-tip gas cost of $ 0.40 ° Approximate|y 40% of the savings

per CU M ($11.27 per MMBTU) identified relate to maintenance and

operating improvements. These projects
have a simple payback of less than one year.

TABLE 4
RESULTS OF STEAM PLANT PERFORMANCE TEST AND AUDIT PROGRAM
TO YEAR-END 2005

No. Plants Audited 92
Total Annual Gas Consumption 783 Million CU M/YR 27.7 Billion CU FT/YR
Annual Gas Bill $ 313 Million
No. of Savings Projects Identified 491
Annual Fuel Savings Identified 107 Million CU M/YR 3.8 Billion CU FT/YR
Annual Dollar Savings Identified $42.9 Million
Savings % of Annual Gas Bill 13.7%
Capital Cost of Projects Identified $52.1 Million Note 1
Average Payback of Projects Identified 1.2 Years
No. of Savings Projects Implemented 157
Annual Gas Vol. Savings Implemented 43.6 Million CU M/YR 1.54 Billion CU FT/YR
Annual Dollar Savings Implemented $ 17.4 Million

Note 1: Project savings, capital cost and payback calculations are based on average industrial 2005 fuel prices
($11.27 per MM BTU or $ 0.40 per CU M of natural gas) and inflated project costs.





THE ENBRIDGE “STEAM SAVER” PROGRAM-DESCRIPTION

1.2)STEAM PLANT PERFORMANCE TESTS AND AUDITS-RESULTS (CONTINUED)

TABLE 5

IDENTIFIED SAVINGS
BREAKDOWN OF ANNUAL SAVINGS BY CATEGORY (SEE APPENDIX 2 FOR DESCRIPTION)
BOILER PLANT AUDITS

PROJECT CATEGORY #OF SAVINGS | SAVINGS | CAPITAL SIMPLE
PROJECTS | CUM/YR | $PERYR | INVESTMENT | PAY-BACK

1.)Combustion Improvements 89 13,309,582 | $5,323,833 $2,718,900 05
égii?‘;)'ta' Projects (eg. New 69 13,476,270 | $5,390,508 | $18,071,100 3.4
3.) Heat recovery and Economizer 137 32,858,895 $13,143,558 $11,521,100 0.9
4.) Operating Practices-Changes 37 15,378,055 $6,151,222 $5,427,300 0.9
5.) Steam Distribution and 51 8,006,156 | $3,202,462 $5,177,700 16
condensate return |mprovements
6.) Building HVAC improvements 14 5,250,758 $2,100,303 $1,173,400 0.6
7.) Metering and Monitoring 20 3,320,135 $1,328,054 $1,214,000 0.9
8.) Insulation Improvements 20 5008595 | $2,003,438 $3,065600 15
9.) Steam Pressure Reduction 24 4744607 | $1,897,843 $306,000 0.2
10.) Other including water 30 5852568 | $2,341,027 |  $3,443,900 15
chemistry improvements

Total 491 107,205,621 | $42,882,248 | $52,119,000 1.2

Note 1: Project savings, capital cost and payback calculations are based on average industrial 2005 fuel prices
($11.27 per MM BTU or $ 0.40 per CU M of natural gas) and inflated project costs.

1.3) PROJECT IMPLEMENTATION-STEAM PLANT PERFORMANCE TESTS AND AUDITS

The implementation rate for projects is
approximately 42%. That is, 42% of the fuel
savings identified were actually saved by the

customer’s action. In total, 157 projects have been
implemented out of 491 identified. By this measure,

the implementation rate is only 32%. Based on the

current financial payback rate of 1.2 years, and the
fact that many projects have an even faster payback,
one has to wonder why this rate is not higher. What

are the barriers to project implementation?

In the opinion of the author, the following factors (in

order of importance) are the cause of this low
implementation rate:

Organizational change, instability and
uncertainty. Mergers, down-sizing and
other events in our customers’ organizations,
cause energy efficiency projects to be put
onto the back burner.

Lack of a corporate plan or strategy for
Energy Efficiency. No responsibility or
accountability.

Inadequate technical staff to analyze or
implement savings measures.

Lack of funding. Negative attitude and
policy toward third-party financing.





THE ENBRIDGE “STEAM SAVER” PROGRAM-DESCRIPTION

1.3) PROJECT IMPLEMENTATION-STEAM PLANT PERFORMANCE TESTS AND AUDITS

(CONTINUED)

TABLE 6
IMPLEMENTED ANNUAL NATURAL GAS SAVINGS-BOILER PLANT AUDITS
YEAR ANNUAL SAVINGS ANNUAL SAVINGS
CU M/YR DOLLARS
1997 657376 $ 262,950
1098 478,607 $ 191,443
1099 4389529 $1,755812
2000 2.614.580 $ 1,045 832
2001 8,481,567 $3,392,627
2002 7.098.673 $3,109.469
2003 4.625930 $1,850372
Implementze(;jolsn 2004 and 14,374,500 $ 5,735,747
TOTAL 43.620.762 CU MIYR $17.434.252 /YR






THE ENBRIDGE “STEAM SAVER” PROGRAM-DESCRIPTION
2.0) OTHER STEAM SAVER PROGRAMS

Several additional Steam Saver programs were introduced in 1999, 2000 and 2001. The purpose was to target some
of the main savings categories without having to conduct an expensive study of the boiler plant.

2.1) The Steam Trap Survey Program
Many steam distribution systems are poorly designed and maintained, resulting in major losses of energy in steam
and condensate.

The steam trap manufacturers have the most technical expertise in the application and testing of steam traps.

Spirax Sarco Ltd., and Preston Phipps Inc. (Armstrong), have done virtually all of the steam trap surveys under the
Enbridge program. Enbridge funds 50% of the survey cost, the customer pays the balance. The survey is conducted
by the supplier’s experienced technicians.

The survey includes tagging all traps, testing all traps and providing a critique of the system design problems.
Besides leaking traps, there are additional problems commonly found in the course of doing steam trap surveys:
Condensate return pump failure, condensate dumping to drain.
Condensate return lines pressurized due to under-sizing or too many traps discharging to the same condensate
line.
Wrong type of trap for the application, oversized or undersized traps. Traps installed incorrectly.
No strainers, no isolation valves, no drip legs, no vacuum breaker.

TABLE 7
RESULTS OF STEAM TRAP SURVEYS FOR 6 YEARS 2000 THROUGH 2005

2000-2005

1.) No. of Sites Surveyed 216

2.) No. of Traps Identified 52,451

3.) No. of Traps Tested 41,124

4.) Total No. of Defective Traps Blocked, Leaking and Blow-Thru 9,870

5.) No. of Traps Leaking + Blow -Thru 6,719

6.) Percent of Traps Leaking and Blow-Thru 16.3%

7.) No. of Traps Blocked 3,151

8.) Percent of Traps Blocked 7.7%

9.) Annual Steam Loss Identified LB/YR 707,231,938

10.) Annual Fuel Loss-ldentified CU M/YR 26,705,063

11.) Annual Dollar Fuel Loss-ldentified $7,707,366

12.) Capital Investment $2,214,360

13.) Average Simple Payback Years 0.28 YR

14.) No. of Projects Implemented 130

15.) Savings Implemented CU M/YR 19,204,615

16.) Savings Implemented $ /YR $5,804,519






THE ENBRIDGE “STEAM SAVER” PROGRAM-DESCRIPTION

2.0) OTHER STEAM SAVER PROGRAMS ( Continued)

2.2 The New Boiler Plant Program

The boiler population is aging. In Ontario, records
indicate that the average age of all registered boilers
is 27 years.

Enbridge offers technical help to customers who are
planning to replace boilers. We assist in sizing
boilers based on load analysis and fuel consumption
history. We have expertise in forecasting plant and
heating loads and apply this experience at no charge
to customers who are planning replacement or
expansion of boiler plants.

Economizers can improve annual boiler efficiency by
as much as 5%. An engineering analysis is required
to correctly estimate the performance and savings
attributable to an economizer.

Part of the New Boiler Plant program is to analyze
and implement blow-down heat recovery in the new
boiler plant if feasible.

One of the most neglected areas of the boiler plant is
metering. New plants are encouraged to invest in
steam and fuel metering. This is part of the incentive
package offered to owners of new boiler plants.

2.3) The Boiler Combustion Tune-Up Program
Unnecessary combustion losses account for about
1.5% of the total fuel consumed by steam boiler
plants. There is an existing infrastructure of boiler
service contractors who are capable of testing and
repairing boiler combustion problems.

This program is designed to encourage large steam
plant owners to maintain the combustion of their
boilers through their present boiler service
companies. The minimum size of plant to qualify for
this incentive grant is 1000 Boiler Horsepower.
Enbridge pays an incentive to both the owner and to
the service contractor, of $ 200 per boiler for each
boiler for each tune-up to a maximum of four tune-
ups.

2.4) Metering and Energy Management for Boiler
Plants.

Metering of fuel and steam is a neglected aspect of
steam plant operation.

The average fuel cost for 92 boiler plants studied by
the Audit program is $ 3.4 Million per Year.

Fuel now accounts for 90% of the cost of operating a
boiler plant (See Table 10). A basic requirement of
any metering system is to measure and collect data on
fuel usage. This is a bare minimum for responsible
cost management, yet this requirement is often not
met.

Enbridge offers incentive grants to steam plant
operators who install metering and energy
management systems. These systems must include
not only the required instrumentation, but a reporting
system, preferably computerized, which generates
reports. The metering program has not been
successful to date. One reason is the difficulty in
making the business case to owners and in predicting
a payback on the investment which is significant.

2.5) The insulation Survey

The insulation survey program began in 2002. The
magnitude of the opportunity to save energy through
improved insulation surveys was brought to our
attention by Energy Saving Audits Inc., of
Minnesota.

To date our insulation contractors have conducted
audits of 14 boiler plants and steam distribution
systems. These surveys have identified 4% fuel
saving in industrial plants, with an average payback
on projects of 1.7 years (See table 8.) We require all
contractors to employ the software 3E plus,
developed by the U.S. DOE and the North American
Insulation Manufacturer’s Association.

2.6) Stand-alone Projects

Often, customers wish to proceed with a specific
project, not related to any of the formal programs or
surveys offered by Enbridge.

In these cases, Enbridge provides the same technical
assistance and incentive grants. Stand-alone projects
encompass a wide range of projects. Examples
include:

-conversion of steam heated Air Handling Units from
steam to natural gas.

-Heat Recovery Projects.

-Installation of RO water treatment systems.





SUMMARY OF PROGRAM RESULTS FOR ALL STEAM PROGRAMS TO YEAR END 2005

THE ENBRIDGE “STEAM SAVER” PROGRAM-RESULTS

TABLE 8

ALL STEAM PROGRAMS

PROGRAM No. of Annual Savings % of Total Annual Savings Annual Savings | Annual Savings | Average
Surveys/ Identified Fuel Identified Implemented Implemented Payback
Projects CU M/YR Consumption $/YR CU M/YR $/YR Years
1.) Boiler Plant Audits 92/491 107,205,621 13.7 $ 42,882,248 43,620,762 $ 17,434,252 1.2YR
2.)Steam Trap Surveys 216/216 26,705,063 3.0% $ 7,707,366 19,204,615 $5,804,519 03
3.) New Boiler Program 4/4 1,118,100 NA $ 447,240 1,118,100 $ 447,360 NA
4.) Combustion Tune-ups 45/45 1,128,000 1.0% $ 451,200 1,128,000 $ 451,200 05
5.) Metering and Monitoring 4/ 1,200,000 NA $ 480,000 1,200,000 $ 480,000 2.0
6.) Insulation Surveys 14/14 4,204,340 4.0% $ 1,681,736 1,779,644 $ 771,858 17
7.) Stand-Alone Projects 50/50 14,678,783 NA $ 5,871,513 14,678.783 $ 5,871,513 17
TOTAL of all PROGRAMS 156,239,907 82,729,904
Projects, Surveys and Audits 424 5.45 BCF $59,521,303 2.2 BCF $31,027,155 NA






THE ENBRIDGE “STEAM SAVER” PROGRAM-RESULTS

SECTION 3, AVERAGE PLANT PERFORMANCE AND THE COST OF STEAM-BENCHMARKING

3.) How the Benchmarking Study Was Conducted
This study includes only manned water-tube boiler
plants. It excludes co-generation plants and Coiled
Tube boiler plants. In Ontario, there are very few
Fire-tube boiler plants because of the regulations
pertaining to operating engineers. Plants having
coiled tube boilers can be sized up to 1500 Boiler
Horsepower (up to 52,000 LB/HR of steam), without
being manned by operating engineers. These plants
have different cost characteristics from the larger
manned boiler plants. Coiled tube plants tend to have
higher fuel costs because they purchase gas in
smaller volumes. Furthermore, they have higher
maintenance costs but low operating labour costs.

Boiler plant audits were reviewed and 25 medium
and large boiler plants were selected for the
benchmarking study. The operating parameters,
plant descriptions, fuel consumption, etc. were
available in the studies. The performance (table 9)
reflects the “as found” condition of the plants and
does not include any improvements which may have
been made.

A spreadsheet listing the parameters for all 25 plants
was developed. The fuel cost was normalized for all
plants. The reason for this was to remove the
variable associated with purchasing gas, rates and
contracts from the study. The natural gas cost for
2005 averages $ 0.40 per Cubic Metre of gas or
$11.27 per MM BTU. The spreadsheet is available
for any owner who wishes to compare their plant’s
performance with the Benchmark, and to input his
actual fuel and other costs.

A mass and energy balance analysis was done on
each of the 25 plants using the US Department of
Energy’s Steam System Assessment Tool (SSAT).
This calculation was used to establish variables such
as condensate flow rates, the amount of steam
supplied to the de-aerator and others which cannot be
easily measured and must be calculated

It is useful to comment on the definitions for
efficiency used in the study and shown on the
Performance Table 9. Average values are in brackets.

Average Combustion Efficiency (81.8%o) takes into
account only combustion losses. These are losses
due to dry flue gas, water loss, combustibles and
Carbon Monoxide formation (ASME PTC 1964
formula were used to calculate this).

Average Boiler Efficiency (79.7%) is the
combustion efficiency minus the percentage losses
incurred by radiation at the average firing rate of the
plant (compared to it’s capacity). A 1% unaccounted
loss is also included in this per standard ASME test
code practice.

Average Plant Thermal Efficiency (79.4%) is
defined as total energy out (Total Steam to the
process, excluding steam to the de-aerator, at total
enthalpy per LB) divided by total energy in (Fuel
plus condensate plus make-up water). Blow-down-
loss is also included in this figure.

Average Plant Fuel Efficiency (60.6%) is a
measure of the effectiveness of turning fuel BTU’s
into Latent Steam Energy BTU’s. Sensible energy
output is not directly used by the load. It does
contribute to the input of the boiler but this is
accounted for in the Mass and Energy Balance
analysis.

3.1 The Cost of Steam

The cost of steam is estimated each time a boiler
plant is audited. Since the audits go back as far as
1997, the cost for all items was adjusted for inflation
to 2005. Inputs such as labour, chemicals and
maintenance costs were increased from their
respective years to 2005. Electricity, Water and Fuel
were charged at the current average industrial rates
for 2005 for all plants.

Capital charges, depreciation and interest, are not
included in the costs.





BENCHMARKING STUDY
25 MANNED WATER TUBE BOILER PLANTS
TABLE 9 - AVERAGE PERFORMANCE

Type of Steam Load

Installed Boiler Capacity

Rated input of "ON" boilers (Million BTU/HR)
Average Firing Rate as % of Boilers"ON"capacity
Annual Operating Hours

Annual Gas Consumption

includes equivalent btu value of oil

Average Hourly Gas Cons.

Peak Hourly Gas Consumption

Operating Pressure

Average combustion Efficiency
Estimated Radiation and Unaccounted Loss
Net Average Boiler Efficiency (Fuel to Steam Efficiency)

Average Blow-down Rate

Average Condensate Return Rate
Average Condensate Return Temp
Average Condensate Flow

Average Make-up Water Rate

Average Make-up Water Temp.

Average Make-up Water Flow

Average Feed-water Temp.

Estimated Vent Losses (BTU/HR x 1000)

Enthalpy Hf (sensible) in steam

Enthalpy Hg (latent) in steam

Total enthalpy of steam at operating pressure
Average Hourly Steam Production

Steam To DeAerator

Net Steam to Process

Percentage of Steam used in De-aerator

Annual Steam Production

Average Plant Thermal Efficiency
Average Plant Fuel Efficiency

Peak Hourly Steam Production
Make-up Water Annual Consumption

Electricity Annual Consumption-estimated

Electricity Generated from B.P. Turbine

Blow-Down Heat Recovery Y/N

Units

LB/HR of steam
MM BTU/HR

% of "ON" capacity

HR/YR
Million CU M/YR

CU M/HR
CU FT/HR
CU M/HR
CU FT/HR

PSIG

percent
percent

percent of steam
percent

°F

LB/HR

percent

°F

LB/HR

°F

BTU/LB
BTU/LB
BTU/LB

LB/HR

LB/HR

LB/HR

LB/HR
CU M/YR

KWH/YR

KWH/YR

Process and Heating

178,260
119,111
50.8%
8,194
15.0

1,807
63,804
3,260
115,112

189

81.8%
2.1%
79.7%

4.0%
70.1%
167
31,956
29.9%
49
15,048
229
396

340
866
1,216
48,771
4,469
44,302
10.1%

404,868,123

79.4%
60.6%

88,604
61,178

1,317,381

1,816,000

11IN/14Y






BENCHMARKING STUDY
TABLE 10 - THE COST OF STEAM

Unit

STEAM COST Cost AVERAGE AVERAGE

COST/ K-

ANNUAL LB

Fuel At standardized cost of ------ per CUM $0.400 $6,001,952 $14.824
If actual fuel costs are required, adjust unit rate to actual
rate.
Electricity Consumption per KWH $0.10  $131,738 $0.325
Electricty Revenue from Steam Backpressure Turbines ($181,600) ($0.449)
Water per CUM $1.00 $52,018 $0.128
Water treatment chemicals actual $44,498 $0.110
Operating Labour actual $415,756 $1.027
TOTAL OPERATING COST $6,464,362 $15.967
MAINTENANCE COSTS
Mtce. Labour
Mtce Parts
SUB-TOTAL MAINTENANCE COST $191,930 $0.474
TOTAL ANNUAL OPERATING COST $6,656,292  $16.441

Note: The excel spreadsheet version of this study is available on request. The user can compare his cost of steam
with the average found in this study and input his actual costs fro fuel, water, electricity etc. The user is advised to
run a mass and heat balance analysis of the plant using the U.S. Department of Energy’s “Steam System Assessment
Tool” (SSAT) in order to determine the value of parameters such as steam to the De-aerator, Condensate flow and
so on. A physical assessment of the plant will be necessary to determine the average combustion efficiency, blow-
down rate, electrical consumption etc.





THE ENBRIDGE STEAM SAVER PROGRAM
RESULTS TO YEAR END 2005
CONCLUSIONS

In the past nine years, the Steam Saver Boiler Plant Audit Program has demonstrated that on average, fuel
savings of 13.7% of total annual fuel consumption can be achieved. The 491 projects identified at 92 plants
have shown an average payback of 1.2 years based on YR 2005 fuel costs. The implementation rate for the Audit
Program is still low, 32% of the projects identified have been implemented (In terms of energy savings, the
implementation rate is 42%).

The Steam Trap Audit Program has been very successful, generating an implementation rate of 72% of
identified projects. The credit for this goes to our business partners, Spirax Sarco and Preston Phipps (Armstrong).

There is a large opportunity for the implementation of a program to promote and support the installation of heat
recovery projects such as blow-down heat recovery, economizers, combustion air pre-heaters and condensing
economizers.

A separate program to promote and support plant maintenance should be considered. Of all the opportunities
identified in the boiler plant and the steam distribution system, maintenance items account for 40% of the total.

The Bad News

In the past two years because of high fuel costs, there has been an increase in the interest of boiler plant owners and
managers in saving energy. We have seen an upward trend in enquiries about our programs. We are seeing changes
in our customers’ organizations to raise the priority of energy management. Our concern is that in spite of these
signs of improvement, many companies and public institutions still do not have a proactive energy management
policy, nor the knowledge or personnel to implement energy efficiency projects and programs within their
companies.

This is a serious problem rooted in the dynamics of organizations today.
The Good News

The most successful program is the steam trap audit. Our business partners, Spirax Sarco and Preston Phipps
have done an excellent job of identifying losses in the steam distribution system and in convincing customers to
implement about 72% of the energy savings projects identified.

In total (See table 8), all programs are saving customers more than $ 31 million per year.
For future growth in Energy Savings, two areas are promising:

- Insulation surveys - introduced in 2002
- Improved and well organized maintenance programs
- Metering, monitoring and energy management.

Only a few insulation surveys have been completed but the results are consistent. Even plants which have
reasonably well insulated steam piping lose about 4 % of their fuel input to the boiler because of poorly insulated
steam components (valves etc.), boiler plant items, condensate tanks and piping and heated storage tanks.

The Insulation Survey program will be accelerated in 2006.





THE ENBRIDGE STEAM SAVER PROGRAM
APPENDIX 1

ENBRIDGE FINANCIAL INCENTIVES FOR INDUSTRIAL FUEL EFFICIENCY PROJECTS

INCENTIVE GRANTS FOR AUDITS AND STUDIES

AUDITS, SURVEYS STUDIES AVERAGE TOTAL ENBRIDGE PAYS ENBRIDGE MAX.

COST CONTRIBUTION
1. STEAM PLANT AUDITS $ 12,000 1/2 $ 5,000
2. STEAM TRAP SURVEYS $ 3,500 1/2 $ 5,000
3. INSULATION SURVEYS $ 5,000 172 $ 5,000
4. INDUSTRIAL HVAC AUDITS  $12,000 1/2 $ 5,000
5. FEASIBILITY STUDIES $ 10,000 1/2 $5,000

(SPECIAL PROJECTS)

INCENTIVE GRANTS FOR CAPITAL PROJECTS WHICH ARE IMPLEMENTED

For natural gas efficiency projects, Enbridge pays a one-time incentive grant upon project
start-up based on the calculated annual gas savings.

The one-time grant is $ 0.05 per CU M of annual savings for a single project.

The one-time grant is $ 0.10 per CU M of annual savings if the customer implements
three projects or more.

The maximum grant is $ 30,000 per project or group of three projects.

The financial payback must be longer than 1.5 years for the project to attract an incentive
grant.

LEASING

Enbridge has a leasing department which will fund energy efficiency projects on a
commercial lease basis.

This includes installation as well as equipment on approved projects.
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APPENDIX 2

STEAM SAVING PROJECT CATEGORIES-DEFINITION

Steam Plant Audit recommendations are put into the following categories:

1. COMBUSTION IMPROVEMENTS

Do a combustion tune-up. A Simple fuel/air adjustment.
Make repairs to burner or refractory.

Add an Oxygen trim system

Replace or re-build the boiler control system.

Repair a defective economizer.

Repair a leaking combustion air pre-heater

Sign up for the Enbridge combustion tune-up program

2. CAPITAL PROJECTS IN THE BOILER PLANT

Replace one or more boilers with more efficient boilers.
Add a Summer Boiler

Replace an oversized boiler with a smaller one.

Replace an existing feed-water heater or de-aerator with
a new De-aerator.

Reduce carry-over, add a backpressure control valve.
Reduce carry-over, add a steam separator.

Install a direct contact water heater, replace steam.
Install a hydronic boiler, replace steam.

Add a backpressure turbine to drive a pump.

3. HEAT RECOVERY PROJECTS

Add feed-water economizers to existing boilers.

Add Blow-down heat recovery system.

Add a combustion air pre-heater to an existing boiler.
Add a vent condenser to a de-aerator vent.

Extract combustion air at the roof level of the plant.
Add a condensing economizer to heat make-up water.
Use boiler blow-down to keep standby boilers warm.
Recover heat from high pressure condensate.

4. CHANGES TO OPERATING PROCEDURES

Shut down boilers which operate on low fire continuously.

Shut down boiler plant on the weekend.

Shut down the boiler plant in summer.

Operate most efficient boiler instead of least efficient.
Automate boiler sequencing “ON-OFF”.

Reduce venting from the de-aerator.

Shut off steam coil ahead of air pre-heater.

Shut-down steam turbine during low steam load periods.

5. STEAM DISTRIBUTION AND
CONDENSATE IMPROVEMENTS

Repair condensate receivers or pumps.

Improve condensate return.

Repair heat exchangers to permit condensate return..
Fix steam leaks.

Implement a pressurized condensate return system.
Separate H.P. and L.P. condensate returns.

Install pressure-pump returns, replace electric.
Valve off un-used steam lines.

6. BUILDING HVAC PROJECTS

Install temperature set back to operate in off hours.
Close shipping/hangar doors when not in use.
Reduce make-up air, Increase re-circulated air.
Convert steam air make-up units to natural gas.
Reduce infiltration air.

Shut-down exhaust fans during off production.
Install heat recovery ventilators.

7. METERING AND MONITORING

Add gas flow meters to each boiler.

Add a gas flow meter to the boiler plant.

Add a steam flow meter to the boiler plant.
Re-calibrate steam flow meters. — wrong pressure
Install a computerized data acquisition system.
Repair instrumentation and chart recorders.
Re-organize manual reporting system.

8. INSULATION IMPROVEMENTS

Insulate the main condensate return tank.
Insulate bare steam piping.

Insulate steam valves-removable blankets.
Insulate steam drum ends.

Insulate de-aerator.

Repair existing insulation. Replace blankets.
Insulate oil storage tank.

9. STEAM PRESSURE REDUCTION
10. OTHER

Boiler water chemistry improvements including
Blow-down reduction and T.D.S. control.
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Efficient management
of steam trap systems

Case summary

Energy savings

-~y

ARMSTRONG CASE STUDY

Operational optimizations

Criterion 2005 2005 - 2007

Steam savings

CO, 112 tons/year
Financial savings € 16,900/year
Investment 3,100 €
Payback time 2 months

The cost of inactivity

Increasing energy costs, the Kyoto protocol and continued efforts for
higher competitiveness have incited many companies to focus greater
attention on the efficiency of their steam systems. They found that more
efficient management of their steam trap systems leads to relatively
significant and easily attainable savings. Indeed, the financial losses
engendered by a leaking trap exceed the cost of replacement within just
a few months! In this context, waiting several years before acting can
cause huge financial losses.

Traps have an average service life of 5 to 15 years and, thus, it is normal
that 10 to 15% of the traps in a homogenous population breakdown each
year. Therefore, an annual control and repair/replacement plan is a best
practice for steam traps.

One of our pharmaceutical customers has understood the importance
of regular upgrades of its steam systems. For 3 years now, Armstrong
has been responsible for annual survey of an increasing portion of
the trap population and the control in 2007 even covered 80% of all
traps installed.

845 tons/year (7% of the total) | Improved thermal exchange (greater productivity)

Reduced maintenance (less corrosion and water hammering)
Better steam quality

Reduction of back pressure (condensate return pressure)

The calculation of steam leaks and data storage is performed
using Armstrong SteamStar - an internet steam trap
management platform that contains data on 6000 trap models
from all world manufacturers and that uses a UN-approved
formula for calculation.

In this pharmaceutical factory, one of the units equipped
with 84 traps was included in the first survey. An in-depth
analysis of the results revealed 3-year trends for this unit,
thus providing a good idea of the benefits of regular control
of steam traps.

Piping error: missing drip leg upstream of the trap





Criterion 2005 2006

2.9% 17.5%

C02 emissions due to the leaks 112 tons/year
Financial savings (cost of steam: € 20/ton) ERGRVATE]

05% 0

“Blocked closed" 4.1% 3.5%

241 tons/year
32 tons/year
€ 4,800/year

2007 Savings (3 years)
11.3% -11.6%
9.4% -9.4%
1.9% -22%
99 tons/year - 746 tons/year
13 tons/year - 99 tons/year
€ 2,000/year - €14,900/year
€ 1,200/year - € 1,000/year

900 €

The relatively high losses during the first year were partly due to a trap that, on its own, was generating a leak of over 600 tons/year, which equals
losses of € 12,000/year. Erosion due to the passage of leaking steam had caused separation of the seat from the trap body, leaving a 7 mm-wide
opening. This was enough to cause an annual leak equal to 60 times the cost of replacement of this trap!

In 3 years, the rate of traps failure was cut in half to reach a "normal" level of 11%, which can only be improved by increasing the frequency of
surveys. Another solution considered is installation of a permanent monitoring equipment on certain critical traps. Armstrong recently launched
SteamEye - a wireless steam trap monitoring equipment. SteamEye is easy to install on a clamp equipment around the pipe upstream of the trap,
regardless of its brand or technology. Armstrong SteamEye is the ideal solution to immediately detect failure of a critical trap which could lead to

big steam losses or significant disturbances in the installation.

Of course, in the event of discontinuance of regular trap maintenance,
the rate of traps failure increases very rapidly. If no intervention is made
for 3 years, it is normal for 30 to 40% of the traps to breakdown during
that period.

Test the traps... and even more

Armstrong technicians don't stop at just testing the traps, they also

analyze the entire trap station to detect various anomalies. Indeed, an

error in sizing, technological choice or installation can have a negative

impact on the service life of the trap.

During the initial diagnosis, the following errors were detected:

® one trap installed backwards and another positioned at a wrong
inclination versus the pipes;

® two traps installed in series;

® incorrect piping and several missing drip legs;

® open by-pass valves;

® one trap with a mechanism not adapted to the operating pressure
(blocked by the differential pressure);

® traps with technology inadapted to the application for which they
were installed.

This in-depth analysis revealed several possibilities for improvement of

the trap stations. We were able to make the installation more reliable and

increase the service life of the traps. Isn't the best solution to a problem

actually the one which makes it possible to avoid the problem in the future?

.
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Armstrong’

Intelligent System Solutions™

STEAM - AIR+HOT WATER

Steam traps: “"customs officers” with a
crucial role

Steam traps act as "customs officers" in a steam installation. On one
hand, they must prevent the leak of steam to the condensate return
and, thus, to the atmosphere. On the other, they must evacuate the
condensate to avoid phenomena such as corrosion, water hammers
and poor thermal exchange. This distinction between the steam
and the condensate is made by mechanisms that operate based on
differences in density, temperature or velocity.

Steam traps are pieces of mechanical equipment and, thus, their
service life generally varies between 5 and 15 years depending on
the conditions of use. When the trap fails, it loses its ability to make
the distinction between the steam and the condensate. The first
possibility is for it to remain permanently open ("leaking"), allowing
not only the condensate but also the steam to pass. In such cases,
this could lead to losses of up to 3% of the annual "steam" budget
on the site, not to mention CO; emissions. The second possibility
is for the trap to remain "blocked closed", not only preventing the
flow of steam, but also the evacuation of condensate. This reduces
the productivity of the heat exchangers located upstream of the
traps and the temperature variations may also seriously damage
the heated product. Moreover, the accumulation of condensate
in the exchangers causes corrosion and water hammering, which
leads to mechanical breakdown of the exchangers. Even though the
financial impact of traps which are "blocked closed" on the company's
operational budget is mare difficult to evaluate, it is certainly greater
than that from energy losses!

Armstrong International S.A. - Belgique. Phone: +32 (0)4 240 90 90 - info@armstronginternational.eu
Armstrong Service France S.A. - France. Phone: +33 (0)2 35 53 68 35 - info.fr@armstronginternational.eu
Armstrong International Italiana S.r.l. - Italy. Phone: +39 (0)11 20 00 35 - info.it@armstronginternational.eu
Armstrong International S.A. - United Kingdom. Phone: +44 161 975 6115 - info.uk@armstronginternational.eu

www.armstronginternational.eu - pharma.armstronginternational.eu

© 2008 Armstrong International, S.A.
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FEDERAL ENERGY MANAGEMENT PROGRAM

Steam Trap Performance Assessment

Advanced technologies for evaluating the performance of steam traps

Approximately 20% of the steam leaving a cen-
tral boiler plant is lost via leaking traps in typical
space heating systems without proactive assess-
ment programs. Losses can be significantly and
easily reduced by implementing a program us-
ing portable test equipment. Fixed test equip-
ment, allowing continuous monitoring and
evaluation, can reduce losses to less than 1%.
The potential impact in the Federal sector is
enormous; annual savings associated with
implementing an assessment program using
portable equipment is estimated to be about
$80 million, with an average payback period of
less than half a year.

This Federal Technology Alert, one in a series on
new technologies, describes the various tech-
niques and technologies for evaluating steam
traps, with a focus on more advanced tech-
nologies utilizing ultrasonic sound or fluid
conductivity measurement. A methodology for
estimating the costs and benefits of implement-
ing a proactive steam trap maintenance program
is also presented along with the results of a site-
specific Federal application.

Computerized steam trap management system.

Internet: http://www.eren.doe.gov/femp

DOE/EE-0193

Steam Trap Function

Steam traps are automatic valves used in
every steam system to remove conden-

sate, air, and other non-condensable gases
while preventing or minimizing the passing
of steam. If condensate is allowed to collect, it
reduces the flow capacity of steam lines and the
thermal capacity of heat transfer equipment. In
addition, excess condensate can lead to “water
hammer,” with potentially destructive and
dangerous results. Air that remains after system
startup reduces steam pressure and temperature
and may also reduce the thermal capacity of heat
transfer equipment.

Non-condensable gases, such as oxygen and
carbon dioxide, cause corrosion. Steam that
passes through the trap provides no heating ser-
vice. This effectively reduces the heating capacity
of the steam system or increases the amount of
steam that must be generated to meet the heating
demand. Where condensate is not returned to
the boiler, water losses will be proportional to
the energy losses associated with leaking steam.
Feedwater treatment costs will be proportion-
ately increased. In turn, an increase in
make-up water increases the blowdown
requirement and associated energy and
water losses. Even where condensate is
returned to the boiler, steam bypassing a
trap may not condense prior to arriving
at the deaerator, where it may be vented
along with the non-condensable gases.

Federal sector

Prepared by the
New Technology
Demonstration Pre

Photo courtesy of TLV CORPORATION

Performance Assessment Methods

Steam trap performance assessment is
basically concerned with answering the
following two questions:

1) Is the trap working correctly or not?

2) If not, has the trap failed in the open alterations be made

or closed position?
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Sight, sound, and temperature measure-
ments have been used to assess the per-
formance of steam traps since steam
traps were invented, but the measuring
technology has evolved over the years.
In particular, sound measurement has
progressed to include ultrasonic devices
that compare measured sounds with the
expected sounds of working and non-
working traps to render a judgment on
trap condition. Equipment using a fourth
method, based on the conductivity of the
fluid at a specific point in the pipeline,
has also been developed in recent years.
These advanced technologies are often
coupled with temperature-measuring
capability to increase diagnostic accuracy.

Where to Apply

Steam trap performance assessment
equipment varies significantly in initial
cost and moderately in operating cost
and assessment effectiveness. For
smaller steam systems with relatively
few traps and/or for energy managers
with exceptionally small budgets, a
simple ultrasonic gun (without built-in
diagnostics) is probably the best invest-
ment. However, where many different

NERGY MANAGEMENT PROGRAM

staff may be called upon to conduct
tests, the incremental investment in an
ultrasonic gun with built-in diagnostics
makes the most sense. The built-in diag-
nostic capability practically eliminates
the need for training, which is essential
to achieving good results without built-
in diagnostics, but would be expensive
if a large group had to be trained.

Conductivity-based assessment equip-
ment offers the best performance
improvement and lowest operating
costs via continuous, remote monitor-
ing, but installation of the sensing cham-
bers and wiring make this the most
capital-intensive steam trap assessment
system. The extra investment is most
likely to be cost-effective in steam sys-
tems serving heating equipment with
relatively large loads and, hence, rela-
tively large steam traps. Larger steam
traps, when failed open, result in larger,
more expensive leaks. Industrial process
heating applications would be most
attractive for this type of assessment
system, but space-heating applica-
tions should not be excluded from
consideration.

What to Avoid

The retrofit of sight glasses or test valves
allowing a visual assessment of steam
trap performance should be carefully
considered. While visual assessment is
judged by the majority of steam trap
experts to be the best assessment tech-
nique, the cost of retrofitting this type of
equipment is significantly greater than
any portable temperature or sonic test
equipment and comparable to conduc-
tivity-based test equipment. The latter
has the advantage of being wired for
continuous, remote monitoring, how-
ever, which should reduce operating
costs and improve steam system effi-
ciency for a relatively modest incremen-
tal investment, compared with sight
glasses or test valves.

Bottom Line

The widespread cost-effectiveness of
proactive steam trap maintenance is
well documented in the literature. Thus,
implementing almost any type of steam
trap maintenance program will be ben-
eficial; selecting the specific type of
assessment equipment is of secondary
importance.
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Steam Trap Performance Assessment

Advanced technologies for evaluating the performance of steam traps

Three-way valves on either side a steam trap comprise a
trap test station. They make it easy to test traps and to
check on back pressure in the system.

Abstract

Various types of performance assessment equip-
ment can be used as part of a proactive steam trap
maintenance program to significantly reduce
energy losses in steam distribution systems.
Approximately 20% of the steam leaving a cen-
tral boiler plant is lost via leaking traps in typical
space heating systems without proactive mainte-
nance programs.1 Relatively simple equipment
and programs can easily cut losses in half. Inter-
mediate equipment and programs can cut losses
in half again. The best equipment and programs
can reduce losses to less than 1%.2

The potential impact in the Federal sector is enor-
mous. In the Army alone, the annual savings
associated with implementing intermediate steam

trap performance assessment equip-
ment and programs are estimated to
be about $20 million. Based on invest-
ment costs of only $8 million, the aver-
age payback period is less than half a
year. The total present value of savings
over a 25-year period was estimated

to be about $200 million. Department
of Defense (DoD) and Federal sector
impacts are probably about three and
four times as great, respectively, as the
Army impacts.

Photo courtesy of Armstrong International, Inc.

Steam trap performance assessment
has traditionally been based on three
basic methods: sight, sound, and
temperature. This Federal Technology
Alert focuses on ultrasonic sound mea-
surement equipment and equipment
utilizing a fourth method based on
conductivity. A sight glass specifically
designed for steam trap performance assessment
is also included.

The first two sections present background mate-
rial that describes the basic types of steam traps
and performance assessment methods. The next
section describes the technologies included in
this Federal Technology Alert in more detail. Subse-
quent sections describe how to use the technolo-
gies and the experiences of Federal sector users.
Details regarding development of the Army
impacts noted above and the results of a specific
program initiated at three Veterans Administra-
tion hospitals are also documented. Finally,
Appendix A provides detailed information on
manufacturers and their products, and Appen-
dix B gives Federal life-cycle costing procedures.

1 Estimated based on data presented in Pychewicz (1985), Vallery (1981), and Johnson and Lawlor (1985).

2 A “simple” program would use rudimentary portable test equipment once a year. An “intermediate” program
would use more sophisticated portable test equipment twice year. The “best” program would use perma-
nently installed test equipment allowing continuous monitoring and evaluation.

Federal
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About the Technology

The focus of this Federal Technology Alert
(FTA) is on advanced technologies for
evaluating the performance or work-
ing condition of steam traps. However,
prior to discussing techniques and
equipment for evaluating steam traps,
a brief overview of steam trap functions,
designs, and operating characteristics is
provided. At least a rudimentary under-
standing of steam trap principles is nec-
essary to understand how the various
evaluation approaches work and why
some are more likely to produce a better
evaluation than others. Those not famil-
iar with steam traps are also referred to
several references listed at the end of
this FTA that provide a more detailed
discussion.

Steam Trap Overview

Steam traps are automatic valves used
in every steam system to remove con-
densate, air, and other non-condensable
gases while preventing or minimizing
the passing of steam. If condensate is
allowed to collect, it reduces the flow
capacity of steam lines and the thermal
capacity of heat transfer equipment. In
addition, excess condensate can lead

to “water hammer,” with potentially
destructive and dangerous results.

Air that remains after system startup
reduces steam pressure and tempera-
ture and may also reduce the thermal
capacity of heat transfer equipment.
Non-condensable gases, such as oxy-
gen and carbon dioxide, cause corrosion.
Finally, steam that passes through the
trap provides no heating service. This
effectively reduces the heating capacity
of the steam system or increases the
amount of steam that must be gener-
ated to meet the heating demand.

The objective of the steam trap is not an
easy task and condensate pressures and
flow rates vary significantly at various

points in a steam distribution system. As
a result, many different types of steam

traps have been developed. Steam traps
are commonly classified by the physical

process causing them to open and close.
The three major categories of steam
traps are 1) mechanical, 2) thermostatic,
and 3) thermodynamic. In addition,
some steam traps combine characteris-
tics of more than one of these basic
categories.

The operation of a mechanical steam
trap is driven by the difference in den-
sity between condensate and steam.
The denser condensate rests on the
bottom of any vessel containing the two
fluids. As additional condensate is gen-
erated, its level in the vessel will rise.
This action is transmitted to a valve via
either a “free float” or a float and con-
necting levers in a mechanical steam
trap. One common type of mechanical
steam trap is the inverted bucket trap,
shown in Figure 1. Steam entering the
submerged bucket causes it to rise
upward and seal the valve against the
valve seat. As the steam condenses
inside the bucket or if condensate is
predominately entering the bucket, the
weight of the bucket will cause it to sink
and pull the valve away from the valve
seat. Any air or other non-condensable
gases entering the bucket will cause it
to float and the valve to close. Thus, the
top of the bucket has a small hole to
allow non-condensable gases to escape.
The hole must be relatively small to
avoid excessive steam loss.

Figure 1. Inverted bucket steam trap.

Steam and Non-Condensable Gases

%

As the name implies, the operation of a
thermostatic steam trap is driven by
the difference in temperature between
steam and sub-cooled condensate. Valve
actuation is achieved via expansion and
contraction of a bimetallic element or a
liquid-filled bellows. Bimetallic and bel-
lows thermostatic traps are shown in
Figures 2 and 3. Although both types of
thermostatic traps close when exposure
to steam expands the bimetallic element
or bellows, there are important differ-
ences in design and operating character-
istics. Upstream pressure works to open
the valve in a bimetallic trap, while
expansion of the bimetallic element
works in the opposite direction. Note
that changes in the downstream pres-
sure will affect the temperature at which
the valve opens or closes. In addition,
the nonlinear relationship between
steam pressure and temperature requires
careful design of the bimetallic element
for proper response at different operat-
ing pressures. Upstream and down-
stream pressures have the opposite
effect in a bellows trap; an increase in
upstream pressure tends to close the
valve and vice versa. While higher tem-
peratures still work to close the valve,
the relationship between temperature
and bellows expansion can be made to
vary significantly by changing the fluid
inside the bellows. Using water within

Condensate Level
Steam & NCG Bubbles

Vent Hole

Invertied Bucket

Tllustration courtesy of Yarway Corporation
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Valve

Figure 2. Bimetallic steam trap
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Steam &
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Seat
Figure 3. Bellows steam trap.

the bellows results in nearly identical
expansion as steam temperature and
pressure increase, because pressure
inside and outside the bellows is nearly
balanced.

In contrast to the inverted bucket trap,
both types of thermostatic traps allow
rapid purging of air at startup. The
inverted bucket trap relies on fluid
density differences to actuate its valve.
Therefore, it cannot distinguish between
air and steam and must purge air (and
some steam) through a small hole. A
thermostatic trap, on the other hand,
relies on temperature differences to
actuate its valve. Until warmed by
steam, its valve will remain wide open,
allowing the air to easily leave. After the
trap warms up, its valve will close, and
no continuous loss of steam through a
purge hole occurs. Recognition of this
deficiency with inverted bucket traps or
other simple mechanical traps led to the

Bimetallic Elements

Liquid Condensate
& Flash Outlet

Ilustration courtesy of Yarway Corporation

Seat

Bellows Element

Valve

Liquid
Condensate
& Flash
Outlet

Illustration courtesy of Yarway Corporation

development of float and thermostatic
traps. The condensate release valve is
driven by the level of condensate inside
the trap, while an air release valve is
driven by the temperature of the trap.
A float and thermostatic trap is shown
in Figure 4.

Thermodynamic trap valves are driven
by differences in the pressure applied
by steam and condensate, with the pres-
ence of steam or condensate within the
trap being affected by the design of the
trap and its impact on local flow velocity
and pressure. Disc, piston, and lever
designs are three types of thermody-
namic traps with similar operating prin-
ciples; a disc trap is shown in Figure 5.
When subcooled condensate enters the
trap, the increase in pressure lifts the
disc off its valve seat and allows the con-
densate to flow into the chamber and
out of the trap. The narrow inlet port
results in a localized increase in velocity

and decrease in pressure as the conden-
sate flows through the trap, following
the 1st law of thermodynamics and the
Bernoulli equation. As the condensate
entering the trap increases in tempera-
ture it will eventually flash to steam
because of the localized pressure drop
just described. This increases the veloc-
ity and decreases the pressure even
further, causing the disc to snap closed
against the seating surface. The moderate
pressure of the flash steam on top of the
disc acts on the entire disc surface, creat-
ing a greater force than the higher pres-
sure steam and condensate at the inlet,
which acts on a much smaller portion
of the opposite side of the disc. Eventu-
ally, the disc chamber will coo], the flash
steam will condense, and inlet conden-
sate will again have adequate pressure
to lift the disc and repeat the cycle.

Performance Assessment
Methods

Steam trap performance assessment is
basically concerned with answering the
following two questions:

1) Is the trap working correctly or not?

2) If not, has the trap failed in the open
or closed position?

Traps that fail open result in a loss of
steam and its energy. Where condensate
is not returned, the water is lost as well.
The result is significant economic loss,
directly via increased boiler plant costs,
and potentially indirectly, via decreased
steam heating capacity. Traps that fail
closed do not result in energy or water
losses, but can result in significantly
reduced heating capacity and/or dam-
age to steam heating equipment.

There are three basic methods for evalu-
ating a steam trap that are commonly
discussed in the literature: sight, sound,
and temperature. The three are discussed
below in the general order of reliability.
At least two of the three methods should
be used to increase the chances of cor-
rectly identifying the condition of a
steam trap. A less commonly discussed
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Figure 5. Disc steam trap.

method is based on fluid conductivity.
Although this method should be at least
as reliable as sonic-based methods, it is
discussed less frequently in the litera-
ture, and no general consensus on its
relative reliability was evident.

Sight Method

The sight method is usually based on a
visual observation of the fluid down-
stream of the trap. This is possible if
there is no condensate recovery system
or if test valves have been installed to
allow a momentary discharge of the
downstream fluid from the condensate
recovery system. In either case, the steam
trap evaluator must be able to distin-
guish between “flash” steam, which is

Lever

A | «—Air Vent

Ilustration courtesy of Yarway Corporation
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Seat & Flash Outlet

Outlet Port
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Valve Disc
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Liquid Condensate
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characteristic of a properly working
trap, and “live” steam, which is charac-
teristic of a trap that has failed open
and is leaking or blowing a significant
amount of steam. Flash steam is created
when a portion of the condensate flashes
to vapor upon expansion to atmospheric
pressure. Flash steam is characterized
by a relatively lazy, billowy plume. Live
steam, on the other hand, will form a
much sharper, higher velocity plume
that may not be immediately visible as
it exits the test valve or steam trap. The
difference between live steam and flash
steam is illustrated in Figure 6.

Sight glasses can also be used for a visual
observation, but have some drawbacks

that must be overcome or avoided. First,
steam and condensate are both expected
to exist upstream and downstream of
the trap (live steam on the upstream side
and flash steam on the downstream
side). Second, the view through a sight
glass tends to deteriorate over time
because of internal or external fouling.
Third, both steam and condensate will
appear as clear fluids within the pipe. In
response to the first and third concerns,
sight glasses have been developed with
internal features that allow the propor-
tion of steam and condensate to be iden-
tified. Incorporation of a sight glass into
a pipe is shown in Figure 7a. Normal
and abnormal operating conditions
viewed through a sight glass are illus-
trated in Figures 7b, 7c, and 7d for a
sight glass installed on the upstream
side of the trap. In Figure 7b normal
operation results in a condensate level
that is just above the internal flow baffle.
Moderate to high rates of steam flow
past the baffle (indicating a leaking or
blowing steam trap) will sweep out most
of the condensate, as shown in Figure 7c.
A completely flooded baffle, shown in
Figure 7d, could be caused by excess
condensate formed during startup, a
steam trap that is undersized for normal
condensate loads, blockage in the con-
densate return system, or a steam trap
that has failed closed or nearly so. Addi-
tional investigation is required to deter-
mine which of the alternative causes is
the likely source of the problem.

Sound Method

Mechanisms within steam traps and the
flow of steam and condensate through
steam traps generate sonic (audible to
the human ear) and supersonic sounds.
Proper listening equipment, coupled
with the knowledge of normal and
abnormal sounds, can yield reliable
assessments of steam trap working
condition. Listening devices range

from a screwdriver or simple mechanic’s
stethoscope that allow listening to sonic
sounds to more sophisticated electronic
devices that allow “listening” to sonic or
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Figure 6. Live steam versus flash steam.
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sonic and ultrasonic sounds at selected
frequencies. The most sophisticated
devices compare measured sounds
with the expected sounds of working
and non-working traps to render a judg-
ment on trap condition. A typical ultra-
sonic test kit is shown in Figure 8.

Temperature Method

Measuring the temperature of the steam
trap is generally regarded as the least
reliable of the three basic evaluation
techniques. Saturated steam and con-
densate exist at the same temperature, of
course, so it’s not possible to distinguish
between the two based on temperature.
Still, temperature measurement provides
important information for evaluation
purposes. A cold trap (i.e., one that is
significantly cooler than the expected
saturated steam temperature) indicates
that the trap is flooded with conden-
sate, assuming the trap is in service. As
described above for the visual test via a
sight glass, a flooded trap could mean
several things, but barring measurement
during startup, when flooding can be
expected, generally indicates a problem
that needs to be addressed. Downstream
temperature measurement may also
yield useful clues in certain circum-
stances. For example, the temperature
downstream of a trap should drop off

N\

Photo courtesy of GESTRA, Inc.

Figure 8. Ultrasonic test kit.
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relatively quickly if the trap is working
properly (mostly condensate immedi-
ately past the trap). On the other hand,
the temperature downstream of the
trap will be nearly constant if significant
steam is getting past the trap. Care must
be taken not to use this technique where
other traps could affect downstream
conditions, however.

Temperature measurement methods,
like sound measurement, vary tremen-
dously in the degree of sophistication.
At the low-end, spitting on the trap and
watching the sizzle provides a general
indication of temperature. For the more
genteel, a squirt bottle filled with water
will serve the same purpose. Alterna-
tively, a glove-covered hand can provide
a similar level of accuracy. More sophis-
ticated are various types of temperature-
sensitive crayons or tapes designed to
change color in different temperature
ranges. Thermometers, thermocouples,
and other devices requiring contact with
the trap offer better precision. Finally,
non-contact (i.e., infrared) temperature
measuring devices provide the precision
of thermometers and thermocouples
without requiring physical contact.
Non-contact temperature measure-
ment makes it easier to evaluate traps
that are relatively difficult or dangerous
to access closely. An infrared temperature
measuring “gun” is shown in Figure 9.

Conductivity Method

Conductivity-based diagnostics are
based on the difference in conductivity
between steam and condensate. A con-
ductivity probe is integrated with the
steam trap or just upstream of the steam
trap in a sensing chamber. Under normal
operation, the tip of the conductivity
probe is immersed in condensate. If the
steam trap leaks excessively or is blow-
ing, steam flow will sweep away the
condensate from the test probe tip and
conductivity corresponding to steam
will be measured. Thus, the sensing
chamber and the existence of steam and
condensate under normal and leaking
or blowing conditions are similar to that

Photo courtesy of Raytek Corporation

Figure 9. Infrared temperature gun.

described above and shown in Figure 7
for the sight glass.

Conductivity measurement must be
accompanied by temperature measure-
ment to ensure a correct diagnosis. For
example, an indication of steam and a
trap that has failed open could occur if a
trap has not been used recently and has
filled with air. The conductivity of air is
similar to steam, but a trap filled with air
would be close to ambient temperature,
in contrast to a trap filled with steam.
Similarly, the presence of condensate
could mean the trap is working prop-
erly, but could also mean that 1) the trap
has flooded, either because the trap has
failed closed or something else is block-
ing the line, 2) the trap is undersized, or
3) the heat transfer equipment served
by the trap is warming up to its normal
operating temperature and generating
an unusually large amount of conden-
sate for a short period. These alternative
conditions would be indicated by low
temperature in conjunction with the
presence of condensate.

Application Domain

Steam trap monitoring equipment
should be employed wherever steam

heating systems and steam traps are
used. Steam can be used for space and
process heating. Space-heating with
steam is more common in the Federal
sector than other sectors, which can be
attributed to a tendency for Federal
buildings to be larger, grouped closely
together in campus-like arrangements,
or constructed in an era when central
boiler systems were the preferred heat-
ing system. The Department of Defense
has about 5,000 miles of steam distri-
bution systems, not including piping
within buildings. Larger forts or bases
can easily have more than 10,000 steam
traps. Proactive steam trap maintenance
programs are believed to be the excep-
tion, rather than the rule, in the Federal
sector due to a shortage of maintenance
staff. On the other hand, essentially all
studies of steam trap maintenance pro-
grams reported in the literature suggest
that energy savings far exceed imple-
mentation costs. Thus, the potential
incremental application of steam trap
performance evaluation equipment is
significant when measured by either
the size or fraction of the market.

Energy-Saving Mechanism

Monitoring and evaluation equipment
does not save any energy directly, but
identifies traps that have failed and
whether failure has occurred in an open
or closed position. Traps failing in an
open position allow steam to pass con-
tinuously, as long as the system is ener-
gized. The rate of energy loss can be
estimated based on the size of the orifice
and system steam pressure using the
relationship illustrated in Figure 10.
This figure is derived from Grashof’s
equation for steam discharge through
an orifice (Avallone and Baumeister
1986) and assumes the trap is energized
(leaks) the entire year, all steam leak
energy is lost, and that makeup water is
available at an average temperature of
60°F. Boiler losses are not included in
Figure 10, so must be accounted for
separately. Thus, adjustments from the
raw estimate read from this figure must
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be made to account for less than full
time steam supply and for boiler losses.

The principal uncertainty in using the
Figure 10 energy loss rates is estimating
the equivalent hole diameter for a trap
suspected of leaking or blowing steam.
Vendor advice can be solicited to iden-
tify the orifice size for a trap when fully
open. However, not all traps fail in this
mode. Rather than being stuck open, the
trap valve may no longer seal properly,
resulting in a smaller hole. Intermediate
failure modes are also possible. Whether
a trap has lost its seal or is stuck fully
open, the flow of condensate through
the orifice reduces the area available for
steam flow. Fischer (1995) estimates that
condensate flow reduces steam flow

by 1/3 to 1/2 of that expected without
condensate. The variation depends on
the sizing of the trap relative to expected

condensate load. In addition, steam trap
internals create flow restrictions that
reduce losses relative to unimpeded
flow through an orifice.

The maximum steam loss rate occurs
when a trap fails with its valve stuck in a
fully opened position. While this failure
mode is relatively common, the actual
orifice size could be any fraction of the
fully opened position. Therefore, judg-
ment must be applied to estimate the
orifice size associated with a specific
malfunctioning trap. Lacking better
data, assuming a trap has failed with an
orifice size equivalent to one-half of its
fully-opened condition is probably pru-
dent. Additional advice on estimating
losses from individual traps can be
found in Pychewicz (1985), David
(1981), and Tuma and Kramer (1988).

Steam Leaks

The use of Figure 10 is illustrated via
the following example. Inspection and
observation of a trap led to the judg-
ment that it had failed in the fully open
position and was blowing steam. Manu-
facturer data indicated that the actual
orifice diameter was 3/8 inch. The trap
operated at 60 psia and was energized
for 50% of the year. Boiler efficiency
was estimated to be 75%. Calculation
of annual energy loss for this example
is illustrated in the sidebar on page 11.

Other Benefits

Where condensate is not returned to
the boiler, water losses will be propor-
tional to the energy losses noted above.
Feedwater treatment costs will also be
proportionately increased. In turn, an
increase in make-up water increases the

5 o0 | ////’
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Figure 10. Energy loss from leaking steam traps.
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Estimating steam loss using Figure 10

Assume: 3/8-inch-diameter orifice steam trap, 50% blocked, 60 psia saturated steam sys-
tem, steam system energized 4,380 h/yr (50% of year), boiler efficiency 75%.

* Using Figure 10 for 3/8 inch orifice and 60 psia steam, steam loss = 2,500 million Btu/yr

e Assuming trap is 50% blocked, annual steam loss estimate = 1,250 million Btu/yr

» Assuming steam system is energized 50% of the year, energy loss = 625 million Btu/yr

 Annual fuel loss including boiler losses = [(625 million Btu/yr)/(75% efficiency)] = 833

million Btu/yr

blowdown requirement and associated
energy and water losses. Even where
condensate is returned to the boiler,
steam bypassing a trap may not con-
dense prior to arriving at the deaerator,
where it may be vented along with the
non-condensable gases. Steam losses also
represent a loss in steam-heating capac-
ity, which could result in an inability to
maintain the indoor design temperature
on winter days or reduce production
capacity in process heating applications.
Traps that fail closed do not result in
energy or water losses, but can also
result in significant capacity reduction
(as the condensate takes up pipe cross-
sectional area that otherwise would be
available for steam flow). Of generally
more critical concern is the physical
damage that can result from the irregu-
lar movement of condensate in a two-
phase system, a problem commonly
referred to as “water hammer.”

Installation

Installation requirements are essentially
nil for portable test equipment, which
includes ultrasonic systems with or
without built-in diagnostic capability.
Some training will be required for the
ultrasonic systems without built-in
diagnostics, however, for the user to
correctly interpret the signals received.
The conductivity-based systems gener-
ally require a test chamber plumbed
into the pipeline just upstream from
the steam trap, although some steam
traps have an integrated test chamber.
Continuous monitoring requires the
installation of power and control wiring

to connect individual test probes to a
central monitoring terminal. Otherwise,
a portable monitoring device can be
periodically connected to each test probe.
Sight glasses must also be plumbed into
the pipeline just upstream from the
steam trap.

Federal Sector Potential

Steam heating systems are relatively
common in the Federal sector. Total
boiler capacity, boiler energy consump-
tion, steam piping length, and the num-
ber of traps in the Federal sector are not
directly available from databases, but
can be estimated from related data and
rules-of-thumb.

Estimated Savings
and Market Potential

Implementation of a proactive steam
trap program (i.e., a program based on
regular maintenance checks rather than
only replacing steam traps when failure
creates an intolerable operating condi-
tion) can save significant energy. The
results of several steam trap programs
described in the literature suggest that
failed steam traps leak approximately
20% of the steam leaving the boiler in
predominately space-heating systems
lacking a proactive maintenance pro-
gram. The same sources suggest that
the loss rate would be reduced to about
6% by the average proactive mainte-
nance program. If the average loss rate
for a proactive program is 6%, then a
minimal program (using rudimentary
test equipment) might reduce losses to
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about 8% and an intermediate program
(using good portable equipment and
more frequent testing) should yield bet-
ter results, reducing losses to perhaps 4%.
With an advanced program (using hard-
plumbed and wired equipment allow-
ing continuous monitoring), the loss
rate should approach 0%.

In general, each increment of improve-
ment in the steam trap loss rate requires
an increased investment in labor and
equipment. Equipment costs are negli-
gible for either the minimal or interme-
diate programs, but would increase
significantly for the advanced program,
which requires the installation of new
hardware, including retrofit of the exist-
ing steam piping. The significant invest-
ment associated with the advanced
program is probably not justified in
most Federal applications, which are
predominately for building space heat-
ing. Compared to typical industrial pro-
cess heating applications, end-use heat
exchanger condensate loads are small
for typical space heating applications.
Thus, smaller steam traps are used, and
the potential loss from a single trap
probably does not warrant the expense
of an advanced program. This generali-
zation should be revisited in any site-
specific analysis, however.

The estimated savings and market
potential were estimated by evaluating
the cost-effectiveness of implementing
either a minimal or intermediate proac-
tive steam trap maintenance program.
80% of Federal sites were assumed not
to have a proactive maintenance pro-
gram. 15% were assumed to have a
minimal program and 5% an intermedi-
ate program. No Federal sites were pre-
sumed to have an advanced program.

The costs of implementing a minimal
or intermediate program, or upgrading
from a minimal program to an interme-
diate program, were estimated from
rules-of-thumb provided in publications
describing proactive steam trap mainte-
nance programs. Program requirements
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include an initial identification of all
steam trap locations, purchase of test
equipment, training, trap testing,
trap replacement, and engineering
management.

Estimated costs for the two programs,
as a function of the total trap population,
are shown in Table 1. The minimal pro-
gram is presumed to use whatever test-
ing equipment is already available, so
no expenditure for equipment or equip-
ment-use training is required. Traps are
presumed to be tested once a year for
the minimal program and twice a year
for the intermediate program, which
explains the difference in trap testing
and engineering management costs for
the two programs. The intermediate
program is presumed to do a better job
of assessing trap condition; a higher
percentage of traps that have failed are
identified as having failed and a lower
percentage of traps that are working cor-
rectly are misidentified as having failed.
Thus, a lower percentage of steam traps
are still leaking after completing a test
and repair cycle with the intermediate
program. In addition, subsequent fail-
ures accumulate for only six months for
the intermediate program compared

to a year for the minimal program. The

combined effect is presumed to cut
energy losses for the intermediate pro-
gram in half compared to the minimal
program.

Consider a hypothetical facility with
100,000 Ib/hr of steam generating
capacity, 500 traps, annual steam pro-
duction of 219,000,000 Ib, and a marginal
cost of steam production of $5/thousand
pounds. Implementation of the minimal
program would save 26,280,000 Ib of
steam valued at $134,000 every year for
an initial cost of $27,500 plus annually
recurring costs of $16,000. Implementa-
tion of the intermediate program would
save 35,040,000 Ib of steam valued at
$175,200 every year for an initial cost of
$31,500 plus annually recurring costs

of $19,500. The payback periods for the
minimal and intermediate programs
are 0.23 and 0.20 years, respectively.

The calculations in the previous para-
graph provide the economic justifica-
tion to proceed with trap identification
and testing, resulting in a more accurate
assessment of trap conditions and steam
losses, hence trap replacement costs
and energy savings. The life-cycle cost
calculations should be repeated once
this additional information is available

Table 1. Steam trap proactive maintenance program cost estimates.>

Cost Element

Minimal Program

Intermediate Program

Trap Identification $15/trap once $15/trap once
Equipment and Training $0 total once $4000 total once
Trap Testing $5/trap per year $10/trap per year
Trap Replacement $40/trap first year $40/trap first year
$15/trap thereafter $15/trap thereafter
Engineering Management $5000 + $2/trap/year $5000 + $4/trap/year
Total Initial Cost $55/trap $4000 + $55/trap
Total Annual Cost $5000 + $22/trap $5000 + $29/trap

3 Estimates were developed from information presented in Hooper and Gillette (1997), Garcia
Gaggioloi (1986), Miller (1985), Johnson and Lawlor (1985), Lane (1983), Vallery (1981), and

FEMP (1996).
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to determine if trap replacement is still

economically justified. Note that money
already spent for trap identification and
initial testing are “sunk” and should not
be included in the subsequent calculation.

The potential economic and environ-
mental impacts of implementing cost-
effective steam trap maintenance
programs in the Army are shown in
Table 2. The results are quite impressive.
Annual energy savings could be about
5 trillion btu, with the present value of
annual savings (annual energy savings
less annual program costs) and the net
present value (after paying for initial
program investment costs) both in excess
of $200 million. The data required for
accurate estimates were not available,
but DoD and Federal sector impacts are
probably about three and four times as
great, respectively, as the Army impacts.

Laboratory Perspective

The cost-effectiveness of proactive steam
trap maintenance is well documented

in the literature. In general, it’s far more
important to ensure that steam traps
are evaluated on a regular basis than to
worry about which specific type of test-
ing equipment is used. A more careful
analysis of the costs and benefits is
justified, however, if some of the more
expensive options requiring hardware
installation are considered. Still, the
efficiency improvement offered by
these more sophisticated systems may
be justified for systems with larger steam
traps that lose much more steam upon
failure. The pervasive existence of steam
heating systems coupled with relatively
few proactive steam trap maintenance
programs in the Federal sector presents
a substantial opportunity for energy
savings and related benefits.

Application

This section describes in more detail
the technical considerations regarding
implementation of a proactive steam
trap maintenance program and selec-
tion of steam trap testing equipment.
The first few paragraphs describe the
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conditions and characteristics where a
maintenance program and specific types
of equipment should be applied and
situations that should probably be
avoided. Subsequent sections focus

on equipment integration impacts,
including installation requirements,
equipment and installation costs, and
maintenance requirements.

Application Screening

Some type of steam trap performance
assessment program should be imple-
mented anywhere steam heating sys-
tems and steam traps are used. Even for
smaller systems with only a handful of
traps, some type of steam trap program
will be cost-effective. The use of tempera-
ture and sound measurement equipment
currently available in your maintenance
shop, even if limited to a gloved hand
and a screwdriver, is better than having
no regular assessment program at all.
The most important decision is to imple-
ment a steam trap performance assess-
ment program. Selection of the specific
performance assessment equipment is

a secondary consideration.

Where to Apply

The steam trap performance assessment
equipment described in this FTA varies
significantly in initial cost and moder-
ately in operating cost and assessment
effectiveness. For smaller steam sys-
tems with relatively few traps and/or
for energy managers with exceptionally
small budgets, a simple ultrasonic gun
(without built-in diagnostics) is probably
the best investment. However, where
many different staff may be called upon
to conduct tests, the incremental invest-
ment in an ultrasonic gun with built-in
diagnostics makes the most sense. The
built-in diagnostic capability practically
eliminates the need for training, which
is essential to achieving good results
without built-in diagnostics, but would
be expensive if a large group had to be
trained. Conductivity-based assessment
equipment offers the best performance
improvement and lowest operating
costs via continuous, remote monitoring,

Table 2. Potential Army impacts of proactive steam trap maintenance programs

Criteria

Net Present Value ($)
Installed Cost ($)
Present Value of Savings ($)

Energy Savings (million Btu/year)

SO, Emissions Reduction (Ib/year)

NO, Emissions Reduction (Ib/year)
Particulate Emissions Reduction (Ib/year)
CO Emissions Reduction (Ib/year)

CO, Emissions Reduction (tons/year)
Hydrocarbon Emissions Reduction (Ib/year)

but installation of the sensing chambers
and wiring make this the most capital-

intensive steam trap assessment system.

The extra investment is most likely to
be cost-effective in steam systems serving
heating equipment with relatively large
loads and, hence, relatively large steam
traps. Larger steam traps, when failed
open, result in larger, more expensive
leaks. Industrial process heating appli-
cations would be most attractive for
this type of assessment system, but
space-heating applications should not
be excluded from consideration.

What to Avoid

The retrofit of sight glasses or test valves
allowing a visual assessment of steam
trap performance should be carefully
considered. While visual assessment is
judged by the majority of steam trap
experts to be the best assessment tech-
nique, the cost of retrofitting this type
of equipment is significantly greater
than any portable temperature or sonic
test equipment and comparable to
conductivity-based test equipment.

The latter has the advantage of being
wired for continuous, remote monitor-
ing, however, which should reduce
operating costs and improve steam sys-
tem efficiency for a relatively modest
incremental investment, compared to
sight glasses or test valves.
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Result

203,991,245
7,850,779
211,841,024
5,197,636
3,624,870
1,215,219
68,721
354,341
368,695
8,163

Equipment Integration

Portable steam trap test equipment,
which includes all of the ultrasonic
devices described in this FTA as well

as most temperature-measuring equip-
ment, requires no integration with the
steam distribution system. On the other
hand, conductivity-based and visual-
based test equipment must be plumbed
into the distribution system. Some steam
traps have built-in conductivity sensor
chambers, but most utilize a separate
sensor chamber. Either approach requires
isolation of the steam trap and surround-
ing piping and insertion of a new device
(either a new steam trap with a sensing
chamber or a separate sensing chamber).
Sight glasses and test valves require a
similar retrofit. Conductivity chambers,
sight glasses, and test valves are gen-
erally available in models allowing
threaded, flanged, or welded connec-
tions to suit pipeline-specific require-
ments, but all require at least a moderate
amount of pipefitting labor to install.

Maintenance Impact

All steam trap performance assessment
equipment will require incremental labor
to collect and evaluate test data. Much
of this incremental labor is associated with
walking from one trap to another with
portable test equipment. This require-
ment can be eliminated with hard-wired,
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remotely accessed, conductivity-based
systems, however, with incremental labor
limited to periodic review and evalua-
tion of the centrally collected data. Steam
trap replacement costs will increase, of
course, compared to not having a proac-
tive steam trap maintenance program.
Otherwise, maintenance of the perfor-
mance assessment equipment itself is
generally expected to be negligible. A
notable exception would be sight glasses,
which may require periodic removal
and cleaning to maintain clarity.

Equipment Warranties

A one-year warranty is standard for
most steam trap performance equip-
ment and manufacturers covered in this
FTA. An exception to this generaliza-
tion is the Ultraprobe’ ultrasonic sys-
tem manufactured by UE Systems, Inc.,
which is warranted for five years.

Costs

The costs of steam trap performance-
assessment equipment vary signifi-
cantly, depending on the type, its
features, and its size (for sight glasses
and conductivity-based equipment

that must be plumbed into the existing
pipeline). Fixed frequency ultrasonic
meters can be purchased for $600 or less
up to about $2,000. Tunable ultrasonic
test systems can usually be purchased
for $3,000 to $5,000. The purchase cost
of conductivity-sensing chambers and
sight glasses varies from less than $100
to more than $1,000 per trap, depending
on pipe diameter, pipe material, and the
type of connection (welded, flanged, or
threaded). Installation costs for conduc-
tivity test chambers and sight glasses are
also significant and variable, although
not generally as expensive or variable.
Depending on pipe size and connection
type, an additional $50-200 per trap can
be expected.

Rough estimates of other costs associ-
ated with a proactive steam trap main-
tenance program are shown in Table 1.

Technology Performance

Ultrasonic testing equipment, appli-
cable to a wide-range of technologies
besides steam traps, has been used
extensively in the Federal and private
sectors. Conductivity-based test equip-
ment and sight glasses, both more pecu-
liar to steam trap assessment, have been
used less frequently, but have still seen
significant use. All of the steam trap
performance assessment equipment
included in this FTA could be described
as mature. In all cases, hundreds or
thousands of units or systems have been
sold. In general, a substantial fraction of
sales have been to the Federal sector, but
specific sales data for Federal and non-
Federal sectors and customer references
were not always available. The specific
experiences of available references are
documented in this section. Contact
information is provided in Appendix A.

Ted Tomaliwski of the National Institute
of Standards and Technology (NIST) in
Gaithersburg, Maryland, uses the
CTRL Ultraphonic’ ultrasonic tester.
Ted works at the central steam, chilled
water, and compressed air plant at the
NIST facility. Steam produced at the
central plant is primarily used for space
heating. Ted uses the Ultraphonic to
check for air leaks and malfunctioning
steam traps. Ted told us the Ultraphonic
“works well and is easy to use.” Ted
also uses a contact temperature probe
to evaluate steam trap performance.

Charles McMullin has responsibility for
exterior steam lines at Whiteman Air
Force Base in Knobnoster, Missouri.
Charles has used TLV’s TrapMan’ (an
integrated ultrasonic and temperature
measurement system with built-in diag-
nostics) for about 4 years, and considers
it an improvement over temperature
measurement devices that were previ-
ously used to evaluate steam traps.
Charles notes that performance data are
recorded by the system, so it takes very
little time to conduct the tests. Overall,
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Charles says that he is “well satisfied”
with the TrapMan system.

CIS Services operates the Electric Power
Research Institute’s Monitoring and
Diagnostics Center. CIS provides instruc-
tion on the inspection of transformers,
valves, and steam traps. They use Triple
5 Industries” ultrasonic leak detector for
all of these applications. George Spencer
of CIS says that Triple 5 Industries’ ultra-
sonic leak detector is “the best system
you can buy.” In particular, George likes
the battery-powered portability of the
system, and claims the system is sub-
stantially faster than using temperature
systems for assessing steam traps.

Peter Palamidis is the Preventive Main-
tenance Coordinator at Brookhaven
National Laboratory in Upton, New York.
Peter uses UE Systems’ Ultraprobe™
2000 to survey approximately 2,500
steam traps at his facility. Peter says the
Ultraprobe is a “good system,” and he
was especially enthusiastic about the
support that UE Systems provides its
customers.

Case Study

Steam trap management programs
were recently initiated at three Veterans
Administration (VA) medical centers in
the Northeast with the help of FEMP’s
SAVEnergy Program. The three VA
hospitals were located in Providence,
Rhode Island, and Brockton and West
Roxbury, Massachusetts. Steam trap
inspection and evaluation was included
as part of broader audit of the steam
generation, distribution, and end-use
equipment at these three facilities. Steam
traps were identified and evaluated to
determine their performance and the
value of steam losses from malfunction-
ing traps. Malfunctioning traps were
designated for either repair or replace-
ment. In addition, VA maintenance
crews received trap-testing training as
part of the continuing steam trap man-
agement program.
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Facility Description

The key facility-level characteristics for
a steam trap management program are
the steam system pressure or pressures,
the hours per year that the steam system
is energized, and the marginal cost of
producing steam that is lost in faulty
traps. The steam pressure affects the rate
of steam loss through a leaking trap as
shown in Figure 10. Losses occur con-
tinuously at a constant rate (indepen-
dent of end-use demand) whenever the
steam system in energized, so care must
be taken to estimate this factor correctly.
Individual pieces of steam-heated equip-
ment or sections of a system may be
energized for different portions of the
year. For example, space-heating lines
may be shut off during the summer
while domestic water heating is required
year round. In addition, the use of auto-
mated control valves (or not) will sig-
nificantly affect the fraction of time

that a steam trap is energized. The
marginal cost of steam will equal fuel
cost divided by boiler efficiency at a
minimum. Makeup water treatment
costs should also be included for that
fraction of the leaking steam that fails
to return to the boiler feed water tank.

Multiple steam pressures were found

at each of the three medical centers. The
specific pressures were 110, 80, 40, and
15 psig at Providence; 120, 40 and 5 psig
at Brockton; and 100, 55 and 5 psig at
West Roxbury. Steam uses at all three
facilities include space heating, water
heating, food preparation, equipment
sterilization, and laundry. Steam usage
ranged from 12-52 weeks per year for
the various processes. Steam losses were
valued at $5.25 per 1,000 pounds of steam
at Providence and $4.25 per 1,000 pounds
of steam at Brockton and West Roxbury.

Existing Technology Description

Trap-specific characteristics must be col-
lected via inspection and evaluation to
accurately estimate annual steam loss.
The size, type, manufacturer, and model
should be identified. This information is

used to identify the effective orifice size
if the trap has failed in a fully open con-
dition. Interpretation of trap operating
condition via one of the methods previ-
ously described is required to judge
whether a trap is operating correctly or
not, if it has failed in an open or closed
position, and the degree of failure if less
than fully open. Accurately determin-
ing the effective orifice size for a trap
determined to have failed in an open or
partly open position requires detailed
knowledge of the trap design (acquired
from the trap vendor) and experience
evaluating traps. Thus, it may be more
cost-effective to hire the services of a
company that specializes in trap testing
and evaluation than to conduct the
assessment with in-house personnel.
Sites with larger steam systems and
more traps are more likely candidates
for developing their own capabilities,
but availability of maintenance staff is
often the limiting factor.

The trap inspection and evaluation
company contracted for the VA assess-
ment identified the trap location, manu-
facturer, type, model (in some cases),
nominal pipe diameter, inlet and outlet
pressure, steam supply control, and
steam service for each steam trap. Again,
knowledge of steam service (e.g., water
heating, space heating, equipment steril-
ization, main and header drip legs, etc.)
and steam supply control to the service
is essential for estimating the number
of hours a year that each trap will be
energized and potentially leaking.

The balance of the information col-
lected is oriented toward determining
the leak rate.

Providence has by far the greatest num-
ber of traps of the three facilities with
1109 units. Brockton and West Roxbury
have 202 and 95 traps, respectively.
Unfortunately, the trap inspection was
conducted in the spring at Providence
and summer at Brockton and West
Roxbury when most, if not all of the
traps servicing space-heating equip-
ment were not in use. Thus, it was not
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possible to test approximately 70% of the
traps at Providence and approximately
40% of the traps at Brockton and West
Roxbury. Of the remaining traps, 51, 47,
and 5 were found to have failed in the
open position at Providence, Brockton,
and West Roxbury, respectively. Among
those determined to have failed opened,
each was classified as leaking at a low,
medium, or high rate relative to the leak
rate for each trap if it failed fully open.
Thus, the estimated annual leak rate is a
function of the trap orifice if fully open,
the degree of openness of the failure,
the differential pressure across the trap,
and the number of hours the trap is
energized.

New Technology Equipment
Selection

The energy savings in this case study
come from repairing and replacing
steam traps that have failed in a fully or
partly open position and were leaking
steam into the condensate system. No
change in steam trap technology was
considered. Instead, a change in mainte-
nance practice was recommended. Selec-
tion of the steam trap testing equipment
is not nearly as important as the decision
to conduct testing. Using the most rudi-
mentary trap testing equipment will
probably cut trap-related steam losses
by more than 50%. Using any of the
testing equipment described in this
Federal Technology Alert will probably
cut trap-related steam losses by at least
75%. In general, more sophisticated
testing equipment and more frequent
testing is warranted for larger traps
operating at higher pressures, where the
potential steam loss rate is the highest.

Savings Potential

The savings potential for each trap can
be calculated from an estimate of the
orifice size associated with a leaking
trap (i.e., the size of the hole that steam is
leaking through, which will be less than
or equal to its orifice size when a trap is
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fully open), the steam pressure, the frac-
tion of the year that the trap is energized,
and the boiler efficiency. Figure 10 shows
how annual energy losses vary with
equivalent hole (orifice) diameter and
steam pressure.

Annual steam losses were estimated

to be 3,561, 16,591, and 733 thousand
pounds per year at the Providence,
Brockton, and West Roxbury medical
centers, respectively. Steam was valued
at $5.25 per thousand pounds at Provi-
dence and $4.25 per thousand pounds
at Brockton and West Roxbury. Thus,
the total annual costs of the losses (and
the expected annual savings if fixed)
were estimated to be $18,695 at Provi-
dence, $70,511 at Brockton, and $3,117
at West Roxbury.

Life-Cycle Costs

Trap inspection and evaluation at the
VA medical centers was included as part
of broader energy audits addressing
other components of the steam genera-
tion and distribution systems. The trap-
related portion of the energy audit costs
were estimated by the contractor to aver-
age $9.70 per trap, while trap replace-
ment was estimated to cost $94 each.4
Thus, total trap replacement costs were
estimated to be $5076, $4512, and $470
at Providence, Brockton, and West
Roxbury, respectively. Combining these
investment costs with the annual savings
estimates noted above yields payback
periods of 0.27, 0.06, and 0.15 years for
the three medical centers in the same
order. Note that “sunk” cost associated
with trap testing does not figure into the
economic assessment affecting the deci-
sion to replace the traps or not. Also note
that this assessment focuses on the costs
and savings of the traps identified as

4 Note that $94 was estimated per trap
replaced, while the figures in Table 1 are
based on the total trap population. Thus,
the figure of $40/trap in Table 1 incorporates
assumptions about the fraction of traps ini-
tially needing replacement and the cost per
replacement.

failed and needing replacement. The
estimated savings for these traps will
continue until these traps start to fail.
The average trap lasts for about 5 years,
with some lasting longer and some
failing sooner.

The Technology in
Perspective

Proactive steam trap management
programs have proven themselves to
be cost-effective. The most important
decision is making a commitment to
implement a program; the specific test-
ing equipment chosen is of lesser impor-
tance. Still, site-specific steam system
and maintenance resource characteris-
tics (e.g., number and size of traps, avail-
ability of capital and labor) will affect
the preferred testing technology. In the
future, continued improvement of per-
formance assessment technologies
should allow even greater cost-effective
energy savings.

The Technology’s Development

Sight, sound, and temperature measure-
ments have been used to assess the per-
formance of steam traps since steam
traps were invented, but the measuring
technology has evolved over the years.
Equipment using a fourth method,
based on the conductivity of the fluid

at a specific point in the pipeline, has
been developed in recent years.

In steam systems without condensate
return, steam leaking past a trap is
directly visible. With condensate return,
a test tee and two valves (one to isolate
the trap being tested from the influence
of other traps, the other to provide an
outlet for viewing the fluid downstream
of the trap being tested) are all that’s
required. Thus, the standard technol-
ogy for conducting a visual test has
remained unchanged since steam traps
were invented. Sight glasses provide an
alternative approach to visual assess-
ment that can be used without affecting
system operation, but are prone to foul-
ing in some service conditions.
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Sound measurement has progressed
from a screwdriver to a more comfort-
able mechanic’s stethoscope to ultra-
sonic listening devices. The former two
assist with hearing sounds in the normal
audible range of the human ear, while
the latter detects normally inaudible
sounds of higher frequency and con-
verts the signal into audible sounds.
Simpler ultrasonic listening devices are
tuned to a fixed frequency or frequency
range, while more advanced models
allow tuning to a specific frequency or
frequency range. More recently, acoustic
signatures representative of properly
working and failed traps have been
stored in the memory of ultrasonic lis-
tening devices for comparison with cur-
rent readings. This allows the ultrasonic
instrument to provide a diagnosis of
trap condition without relying on the
experience of the instrument user.

Temperature measurement tools have
also progressed significantly over

the years. Although a gloved-hand or
squirt bottle may be adequate in some
situations, much better accuracy can be
easily achieved. Temperature measure-
ment has progressed from these original
“ballpark” approaches to temperature-
sensitive materials that change color
with temperature to several types of
contact and non-contact devices. Earlier
instruments were generally thermom-
eters (i.e., devices that measure tempera-
ture based on the thermal expansion of
various materials). More advanced con-
tact devices are now based on either the
thermoelectric potential of two dissimi-
lar metals (thermocouple) or the varia-
tion in electrical resistance of a metal
with temperature (thermistor). Contact
temperature measurement is often
coupled with ultrasonic measurement
to provide an integrated steam trap test-
ing unit. Non-contact devices allow the
freedom and comfort of measuring
temperature from a distance based on
the thermal radiation emitted from an
object’s surface. The radiation entering
a non-contact pyrometer is either focused
on a heat-sensitive element such as a
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thermocouple or thermistor (radiation
or infrared pyrometer) or its intensity is
compared to that of reference element
(optical pyrometer).

Conductivity measurement is a relatively
new approach for evaluating steam traps.
A probe inserted into the pipeline can
easily distinguish between the conduc-
tivity of steam or condensate. The probe
must be positioned at a location where
normally it would be covered by con-
densate, but failure would cover it with
steam or vice versa. Special sensing
chambers create a flow path and precise
point for inserting a probe. Conductivity
probes, also often coupled with contact
temperature measurement devices, can
be wired to a central, remote monitoring
device that receives signals from many
probes. This minimizes subsequent data
collection efforts, but does cost more to
purchase and install than ultrasonic test
equipment, which is portable.

Technology Outlook

Steam trap testing equipment is rela-
tively mature, but evolutionary progress
is expected to continue. Advances in
electronics have spurred the develop-
ment of new steam trap testing equip-
ment and reduced the cost of basic
ultrasonic and temperature measure-
ment instruments. This trend is expected
to continue. Future advances in ultra-
sonic measurement might reduce costs
enough to allow meters to be perma-
nently attached to individual steam
traps like conductivity probes and
sensing chambers. This would allow
central, remote monitoring of ultrasonic
measurements.

Manufacturers

The number of technologies that could
potentially be applied to the evaluation
of steam trap performance is extensive.
In general, the manufacturer list that
follows was limited to those making tech-
nologies that are peculiar to the evalua-
tion of steam traps. This excluded, for

example, all temperature-measuring
devices. An exception to this general
exclusion was made for ultrasonic test-
ing equipment, however.

Steam trap evaluation technologies and
associated manufacturers were identified
by contacting steam trap and ultrasonic
testing equipment manufacturers listed
in product directories published by
Thomas Register, Chemical Engineering,
Energy Products, Heating/Piping/Air-
Conditioning, Energy User News, and
Consulting Specifying Engineer. We also
conducted searches of Internet web sites
and library databases. Despite our efforts,
it is practically impossible to ensure that
all manufacturers of steam trap perfor-
mance assessment equipment have
been identified. In fact, given the broad
scope of potentially applicable equip-
ment, some manufacturers have surely
been missed. To those, we extend our
apologies.

The search process identified 13 prod-
ucts offered by 10 companies in four
generic categories. The four categories
were 1) ultrasonic listening devices
(with or without accompanying tem-
perature-measuring devices) with built-
in diagnostic capability, 2) conductivity
measuring devices (with or without
accompanying temperature-measuring
devices) with built-in diagnostic capa-
bility, 3) ultrasonic listening devices
(tunable or fixed frequency band-
width, with or without accompanying
temperature-measuring devices) with-
out built-in diagnostic capability, and
4) a sight glass for visual determina-
tion of steam trap condition. A detailed
description of each product, including
manufacturer contact information, is
presented in Appendix A.

The 10 companies offering these steam
trap products are:

— Armstrong International, Inc.
— CTRL Systems, Inc.

— Electronics For Industry, Inc.
— GESTRA, Inc.
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— Mitchell Instrument Co.

— Spirax Sarco, Inc.

— Superior Signal Company, Inc.
- TLV CORPORATION

— Triple 5 Industries, LLC.

— UE Systems, Inc.

Who is Using the Technology

Thousands of ultrasonic listening
devices (without built-in steam trap
diagnostics) have been sold to Federal
and non-Federal customers. However,
these devices can be used for evaluat-
ing an extremely broad range of other
equipment, so the number used for
evaluating steam traps is unknown.
Approximately 150 ultrasonic testing
systems with built-in steam trap diag-
nostics also have been sold. Again, the
specific number of Federal applications
is unknown. Sales data for sight glasses
and conductivity-based testing systems
were unavailable. The following Federal
contacts were identified by the manu-
facturers listed above as users of one or
more of the steam trap monitoring
technologies described in this Federal
Technology Alert.

Ted Tomaliwski

National Institute of Standards
and Technology

Quince Orchard and Clopper Road

Gaithersburg, Maryland

301-975-6983

George Spencer

CIS Services

440 Baldwin

Eddystone, Pennsylvania
800-745-9981

Charles McMullin
Whiteman Air Force Base
Building 410

Knobnoster, Missouri
660-687-5095

Peter Palamidis

Brookhaven National Laboratory
Building 097

Upton, New York

516-344-2462
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For Further Information

Associations

International District Energy
Association

1200 19th Street, N.W. Suite 300

Washington, DC 20036-2412

Tel: 202-429-5111

Fax: 202-429-5113

www.energy.rochester.edufidea/

American Boiler Manufacturers
Association

950 N. Glebe Road

Suite 160

Arlington, VA 22203-1824

Tel: 703-522-7350

Fax: 703-522-2665

www.abma.com

Council of Industrial Boiler Owners
6035 Burke Centre Parkway

Suite 360

Burke, VA 22015

Tel: 703-250-9042

Fax: 703-239-9042

www.cibo.org

Clearinghouse

Steam Challenge Clearinghouse
P.O. Box 43171

925 Plum Street, SE

Olympia, WA 98504-3171

Tel: 800-862-2086

Fax: 360-586-8303
Steamline@energy.wsu.edu

Other Web Sites

U.S. Department of Energy, Office

of Industrial Technologies Steam Chal-
lenge Program

www.oit.gov/steam

Alliance to Save Energy
Www.ase.org

Armstrong Steam Library
www.armstrong-intl.comfuniversity/su.html

Guides and Handbooks

Armstrong International, Inc. 1995.
Steam Conservation Guidelines for Conden-
sate Drainage. Three Rivers, Michigan.

McCauley, J.E. 1995. The Steam Trap
Handbook. The Fairmont Press, Inc.
Lilburn, Georgia.

Naval Facilities Engineering Service

Center. 1998. Steam Traps—An Overview.

Port Hueneme, California.

Spirax Sarco, Inc. 1997. Design of Fluid
Systems. Allentown, Pennsylvania.

TLV CORPORATION. 1997. Managing
the Steam Trap Population. Charlotte,
North Carolina.

Yarway Corporation. 1984. Industrial
Steam Trapping Handbook. Blue Bell,
Pennsylvania.
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Appendix A
Steam Trap Monitoring Equipment Information

Manufacturer: Armstrong International, Inc.

Address: 816 Maple Street, PO Box 408, Three Rivers, MI 49093
Phone: 616-273-1415

Fax: 616-278-6555

Contact: Scott French

Product Name: Trap Scan™/Trap Alert™

Description: Trap Scan is a remotely operated steam trap testing system with probes that are integrated with the body of the steam
trap. Signals from individual traps/probes are communicated via wire to zone modules and from there to a single central processing
unit (CPU) provided by Armstrong or a programmable logic controller (PLC) provided by the user. Trap Alert uses the same probe
as the Trap Scan, but does not forward a signal to a central processing unit. Instead, the external portion of the probe is integrated
with a visual signaling device.

Operating Mechanism: The probe measures the temperature and conductivity within the steam trap at a location near the bottom of
an inverted bucket. The conductivity measurement indicates whether the measurement point is within steam or condensate. During
normal operation, the probe should be covered with condensate, indicating that steam is not leaking or blowing through the trap. If
the temperature is also within an acceptable preset range, normal operation would be indicated. If the probe is covered with conden-
sate, but the temperature is below the preset range, the trap is presumed to have failed closed or be otherwise blocked. If the probe
indicates it is covered by steam, the trap is presumed to be leaking or failed open, unless the trap is also cold. In this latter combina-
tion, the trap is probably serving an inactive device and has lost its prime.

How Applied: Trap Scan data collection is initiated by pressing a button on the CPU/PLC. The CPU/PLC polls steam traps by zone
to determine temperature and conductivity at the probe tip. One zone module can take signals from up to eight traps, and up to 25
zones can feed into one CPU. The CPU processes the data and interprets each steam trap’s condition. The CPU comes with an RS-
232 serial communications port (for connection to a computer), and either a parallel communications port for use with an external
printer or an optional integrated printer. Alternatively, the output could be viewed on a PLC monitor. Trap Alert for indoor service is
activated by focusing a flashlight beam on the unit’s photodetector. The beam activates the unit’s batteries, which power three small
indicator lights. A green light indicates a good condition; yellow means the trap is cold; red signals a leaking or blowing trap. Trap
Alert for outdoor service is activated by a magnetic field (almost any type of magnet can be used). When activated, a bulb lights for
1-2 seconds if the trap is okay, for 10-15 seconds if the trap has lost its prime or is leaking or blowing steam, or flashes on and off for
10-15 seconds if the trap is cold.

Installation Requirements: The Trap Scan probe is screwed into the bottom of an inverted bucket steam trap. Wires are run from the
external tip of each probe to the zone module and from each zone module to the CPU/PLC. Additional wiring or other communica-
tion hardware would be required to connect the Trap Scan CPU to a personal computer. 120 VAC power must also be provided to
the CPU/PLC. The CPU, zone modules, probes, and probe interfaces are provided by Armstrong. The user supplies communication
and power wiring, and any additional communication hardware for connecting to a computer. If the user chooses, they can provide
their own PLC in lieu of the Trap Scan CPU, but would need a Trap Scan power supply module instead.

Application Limitations: Trap Scan is compatible with Armstrong Series 800 cast iron and Models 1811 and 2011 stainless steel in-
verted bucket traps. The unit is designed for services up to 400 psig and temperatures up to 450°F, indoors or outdoors.

Experience: Units sold/installed: About 75 Trap Scan systems are in use, ranging from 10 to 200 probes, as well as thousands of
Trap Alerts.

Federal customers: Army

Federal references: None identified.
Purchase Cost: $150 for Trap Alert.

Warranty: Trap Scan and Trap Alert are covered by a 1-year warranty.

21





FEDERAL ENERGY MANAGEMENT PROGRAM

Installation Labor/Material/Cost: The incremental costs to install a Trap Alert steam trap are negligible compared to a standard
steam trap. The total installed costs (purchase plus installation) for Trap Scan systems (including the trap) range from $400-700
per trap.

Operating Labor/Material/Cost: A single Trap Scan system can check the condition of up to 200 steam traps in a few minutes. No
routine maintenance is required.
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Manufacturer: CTRL Systems, Inc.

Address: 1902 Twin House Road, Oxford, PA 19363
Phone: 610-932-7006

Fax: 610-998-0588

Contact: Dean Smith

Product Name: Ultraphonic™ Detector Model 101

Description: The Ultraphonic is a portable, hand-held instrument for detecting and measuring ultrasonic sounds. Optional
software allows collection and subsequent analysis of historical measurements.

Operating Mechanism: The flow of steam or condensate through a steam trap creates turbulence, which results in ultrasound.
Ultrasonic frequencies between 20 and 100 kHz are detected, measured, and converted to audible frequencies between 100 Hz
and 3 kHz. By converting the ultrasonic frequencies generated by an operating steam trap into the audible range, the Ultraphonic
allows users to hear through a headphone and see on a meter sound characteristics that allow an assessment of a steam trap’s
condition.

How Applied: The tip of the Ultraphonic stethoscope is held on the steam trap, allowing ultrasonic frequencies to be measured and
converted to audible sounds. The unit operates in a fixed frequency range. The user must be trained to identify and differentiate
between the sounds expected from a properly functioning trap and the sounds from a trap that has failed close, failed open, or is
leaking steam.

Installation Requirements: The Ultraphonic stethoscope and headphones are portable. No installation is required.

Application Limitations: Although the Ultraphonic can be applied to any type of trap, the sounds associated with properly
working and failed traps vary with the type of trap, so training on the different types of traps installed at the user’s facility is
required. One user estimated the training time at as little as 1-2 hours. In addition, the tip of the stethoscope must be placed in direct
contact with the steam trap, which may not always be possible.

Experience: Units sold/installed: Approximately 800 units have been sold.
Federal customers: Approximately 25-30% of the 800 units have been sold to military customers.

Federal reference: Ted Tomaliwski works at the central steam, chilled water, and compressed air plant for the National
Institute of Standards and Technology in Gaithersburg, Maryland. Steam is produced primarily for facility heating.
The Ultraphonic 101 is used to check for air leaks and malfunctioning steam traps, primarily low-pressure traps in the
plant. He says the unit “works well and is easy to use.” They also use a surface temperature probe to evaluate trap
performance.

Ted Tomaliwski, National Institute of Science and Technology, Quince Orchard and Clopper Road, Gaithersburg, MD
20899, 301-975-6983.

Purchase Cost: $1995 for Model 101, not including optional software.

Warranty: The Model 101 is covered by a 1-year warranty.

Installation Labor/Material/Cost: There are no costs associated with installing the equipment, but users will need to be trained to
distinguish the sounds of properly functioning traps from the sounds of different failure modes. The length of training depends on
the user’s familiarity with steam trap principles, but should require no more than 2-3 hours of classroom instruction, plus a hands
on field session testing actual steam traps. CTRL has created a CD-ROM training tool for the system. They estimate 1-2 hours
training plus 1-2 days of field tests to become familiar with steam trap testing.

Operating Labor/Material/Cost: Mostly the time required to walk from one steam trap location to the next and record the test
results; sound measurement is instantaneous.
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Manufacturer: Electronics For Industry, Inc.
Address: 18633 S.W. 105th Ave. Miami, FL 33157
Phone: 305-233-1640

Fax: 305-233-1776

Contact: George Harris

Product Name: W-7 Microsonic Detector

Description: The Microsonic Detector is a portable, hand-held instrument for detecting and measuring ultrasonic sounds. The
W-7 model is a hand-held “gun” that incorporates a meter indicating the strength of the noise. The EL-300 microsonic stethoscope is
also offered, but does not incorporate the visual meter reading.

Operating Mechanism: The flow of steam or condensate through a steam trap creates turbulence, which results in ultrasound.
Ultrasonic frequencies between 20 and 100 kHz are detected, measured, and converted to audible frequencies between 100 Hz
and 3 kHz. By converting the ultrasonic frequencies generated by an operating steam trap into the audible range, the W-7 allows
users to hear through a headphone and see on a meter sound characteristics that allow an assessment of a steam trap’s condition.

How Applied: The tip of the W-7 gun is held on the steam trap, allowing ultrasonic frequencies to be measured and converted to
audible sounds. The W-7 listens for noise in the 40 kHz region. The user must be trained to identify and differentiate between the
sounds expected from a properly functioning trap and the sounds from a trap that has failed close, failed open, or is leaking steam.

Installation Requirements: The W-7 gun and headphones are portable. No installation is required.

Application Limitations: Although the W-7 can be applied to any type of trap, the sounds associated with properly working and
failed traps varies with the type of trap, so training on the different types of traps installed at the user’s facility is required. In addi-
tion, the most accurate results will be achieved when the tip of the gun can be placed in direct contact with the steam trap, which
may not always be possible. Although an attachment will allow measurement of airborne signals, it’s often difficult to distinguish
the source of the signal when operating in this mode, especially in a process plant environment where there are many signal sources.

Experience: Units sold/installed: Manufactured since 1967, with sales to many DoD sites.
Federal customers: None identified.
Federal references: None identified.

Purchase Cost: $699 for W-7 Microsonic Detection Kit, which includes detector body, leak and stethoscope plug-in modules, rubber
focusing extension, ultrasonic tone generator, headset, and carrying case.

Warranty: The W-7 is covered by a 1-year warranty.

Installation Labor/Material/Cost: There are no costs associated with installing the equipment, but users will need to be trained to
distinguish the sounds of properly functioning traps from the sounds of different failure modes. The length of training depends on
the user’s familiarity with steam trap principles, but should require no more than 2-3 hours of classroom instruction, plus a hands
on field session testing actual steam traps.

Operating Labor/Material/Cost: Mostly the time required to walk from one steam trap location to the next and record the test
results; sound measurement is instantaneous.
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Manufacturer: GESTRA, Inc.

Address: 10 York Avenue; W. Caldwell, NJ 07006
Phone: 973-403-1556

Fax: 973-403-1557

Contact: Ed Ilg

Product Name: Vaposcope VK
Description: A Vaposcope is a double-sided sight glass that allows visual supervision of flow conditions in pipelines.

Operating Mechanism: Where steam and condensate are present, the steam will pass over the top of the condensate because of its
lower density. The internals of the Vaposcope include a flow deflector and condensate basin to aid recognition of the mixture of
steam and condensate within the pipe (see Figure 7 in the main text). Steam and condensate are forced through the basin by the
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deflector. Normal operation is indicated by slight turbulence and a condensate level that just covers the bottom of the deflector.
Higher steam flow rates, indicating a leaking or blowing trap, will create more turbulence and depress the condensate level below
the deflector. If no turbulence is seen and the deflector is completely covered with condensate, a downstream blockage has occurred,
potentially by a failed or undersized steam trap.

How Applied: The Vaposcope is installed directly in a pipeline like a valve. Flow conditions are manually observed through the site
glass as described above to judge the condition of nearby steam traps.

Installation Requirements: An existing pipeline would have to be cut open and a short section taken out to allow the Vaposcope to
be inserted. Flanges would have to be welded to the two pipe ends or the Vaposcope would have to be welded directly into the pipe-
line. A threaded version is also available.

Application Limitations: Vaposcopes are available for application at pressures up to 580 psig in nominal pipe diameters of
0.5-2 inches. Applications will be limited to locations where space exists to insert the Vaposcope into the pipe and where physical
access allows visual inspection.

Experience: Units sold/installed: Thousands of Vaposcopes have been sold.

Federal customers: None identified.

Federal references: None identified.
Purchase Cost: $518-946.
Warranty: The Vaposcope is covered by a 1-year warranty.
Installation Labor/Material/Cost: Same as installing a steam trap.

Operating Labor/Material/Cost: The time required to walk from one Vaposcope location to the next and record the
observation/condition assessment.
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Manufacturer: GESTRA, Inc.

Address: 10 York Avenue; W. Caldwell, NJ 07006
Phone: 973-403-1556

Fax: 973-403-1557

Contact: Ed Ilg

Product Name: Test Set VKE
Description: The Test Set is a conductivity measuring device mounted in its own test chamber.

Operating Mechanism: The difference in steam and condensate conductivity is used to identify the presence of steam or condensate
at the sensor.

How Applied: The test set is installed upstream of a steam trap. During normal operation, the sensor is immersed in condensate. If
the steam trap is leaking sufficient steam, the increased steam flow will result in steam covering the sensor. The sensor is read by
temporary electrical connection to a portable test unit or permanent connection to a remote test unit. The remote unit is capable of
monitoring up to 18 sensors. The portable test unit shows a green light if condensate is detected and a red light if steam is detected.
The remote unit also shows a red light if steam is detected, but no light if condensate is detected. Note that the steam trap could be
failed shut, flooding the sensor with condensate, but indicating that operation is normal. Therefore, this device must be used in con-
junction with a temperature measurement to make sure that flooding has not occurred. Condensate backup is indicated by a tem-
perature that is lower than expected for normal saturated steam conditions.

Installation Requirements: An existing pipeline would have to be cut open and a short section taken out to allow the Test Set to be
inserted. Flanges would have to be welded to the two pipe ends or the Test Set would have to be welded directly into the pipeline.
The remote unit would require installation of connecting wiring.

Application Limitations: Test Sets are available for application at pressures up to 465 psig. Applications will be limited to locations
where space exists to insert the Test Sets into the pipe. Relatively easy physical access is desirable for manual inspection.

Experience: Units sold/installed: Hundreds of Test Sets have been sold.
Federal customers: None identified.

Federal references: None identified.
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Purchase Cost: $3200-3800 for remote test unit. The manual test unit costs $400 and the test chambers range from $350—400, depend-
ing on the fitting size.

Warranty: The Test Set VKE is covered by a 1-year warranty.

Installation Labor/Material/Cost: Chamber installation is about the same as installing a steam trap. Add wire and conduit costs of
about $0.15 per foot each, plus labor to lay conduit.

Operating Labor/Material/Cost: Manual testing will require time to walk from one Test Set location to the next and record the obser-
vation/condition assessment. Even with the remote unit, a complete assessment of steam trap condition will require walking from
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Manufacturer: GESTRA, Inc.

Address: 10 York Avenue; W. Caldwell, NJ 07006
Phone: 973-403-1556

Fax: 973-403-1557

Contact: Ed Ilg

Product Name: Trap Test VKP 30 — Available in spring 1999

Description: Trap Test is a computerized steam trap management system. The system consists of a hand-held measuring transducer,
a portable computer, and Trap Test software. This is an updated version of the Trap Test VKP 20, with added features such as a
weather/shock proof case, audio output, and compatibility with a Windows™ operating system (previously DOS).

Operating Mechanism: Ultrasonic measurements are compared to expected measurements stored in the computer for the specific
trap being tested. The computer judges whether the steam trap is operating correctly or not, rather than relying on the judgment of
the testing personnel. Data collected by Trap Test can be downloaded later to a personal computer via an accessory cable if desired.

How Applied: Data are collected by placing the transducer tip on the steam trap. The specific point depends on the trap type and
make. Ultrasonic vibrations are converted by the transducer to electrical pulses and transmitted as digital pulses to the computer.
The signal is presented on a screen and can be printed or stored electronically for future comparisons with additional tests. Data
collection requires about 10-25 seconds. Based on the ultrasonic signal recorded, the computer determines whether the steam trap is
leaking steam or not. Data can be stored for up to 1100 traps per removable data storage cards. In addition to diagnostic results, sur-
vey dates, trap characteristics, location information, and tester comments can be stored. The software will also automatically prepare
repair orders. Universal application with all trap types and makes is possible.

Installation Requirements: The Trap Test hardware is portable. No installation is required.

Application Limitations: The Trap Test measuring transducer must be placed on the steam trap, so immediate physical access to the
trap being tested is required. Training time for the Trap Test is estimated by the vendor to be about 10 hours.

Experience: Lab tests: The VKP 30 is currently in lab testing. Since most of the components are adapted from the VKP 20, or are
purchased components used in other systems (i.e. computer and case) the system is expected to require little additional
field testing.

Units sold/installed: About 100 Trap Test VKP 20 systems were installed.
Federal customers: None Identified.

Federal references: None Identified.
Purchase Cost: $5,000 — 7,000.
Warranty: The Trap Test VKP is covered by a 1-year warranty.
Installation Labor/Material/Cost: None.

Operating Labor/Material/Cost: The time required to walk from one steam trap to the next and record the observation/condition
assessment.
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Manufacturer: GESTRA, Inc.

Address: 10 York Avenue; W. Caldwell, NJ 07006
Phone: 973-403-1556

Fax: 973-403-1557

Contact: Ed Ilg

Product Name: Vapophone VKP-Ex
Description: The Vapophone is a portable, hand-held instrument for detecting and measuring ultrasonic sounds.

Operating Mechanism: The flow of steam through a steam trap creates turbulence, which results in ultrasound. Steam flow ultra-
sonic frequencies between 40 and 60 kHz are detected, measured, converted to an electronic signal, and displayed on an analog
meter. The meter reading is used to make an assessment of a steam trap’s condition.

How Applied: The tip of the Vapophone probe is held on the steam trap, allowing ultrasonic frequencies to be measured and con-
verted to an analog meter reading. The unit operates at a fixed frequency range. The magnitude of the analog meter reading is pro-
portional to steam leakage. The user must first calibrate the Vapophone against a steam trap that is known to leak, preferably one
that is similar to others to be tested.

Installation Requirements: The Vapophone is portable. No installation is required.

Application Limitations: Although the Vapophone can be applied to any type of trap, the sounds associated with properly working
and failed traps varies with the type of trap, so calibration of the meter for the different types of traps installed at the user’s facility
is required. Training the operator to recognize failures in different types of traps is estimated by the manufacturer to require from
5-8 hours. In addition, the probe must be placed in direct contact with the steam trap, which may not always be possible.

Experience: Units sold/installed: Hundreds of Vapophones have been sold.
Federal customers: None identified.

Federal references: None identified.
Purchase Cost: $1545.
Warranty: The Vapophone VKP-Ex is covered by a 1-year warranty.

Installation Labor/Material/Cost: There are no costs associated with installing the equipment, but users will need to be trained to
distinguish the sounds of properly functioning traps from the sounds of different failure modes. The length of training depends on
the user’s familiarity with steam trap principles, but should require no more than 2-3 hours of classroom instruction, plus a hands-
on field session testing actual steam traps.

Operating Labor/Material/Cost: Mostly the time required to walk from one steam trap location to the next and record the test
results; sound measurement is instantaneous.
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Manufacturer: Mitchell Instrument Co.

Address: 1570 Cherokee Street, San Marcos CA 92069
Phone: 760-744-2690

Fax: 760-744-0083

Contact: Chris

Product Name: Ultrasonic Noise Detector

Description: The Ultrasonic Noise Detector (UND) is a portable, hand-held instrument for detecting and measuring ultrasonic
sounds, and measuring surface temperature.

Operating Mechanism: The flow of steam or condensate through a steam trap creates turbulence, which results in ultrasound.
Ultrasonic frequencies between 20 and 200 kHz are detected, measured, and converted to audible frequencies between 100 Hz

and 3 kHz. By converting the ultrasonic frequencies generated by an operating steam trap into the audible range, the UND allows
users to hear through a headphone and see on a meter sound characteristics that allow an assessment of a steam trap’s condition.
The contact sensor incorporates a thermocouple that allows simultaneous temperature measurement. Digital readings of the moni-
toring frequency (kHz), sound level, (dB), and temperature are provided. An analog measure of sound level is also displayed.
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How Applied: The tip of the UND “gun” is held on the steam trap, allowing ultrasonic frequencies to be measured and converted to
audible sounds and temperature measurement via a thermocouple. The UND can be tuned in the full-range mode to any frequency
within 20-200 kHz. For better results, the instrument would be more commonly operated in the limited-range mode, which allows tun-

ing to frequencies within 36-44 kHz. This allows differentiation between steam and condensate flows while reducing interference from
other ultrasonic signals and ignoring frequencies outside of this range. The user must be trained to identify and differentiate between
the sounds expected from a properly functioning trap and the sounds from a trap that has failed close, failed open, or is leaking steam.

Installation Requirements: The UND gun and headphones are portable. No installation is required.

Application Limitations: Although the UND can be applied to any type of trap, the sounds associated with properly working and
failed traps varies with the type of trap, so training on the different types of traps installed at the user’s facility is required. In addi-
tion, the most accurate results will be achieved when the tip of the gun can be placed in direct contact with the steam trap, which
may not always be possible. Although an attachment will allow measurement of airborne signals, it’s often difficult to distinguish
the source of the signal when operating in this mode, especially in a process plant environment where there are many signal sources.
The contact sensor may be exposed to 500°F conditions continuously or up to 800°F intermittently.

Experience: Units sold/installed: Several hundred Ultrasonic Noise Detectors are sold each year.
Federal customers: None identified.

Federal references: None identified.

Purchase Cost: The complete package, including ultrasonic gun, airborne sensor, contact sensor with temperature capability, test
tone generator, battery charger, soundproof headphones, flexible focus sensor adapter, and carrying case costs $4200. The cost for
individual components of the package are: ultrasonic gun: $2900; airborne sensor: $150; contact sensor: $450; test tone generator:
$105; battery charger: $60; headphones: $395; flexible focus sensor adapter: $10.

Warranty: The Ultrasonic Noise Detector is covered by a 1-year warranty.

Installation Labor/Material/Cost: There are no costs associated with installing the equipment, but users will need to be trained to
distinguish the sounds of properly functioning traps from the sounds of different failure modes. The length of training depends on
the user’s familiarity with steam trap principles, but should require no more than 2-3 hours of classroom instruction, plus a hands
on field session testing actual steam traps.

Operating Labor/Material/Cost: Mostly the time required to walk from one steam trap location to the next and record the test results;
sound measurement is instantaneous.
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Manufacturer: Spirax Sarco, Inc.

Address: 1150 Northpoint Boulevard, Blythewood, SC 29016
Phone: 803-714-2000

Fax: 803-714-2200

Contact: Dennis Kacsur

Product Name: Spira-Tec™

Description: The Spira-Tec steam trap fault detection system consists of a sensing chamber, sensor, and a portable or remotely
installed monitor connected by cable for determining temperature and the presence of steam or condensate. Manual or automatic
remote units are available that are able to serve up to 12 and 16 steam traps, respectively.

Operating Mechanism: The Spira-Tec sensor measures the temperature and conductivity of the fluid present at the measuring point
in the sensing chamber. Differences in conductivity identify the fluid as steam or condensate. Under normal operation, the sensing
point is covered with condensate near the temperature of saturated steam at the local line pressure. Increased steam flow resulting
from a leaky trap will bathe the sensing point in steam rather than condensate. A drop in temperature indicates a trap that has failed
closed, is blocked, or is not in service.

How Applied: The sensing chamber with sensor is installed directly in the pipeline, just upstream from the steam trap. A portable
testing instrument is connected to the sensor. Normal operating conditions are indicated by a green light. A yellow light indicates a
trap that has failed closed or is blocked, or is out of service. A red light indicates a trap that has failed open. Up to 12 sensors may be
connected to single remote test point for more convenient testing with a portable monitor. Alternatively, an automatic monitor that
combines the functions of a remote test point and portable monitor can be connected to as many as 16 sensors. The automatic moni-
tor may also be connected to external building operating and control systems.
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Installation Requirements: An existing pipeline would have to be cut open and a short section taken out to allow the sensing cham-
ber to be installed. Sensing chambers accommodating screwed, flanged, or welded connections are available. The manual or auto-
matic remote units require mounting and installation of connecting wiring. The portable monitor is battery-powered, while the
automatic monitor must be connected to an external power supply

Application Limitations: Stainless steel and ductile iron sensor chamber models are available in 1/2-, 3/4-, and 1-inch diameter
sizes; steel models are also available in 1- and 2-inch diameter sizes. The maximum operating pressure is 464 psig and the maximum
operating temperature is the saturated steam temperature corresponding to the operating pressure.

Experience: Spira-Tec has been available in the U.S. for about 15 years.
Units sold/installed: There are thousands of Spira-Tec customers, some with thousands of sensors.
Federal customers: None identified.

Federal references: None identified.

Purchase Cost: Sensor chambers vary from $61.50 for 1/2-inch threaded ductile iron up to $1384.60 for 1-inch flanged stainless steel.
Sensors for measuring conductivity only cost $61.50. Combination conductivity and temperature sensors cost $170 for reading with
the portable monitor and $195 for reading with the automatic monitor. The portable monitor costs $311.75. The automatic monitor
costs $1770. Remote test points cost $155.40 and $398.85, respectively, for single-sensor and 12-sensor capacity models.

Warranty: The Spira-Tec system and components are covered by a 1-year warranty.

Installation Labor/Material/Cost: The user must provide cabling connecting the sensors to remote test points or an automatic mon-
itor. Power wiring to the automatic monitor must also be supplied. Labor is required to install these materials as well as the sensor
chambers, sensors, remote test points, and automatic monitor. Installation costs are highly site specific.

Operating Labor/Material/Cost: The time required to walk from one steam trap to the next and record the observation/condition
assessment. The time required can be reduced through the use of remote test points or an automatic monitor.
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Manufacturer: Superior Signal Company, Inc.
Address: P.O. Box 96, Spotswood, NJ 08884
Phone: 732-251-0800

Fax: 732-251-9442

Contact: Paul Tashian

Product Name: AccuTrak® VPE-1000
Description: The AccuTrak VPE-1000 is a portable, hand-held instrument for detecting and measuring ultrasonic sounds.

Operating Mechanism: The flow of steam or condensate through a steam trap creates turbulence, which results in ultrasound. Ultra-
sonic frequencies between 20 and 100 kHz are detected, measured, and converted to audible frequencies between 100 Hz and 3 kHz.
By converting the ultrasonic frequencies generated by an operating steam trap into the audible range, the AccuTrak allows users to
hear through a headphone and see on a meter sound characteristics that allow an assessment of a steam trap’s condition.

How Applied: The tip of the AccuTrak “gun” is held on the steam trap, allowing ultrasonic frequencies to be measured and con-
verted to audible sounds. The AccuTrak can be tuned to any frequency within 20-100 kHz, which allows differentiation between
steam and condensate flows while reducing interference from other ultrasonic signals and ignoring frequencies outside of this range.
The user must be trained to identify and differentiate between the sounds expected from a properly functioning trap and the sounds
from a trap that has failed close, failed open, or is leaking steam.

Installation Requirements: The AccuTrak gun and headphones are portable. No installation is required.

Application Limitations: Although the AccuTrak can be applied to any type of trap, the sounds associated with properly working
and failed traps varies with the type of trap, so training on the different types of traps installed at the user’s facility is required. In
addition, the most accurate results will be achieved when the tip of the gun can be placed in direct contact with the steam trap, which
may not always be possible. Although an attachment will allow measurement of airborne signals, it’s often difficult to distinguish the
source of the signal when operating in this mode, especially in a process plant environment where there are many signal sources.
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Experience: Units sold/installed: The AccuTrak has been sold to hundreds of customers.
Federal customers: None identified.

Federal references: None identified.
Purchase Cost: $600.
Warranty: The AccuTrak VPE-1000 is covered by a 1-year warranty.

Installation Labor/Material/Cost: There are no costs associated with installing the equipment, but users will need to be trained to
distinguish the sounds of properly functioning traps from the sounds of different failure modes. The length of training depends on
the user’s familiarity with steam trap principles, but should require no more than 2-3 hours of classroom instruction, plus a hands
on field session testing actual steam traps.

Operating Labor/Material/Cost: Mostly the time required to walk from one steam trap location to the next and record the test
results; sound measurement is instantaneous.
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Manufacturer: TLV CORPORATION

Address: 6701-K NorthPark Blvd.; Charlotte, NC 28216
Phone: 704-597-9070; 1-800-858-8727

Fax: 704-597-9082

Contact: Ottmar Hedemus

Product Name: TrapMan™

Description: TrapMan is a computerized steam trap management system. The system includes hand-held TM5, hardware that incor-
porates ultrasonic and temperature testing equipment with TLV diagnostic logic. Accompanying TrapManager™ software completes
the system.

Operating Mechanism: Ultrasonic and temperature measurements are compared to expected measurements stored in the TM5
hardware for the specific trap being tested. The hardware judges whether the steam trap is operating correctly or not, rather than
relying on the judgment of the testing personnel. Data collected by the TM5 unit can be downloaded later to the TrapManager
software.

How Applied: Data are collected by placing the test probe tip on the inlet side of the steam trap. Data collection requires about

15 seconds. The TM5 unit compares measured conditions with stored conditions and returns one of the following diagnoses:

good; small, medium, or large leak; blowing; blocked; low temperature; and temperature adjustment failure. Automatically
diagnosed performance results can be modified manually, if necessary. Data can be stored for up to 2000 traps. In addition to

the diagnostic result, survey date and time, surface temperature, identification number, and model can be stored. Expected operat-
ing characteristics for most traps available on the market can be accessed, including units made by Armstrong, Yarway, Spirax-Sarco,
Gestra, Nicholson, Bestobell, Velan, Clark-Reliance, Erwell, Dunham-Bush, Hoffman, Trane, Illinois, and Wright-Austin, as well as
TLV. Data are transferred from the TM5 to the TrapManager software via a communications cable supplied with the system.

Installation Requirements: The TM5 hardware is portable. No installation is required. TrapManager software is installed on the
user’s PC. Minimum PC system requirements are a Pentium™ 90 CPU with 16 MB of RAM, 20 MB of hard drive capacity, a CD-ROM
drive, and a VGA monitor. TrapManager is Windows 95™, Windows 98™, and Windows NT™ compatible.

Application Limitations: The test probe must be placed on the steam trap, so immediate physical access to the trap being tested is
required. The hardware is designed to work on steam pressures ranging from 7-570 psig and surface temperatures ranging from
32-662°F.

Experience: Units sold/installed: TrapMan systems are being used by over 150 private and public organizations.

Federal customers: Federal users include the Army, Navy, Air Force, Veterans Administration, and Brookhaven
National Laboratory.

Federal reference: Charles McMullin has responsibility for exterior steam lines at Whiteman Air Force Base. He has
used TrapMan for about 4 years, and considers it an improvement over temperature devices that were previously used
to assess steam trap condition. Since trap data is stored in the system it takes very little time to enter the trap I.D. num-
ber and carry out the test. Charles says that he is “well satisfied” with TrapMan.

Charles McMullin, Whiteman Air Force Base, Building 140, Knobnoster, MO, 660-687-5095.
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Purchase Cost: The cost of the complete TrapMan system is $17,500. This includes two days of training for two people (with hotel
and meal expenses), one-year of unlimited software support, and rebates on TLV traps.

Warranty: TrapMan is covered by a 1-year warranty.

Installation Labor/Material/Cost: Trivial installation costs for software, no installation costs for hardware; 2-4 person-days of
training.

Operating Labor/Material/Cost: Mostly the time required to walk from one steam trap location to the next; data recording takes
only 15 seconds.
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Manufacturer: Triple 5 Industries, LLC

Address: 213 Chesterfield Crosswicks Road; Trenton, New Jersey 08620
Phone: 609-298-5544

Fax: 609-298-5594

Contact: Trudy Bryson

Product Name: Sonic/Ultrasonic Leak Detectors

Description: The Triple 5 leak detectors are portable, hand-held instruments for detecting and measuring sonic and ultrasonic
sounds. Optional equipment allows collection and subsequent transfer of data to a personal computer.

Operating Mechanism: The flow of steam or condensate through a steam trap creates turbulence, which results in ultrasound.
Additional audible noise is also created by trap operation. Two frequency bands are monitored: 2-11 kHz in the sonic range and 20-
180 kHz in the ultrasonic range. Ultrasonic frequencies are converted to audible frequencies for the human ear. The magnitude of the
sound is also indicated via an LED display. By converting the ultrasonic frequencies generated by an operating steam trap into the
audible range, the Leak Detectors allow users to hear through a headphone and see on the LED display sound characteristics that
allow an assessment of a steam trap’s condition.

How Applied: The tip of the Leak Detector probe is held on the steam trap, allowing sonic and ultrasonic frequencies to be measured,
with the latter converted to audible sounds. The user must be trained to identify and differentiate between the sounds expected from
a properly functioning trap and the sounds from a trap that has failed close, failed open, or is leaking steam.

Installation Requirements: The Leak Detectors are portable. No installation is required.

Application Limitations: Although the Leak Detector can be applied to any type of trap, the sounds associated with properly work-
ing and failed traps vary with the type of trap, so training on the different types of traps installed at the user’s facility is required. In
addition, the most accurate results will be achieved when the tip of the gun can be placed in direct contact with the steam trap, which
may not always be possible. Although an attachment will allow measurement of airborne signals, it’s often difficult to distinguish
the source of the signal when operating in this mode, especially in a process plant environment where there are many signal sources.
The contact probe is limited to a maximum temperature of 350°F.

Experience: Units sold/installed: About 100.
Federal customers: None identified.
Federal references: None identified.

Commercial reference: CIS Services operates EPRI’s Monitoring and Diagnostics Center. They provide courses, includ-
ing utility training, on inspecting transformers, valves, and steam traps. The 5550 Sonic/Ultrasonic Leak Detector and
5551 Data Logging Leak Detector work for all of these applications. For steam traps, CIS uses a 2-hour class followed
by a field trip, for a 1-day course. George Spencer of CIS says that these are “the best system you can buy.” The 10-180
kHz band is the best for checking steam traps, but he uses both this and the lower frequency range. He likes the bat-
tery-powered portability of the system, and claims that they are substantially faster than thermograph/temperature
systems for assessing steam traps.

George Spencer, CIS Services, 440 Baldwin, Eddystone, PA, 800-745-9981

Purchase Cost: $3414-5114. This price is for a test unit and all accessories. The low end of the range is for ultrasonic measurement
only. The high end is for sonic and ultrasonic measurement with a data logger. An intermediate model that measures, but does not
record sonic and ultrasonic sounds is also available.

Warranty: The systems are covered by a 1-year warranty.
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Installation Labor/Material/Cost: There are no costs associated with installing the equipment, but users will need to be trained to
distinguish the sounds of properly functioning traps from the sounds of different failure modes. The length of training depends on
the user’s familiarity with steam trap principles, but should require no more than 2-3 hours of classroom instruction, plus a hands
on field session testing actual steam traps.

Operating Labor/Material/Cost: Mostly the time required to walk from one steam trap location to the next and record the test
results; sound measurement is instantaneous.
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Manufacturer: UE Systems, Inc.

Address: 14 Hayes Street; ElImsford, New York 10523
Phone: 914-592-1220

Fax: 914-347-2181

Contact: Terry O’'Hanlon

Product Name: Ultraprobe™ 2000
Description: The Ultraprobe 2000 is a portable, hand-held instrument for detecting and measuring ultrasonic sounds.

Operating Mechanism: The flow of steam or condensate through a steam trap creates turbulence, which results in ultrasound. Ultra-
sonic frequencies between 20 and 100 kHz are detected, measured, and converted to audible frequencies between 100 Hz and 3 kHz.
By converting the ultrasonic frequencies generated by an operating steam trap into the audible range, the Ultraprobe allows users to
hear through a headphone and see on a meter sound characteristics that allow an assessment of a steam trap’s condition.

How Applied: The tip of the Ultraprobe “gun” is held on the steam trap, allowing ultrasonic frequencies to be measured and con-
verted to audible sounds. The Ultraprobe can be tuned to any frequency within 20-100 kHz, which allows differentiation between
steam and condensate flows while reducing interference from other ultrasonic signals and ignoring frequencies outside of this range.
The user must be trained to identify and differentiate between the sounds expected from a properly functioning trap and the sounds
from a trap that has failed close, failed open, or is leaking steam.

Installation Requirements: The Ultraprobe gun and headphones are portable. No installation is required.

Application Limitations: Although the Ultraprobe can be applied to any type of trap, the sounds associated with properly working
and failed traps vary with the type of trap, so training on the different types of traps installed at the user’s facility is required. Train-
ing may take as little as 15 minutes according to UE Systems, however. In addition, the most accurate results will be achieved when
the tip of the gun can be placed in direct contact with the steam trap, which may not always be possible. Although an attachment
will allow measurement of airborne signals, it’s often difficult to distinguish the source of the signal when operating in this mode,
especially in a process plant environment where there are many signal sources.

Experience: Units sold/installed: The Ultraprobe has been sold to thousands of customers.

Federal customers: Includes the Navy, Coast Guard, NASA, Westinghouse Hanford, and several Department of Energy
National Laboratories.

Federal reference: Peter Palamidis, Preventative Maintenance Coordinator at Brookhaven National Laboratory, uses the
Ultraprobe 2000 to survey the approximately 2,500 traps at their facility. He says that the Ultraprobe is a “good system,”
and was especially enthusiastic about the support that UE provides to their customers. Formal training is accomplished
with a short video, but Peter feels that a day in the field is required to become comfortable with use of the device.

Peter Palamidis, Preventive Maintenance Coordinator, Brookhaven National Laboratory, Building 097, Upton, New
York 11973, 516-344-2462

Purchase Cost: Ranges from $3500 to $4900, depending on the specific accessories ordered.
Warranty: The Ultraprobe is covered by a 5-year warranty.

Installation Labor/Material/Cost: There are no costs associated with installing the equipment, but users will need to be trained to
distinguish the sounds of properly functioning traps from the sounds of different failure modes. The length of training depends on
the user’s familiarity with steam trap principles, but should require no more than 2-3 hours of classroom instruction, plus a hands
on field session testing actual steam traps.

Operating Labor/Material/Cost: Mostly the time required to walk from one steam trap location to the next and record the test
results; sound measurement is instantaneous.
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Appendix B
Federal Life-Cycle Costing Procedures and the BLCC Software

Federal agencies are required to evaluate energy-related investments on the basis of minimum life-cycle costs (10 CFR Part 436). A
life-cycle cost evaluation computes the total long-run costs of a number of potential actions, and selects the action that minimizes
the long-run costs. When considering retrofits, sticking with the existing equipment is one potential action, often called the baseline
condition. The life-cycle cost (LCC) of a potential investment is the present value of all of the costs associated with the investment
over time.

The first step in calculating the LCC is the identification of the costs. Installed Cost includes cost of materials purchased and the labor
required to install them (for example, the price of an energy-efficient lighting fixture, plus cost of labor to install it). Energy Cost
includes annual expenditures on energy to operate equipment. (For example, a lighting fixture that draws 100 watts and operates
2,000 hours annually requires 200,000 watt-hours (200 kWh) annually. At an electricity price of $0.10 per kWh, this fixture has

an annual energy cost of $20.) Nonfuel Operations and Maintenance includes annual expenditures on parts and activities required to
operate equipment (for example, replacing burned out light bulbs). Replacement Costs include expenditures to replace equipment
upon failure (for example, replacing an oil furnace when it is no longer usable).

Because LCC includes the cost of money, periodic and aperiodic maintenance (O&M) and equipment replacement costs, energy
escalation rates, and salvage value, it is usually expressed as a present value, which is evaluated by

LCC =PV{IC) + PV(EC) + PV(OM) + PV(REP)

where  PV(x) denotes “present value of cost stream x,”
IC is the installed cost,
EC is the annual energy cost,
OM is the annual nonenergy O&M cost, and
REP is the future replacement cost.

Net present value (NPV) is the difference between the LCCs of two investment alternatives, e.g., the LCC of an energy-saving or
energy-cost-reducing alternative and the LCC of the existing, or baseline, equipment. If the alternative’s LCC is less than the baseline’s
LCC, the alternative is said to have a positive NPV, i.e., it is cost-effective. NPV is thus given by

NPV =PV(EC,) - PV(EC)) + PV(OM,) - PV(OM))) + PV(REP) — PV(REP))) - PV{IC)

or
NPV = PV(ECS) + PV(OMS) + PV(REPS) — PV(IC)

where  subscript 0 denotes the existing or baseline condition,
subscript 1 denotes the energy cost saving measure,
IC is the installation cost of the alternative (note that the IC of the baseline is assumed zero),
ECS is the annual energy cost savings,
OMS is the annual nonenergy O&M savings, and
REPS is the future replacement savings.

Levelized energy cost (LEC) is the break-even energy price (blended) at which a conservation, efficiency, renewable, or fuel-switching
measure becomes cost-effective (NPV >= 0). Thus, a project’s LEC is given by

PV(LEC*EUS) = PV(OMS) + PV(REPS) - PV(IC)

where EUS is the annual energy use savings (energy units/yr). Savings-to-investment ratio (SIR) is the total (PV) savings of a mea-
sure divided by its installation cost:

SIR = (PV(ECS) + PV(OMS) + PV(REPS))/PV(IC).

Some of the tedious effort of life-cycle cost calculations can be avoided by using the Building Life-Cycle Cost software, BLCC, devel-
oped by NIST. For copies of BLCC, call the FEMP Help Desk at (800) 363-3732.
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About the Federal Technology Alerts

The Energy Policy Act of 1992, and sub-
sequent Executive Orders, mandate that
energy consumption in the Federal sec-
tor be reduced by 35% from 1985 levels
by the year 2010. To achieve this goal,
the U.S. Department of Energy’s Federal
Energy Management Program (FEMP)
is sponsoring a series of programs to
reduce energy consumption at Federal
installations nationwide. One of these
programs, the New Technology Demon-
stration Program (NTDP), is tasked to
accelerate the introduction of energy-
efficient and renewable technologies
into the Federal sector and to improve
the rate of technology transfer.

As part of this effort FEMP is sponsoring
a series of Federal Technology Alerts
(FTAs) that provide summary informa-
tion on candidate energy-saving tech-
nologies developed and manufactured
in the United States. The technologies
featured in the FTAs have already
entered the market and have some
experience but are not in general use
in the Federal sector. Based on their
potential for energy, cost, and environ-
mental benefits to the Federal sector,
the technologies are considered to be

leading candidates for immediate
Federal application.

The goal of the FTAs is to improve the
rate of technology transfer of new
energy-saving technologies within the
Federal sector and to provide the right
people in the field with accurate, up-to-
date information on the new technolo-
gies so that they can make educated
judgments on whether the technologies
are suitable for their Federal sites.

Because the FTAs are cost-effective
and timely to produce (compared with
awaiting the results of field demonstra-
tions), they meet the short-term need of
disseminating information to a target
audience in a timeframe that allows the
rapid deployment of the technologies—
and ultimately the saving of energy in
the Federal sector.

The information in the FTAs typically
includes a description of the candidate
technology; the results of its screening
tests; a description of its performance,
applications and field experience to
date; a list of potential suppliers; and
important contact information. Attached

appendixes provide supplemental infor-
mation and example worksheets on the
technology.

FEMP sponsors publication of the FTAs
to facilitate information-sharing between
manufacturers and government staff.
While the technology featured promises
significant Federal-sector savings, the
Technology Alerts do not constitute
FEMP’s endorsement of a particular
product, as FEMP has not indepen-
dently verified performance data pro-
vided by manufacturers. Nor do the
FTAs attempt to chart market activity
vis-a-vis the technology featured. Read-
ers should note the publication date on
the back cover, and consider the FTAs
as an accurate picture of the technology
and its performance at the time of publi-
cation. Product innovations and the
entrance of new manufacturers or sup-
pliers should be anticipated since the
date of publication. FEMP encourages
interested Federal energy and facility
managers to contact the manufacturers
and other Federal sites directly, and to
use the worksheets in the FTAs to aid
in their purchasing decisions.

Federal Energy Management Program

The Federal Government is the largest energy consumer in the nation. Annually, in its 500,000 buildings and 8,000 loca-
tions worldwide, it uses nearly two quadrillion Btu (quads) of energy, costing over $8 billion. This represents 2.5% of all
primary energy consumption in the United States. The Federal Energy Management Program was established in 1974 to
provide direction, guidance, and assistance to Federal agencies in planning and implementing energy management pro-
grams that will improve the energy efficiency and fuel flexibility of the Federal infrastructure.

Over the years several Federal laws and Executive Orders have shaped FEMP's mission. These include the Energy Policy
and Conservation Act of 1975; the National Energy Conservation and Policy Act of 1978; the Federal Energy Management
Improvement Act of 1988; and, most recently, Executive Order 12759 in 1991, the National Energy Policy Act of 1992

(EPACT), Executive Order 12902 in 1994, and Executive Order 13123 in 1999.

FEMP is currently involved in a wide range of energy-assessment activities, including conducting New Technology
Demonstrations, to hasten the penetration of energy-efficient technologies into the Federal marketplace.

This report was sponsored by the United States Government. Neither the United States nor any agency or contractor thereof,
nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for

the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by
trade name, mark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency or contractor thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any agency or contractor thereof.
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NOMENCLATURE

The following is a list of symbols used throughout this text.

by >

an)

HV

€ >>00DXI X2 T X7

flow area

energy flow rate

fuel higher heating value
enthalpy

operating cost

mass flow rate

pressure

heat transfer rate
operating period

volume flow rate

power

thermodynamic quality (mass basis)
efficiency

energy unit cost

density

savings

loss rate

loss

factor or ratio

X
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STEAM SYSTEM SURVEY GUIDE

Greg Harrell, Ph.D., P.E.

ABSTRACT

This Steam System Survey Guide provides technical information for steam system opera-
tional personnel and plant energy managers on some of the major opportunities available to
improve the energy efficiency and productivity of industrial steam systems. The guide covers five
main areas of investigation: (1) profiling a steam system, (2) identifying steam properties for the
steam system, (3) improving boiler operations, (4) improving resource utilization in the steam
system, and (5) investigating energy losses in the steam distribution system. The guide discusses
major areas where steam systems can be improved and outlines calculations that can be per-
formed to quantify steam system improvement opportunities.

1. INTRODUCTION

This Steam System Survey Guide is intended for steam system operational personnel and
plant energy managers. Often operations personnel and energy managers are unaware of the
opportunities available for energy and productivity savings in their steam systems, or they are
unsure of the calculation procedures required to determine the savings opportunities. The purpose
of this guide is to assist operations personnel and energy managers in identifying significant
opportunities to improve their steam systems.

The Steam System Survey Guide does not attempt to guide steam system users in the imple-
mentation phase of improvement projects. In some cases, improvements may be simple to make,
but others will require the assistance of qualified steam system experts. However, if the guidance
of this document is followed, many possible opportunities for improving the steam system should
be identified.

These guidelines are organized to assist steam users to take the following steps in identifying
opportunities to improve their steam systems:

*  First, the analysis basis must be determined; guidelines are provided for profiling individual
steam systems. Methods are presented to estimate the fuel costs and operating characteristics
of the facility and to identify improvements in energy efficiency that translate to operational
cost savings.

* Second, the steam properties of the facility are identified to allow calculations to be
performed in latter sections of the analysis.

*  Third, the boiler operation is investigated. This analysis centers on evaluating the fuel-to-
steam conversion efficiency of the boiler.

* The fourth analysis area is concerned with resource utilization throughout the facility. The
main concerns in this area are to use the most appropriate fuel, to maintain the proper steam
balance throughout the system, and to integrate process energy.
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» The fifth category investigates the loss of energy throughout the distribution system. The
main categories of loss are leaks, insufficient insulation, and unrecovered condensate.

Each section of the guide is organized as follows:

1. The focus area is described.

2. The opportunities for improvement are discussed.

3. Example calculations are provided to illustrate how to identify specific improvement
opportunities.

4. A “Call to Action” is presented in the form of action items for areas that should be
investigated to improve steam system operations.
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2. PROFILING THE STEAM SYSTEM
2.1 OVERVIEW AND GENERAL PRINCIPLES

In general, operational changes are based on economic factors. Thus, the economics of the
steam system should be determined. The main factors in this evaluation are associated with the
fuel supplied to the boilers. The total cost of fuel supplied to the boilers will provide an order of
magnitude of the economic potential associated with a proposed operational change. The unit cost
of fuel is also important in the evaluation of system performance and operational changes. From
the standpoint of managing the steam system, more measurements will allow more informed
management. The energy management principle “You cannot manage what you do not measure”
holds true.

2.2 UTILITY COSTS

The total cost of fuel supplied to the facility should be determined. Typically, this value is
known from fuel invoices. This is a very important value from an operations and analysis stand-
point. As boiler and steam system efficiency improves, the amount of fuel purchased decreases
for a given steam production. This becomes the justification for any economic investment. Cau-
tion should be exercised to include only fuel supplied to the boilers. Many facilities have only one
fuel metering device, and fuel may be used in process equipment or in heating and air condition-
ing equipment. If the amount of fuel supplied to the boilers is not metered, the fuel consumption
can be estimated. The methods used in the estimation process will be discussed in Sect. 4.4,
“Boiler Fuel Flow Estimate.”

The time that the boilers operate also needs to be determined to allow savings and cost
evaluations to be based on the appropriate operating hours. Many facilities operate 24 h/d and
365 d/year. The operating hours, 7, for this facility would be calculated as follows.

T'=24h/d (365 d/year) = 8760 h/year . (1)

A determination of fuel cost is essential for the efficient management of a steam system.
Gaseous fuels are typically sold in units of 1000 standard cubic feet (i.e., 103 std ft3, 103 ft3, 1000
scf, and Mcf). Gaseous fuel pricing is also provided based on 100 standard cubic feet (Ccf). Fuel
oils are typically sold in terms of gallons, while coal is sold primarily based on tons. A steam
system survey investigates the use of energy throughout the steam system. Therefore, it is
beneficial to determine the fuel cost on an energy basis. To accomplish this, some properties of
the fuel must be known. The main property required is the fuel energy content that is termed the
“fuel heating value.” In the United States, the higher heating value (HHV) is commonly used; in
Europe and many other parts of the world, the lower heating value is used. The difference in the
values is in the fuel analysis and, in particular, the state of the water involved in the combustion
process. This guide will use the fuel HHV for all calculations. Fuel heating value and the fuel
sales price are used to determine the fuel unit cost. Three examples of this calculation are
provided below.

The first example is for natural gas with a purchase price of $7.00/103 ft3. The example
natural gas has an HHV of 987,124 Btu/103 ft3 (23,000 Btu/lb,,). This results in a fuel cost,
Knatural gas> Of $7.09/ 10° Btu.

=$7.09/106 Btu . )

353
Kl g = $7.00/10° ft3[ 10° ft Jl,ooo,ooomu

987,124 Btu | 10°Btu
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The next example determines the fuel cost, KNo. 2, for No. 2 fuel oil with a purchase price of
$1.00/gal. The example No. 2 fuel oil has an HHV of 139,874 Btu/gal.

=$7.15/106 Btu . 3)

1 gal jl,ooo,ooo Btu

Kno. 2 = $1.00/gal
No.2 & (139,874Btu 10°Btu

The final example is for coal that is purchased with a price of $50.00/ton and an HHV of
13,500 Btu/lby,.

Kcoa1:$50.00/t0n( 1 ton J 1lby, [I,OOO,OOOBm

¢ =$1.85/10° Btu . @)
2,000 1b,,, ) 13,500 Btu 10°Btu

The energy-based cost of coal, K¢oq], 1S typically much lower than the common liquid and gaseous
fuels. These examples and several other common fuels are summarized in the Table 1.

Table 1. Typical fuel properties

Typical sales Example price Energy content Energy Unit price  Fuel “density”
Fuel unit ($/sales unit)  (Btu/sales unit) content ($/106 Btu) (Ibp,/sales unit)
(Btu/lbp,) m

Natural gas 103 standard ft3 7.00 987,124 23,000 7.09 42.92
No. 1 fuel 0il Gallon 1.18 134,510 19,810 8.77 6.79
No. 2 fuel oil Gallon 1.00 139,874 19,400 7.15 7.21
No. 4 fuel oil Gallon 0.76 146,731 18,860 5.18 7.78
No. 5 fuel oil Gallon 0.60 146,891 18,760 4.08 7.83
No. 6 fuel oil Gallon 0.51 145,485 18,300 3.51 7.95
Coal Ton 50.00 27,000,000 13,500 1.85 2,000.00

The information contained in Table 1 is not representative of fuel prices and properties univer-
sally. The table demonstrates typical data for the purpose of providing examples. Each fuel has a
wide range of properties and costs. These properties are provided as examples, and each facility
should use data for that particular site.

Most fuels maintain consistent properties and are supplied based on certain specifications. In
general, coal can have the widest range in properties because most other fuels are produced with
certain tolerances. Coal storage and handling typically provides the opportunity for the fuel to
contact water. Generally, coal is specified on a “dry” basis. However, the coal is not supplied to
the burner on a dry basis. Therefore, to determine the actual performance of the boiler, periodic
“as-fired” coal samples should be analyzed to determine the qualities of the coal supplied to the
boiler. Periodic “as-received” coal samples should also be analyzed to determine what is actually
being purchased. In these analyses, care must be given to the surface or extrinsic water. The
surface water is part of the commodity purchased and supplied to the boiler. It does affect the
boiler performance; therefore, surface water should not be lost in the analysis. Coal analysis typi-
cally grinds the coal prior to analysis. This grinding evaporates the surface water, which can
provide test results with erroneously low moisture values.

Care should also be exercised in understanding the fuel pricing structure. When determining
the economic benefit of an efficiency improvement, only the incremental cost of fuel is affected.
For example, the first 500 103 i3 of natural gas purchased each month may carry a price of
$7.50/103 ft3; the remaining natural gas purchased may carry a lower price of $6.75/103 ft3. If the
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facility always consumes much more than 500 103 ft3 of natural gas each month, an increase in
boiler efficiency will impact the system according to a fuel cost of $6.75/103 ft3.

Electricity is a significant utility supply to most industrial facilities. A good point of com-
parison is between the unit cost of fuel and electricity. Electrical rate structures are generally
complicated, but the main components are usually electrical demand and energy. Electrical
energy charges are determined from the total amount of energy consumed at the site—the total
kilowatt-hour (kWh) value of energy consumed. Electrical demand charge is based on the maxi-
mum rate of electrical energy consumption for the site during the billing period. Electrical energy
charges are provided on a dollar per kilowatt-hour ($/kWh) basis, while demand charges are
based on a monthly dollar-per-kilowatt basis. These two factors combine to determine the total
electrical cost at the facility. To compare electrical costs to fuel costs, they must be examined on
an equal energy basis. Electrical costs can be converted to a British-thermal-unit (Btu) basis fairly
simply. The following conversion can be used to determine the electrical energy unit cost. An
electrical cost of $0.040/kWh for energy (Kelectrical energy) and $14.60/kW each month for demand
(Kelectrical demand) Will be used in the example.

=$11.72/106 Btu . (5)

1 kWh 1,000,000 Btu
Kelectrical energy = $0.04/kWh (3 413 ij 10°Btu

Kelectrical demand = $14.60/kW month (

1kWh ) 1,000,000 Btu (1 month
3,413 Btu 10°Btu 730 h

J — $5.86/106 Btu . (6)

These two charges would be added for a combined demand and energy charge of $17.58/10¢ Btu
($0.060/kWh). This can be compared to the fuel cost to determine the most appropriate energy
source for various applications. This would not be the final analysis because many factors must
be integrated into the analysis (such as boiler efficiency and steam system losses), but this would
provide an indication of the relative cost of energy sources.

2.3 BENCHMARKS

Benchmarking is the practice of determining key operating parameters of a system to pro-
vide points of comparison. Benchmarking is a valuable tool to track system performance, to
identify problems, and to determine the effectiveness of system alterations. Some practical
benchmarks are boiler efficiency, steam unit cost, and finished product energy requirement. The
variation in steam flow with plant production and with the seasons can also provide valuable
input for system improvement analysis.

One universal or common benchmark is annual fuel expenditure. Annual fuel expense is not
a classic benchmark because benchmarks are references to a unit of production or consumption.
However, annual fuel expense is a key indicator of steam system activities, and it is a common
tracking indicator.

Benchmarks can be used to compare a facility with a theoretical system to determine the
maximum attainable performance (classic efficiency). Benchmarks are also used to compare the
current operation to past operation. This can identify potential failures within the system as well
as highlight efficiency and production improvements. Another common use of benchmarks is to
compare similar facilities.

A direct example of a benchmark is steam production unit cost. Some facilities are equipped
with steam flowmeters, which can be used in conjunction with the total fuel cost to determine the
steam cost. As an example, a steam generation facility produces 2,400,000 Ib of steam in a 24-h
period. During the same period 27,780 gal of No. 2 fuel oil is consumed. The following
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calculation demonstrates the method used to calculate the relative steam cost for the facility, the
benchmark. The fuel cost is $1.00/gal, and conversion factors must be introduced into the
calculations to maintain appropriate units.

_ fuel consumed

K = fuel price) .
S steam produced( pric)
(7)
27,780 gal/d 1,000 1b 3
K =—— =" ($1.00/gal) ——= =$11.58/10° b, .
S 2,400,000 lb/d( feal) 10°1b,, / "

The unit cost of steam (Kgteam) provided by Eq. (7) is not the steam “sales” price or the cost
of steam distributed to the facility because some portion of the steam produced from the boiler
must be used internally in the production of steam. This steam is used in deaeration, feedwater
heating, possibly sootblowing, and other internal activities. The steam cost benchmark is a
concrete marker that represents the boiler’s performance.

The information in the example is a part of a reference example used throughout this
document. Additional information concerning this “example system” is provided throughout the
text with the majority of the information given in Sect. 4.2.1, “Example Boiler.” As indicated
previously, a common reference is total fuel expense or the fuel portion of the boiler operating
cost. Boiler operating cost (Kboiler) is calculated below.

Kboiler = fuel consumed (fuel price) = Vfueleuel .

®)
Kpoiler = 27,780 gal/d ($1.00/gal) 365 d/year = $10,140,000/year .

2.4 CALL TO ACTION—STEAM SYSTEM PROFILING

Determine the total cost of fuel supplied to the boilers ($/year, $/month, and $/season).
Calculate the unit cost of fuel based on energy ($/10° Btu).

Compare the unit cost of fuel to other available fuel supplies.

Determine the unit cost of electricity supplied to the facility ($/10° Btu).

Compare the unit cost of fuel to the cost of electricity supplied to the facility.
Determine the typical steam production for the facility (Ib,,/h and 1b,/d).

Determine the production cost of steam for the facility ($/103 1by,).

Determine the amount of steam required to produce a product (b steam/Ibm product)-

NN R WD
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3. IDENTIFYING STEAM PROPERTIES FOR THE SYSTEM
3.1 OVERVIEW AND GENERAL PRINCIPLES

A steam system analysis investigates the energy transfer of the fuel to the steam and the
steam to the process. To complete the analysis, steam properties must be known. Steam properties
are provided in tabular, graphical, and computerized form.!=3 Typically the values used to
determine properties are the steam temperature and pressure if the steam is superheated. When
steam is dry and saturated, pressure or temperature can be utilized to determine the steam
properties. If dealing with saturated condensate, pressure or temperature are also the common
properties used to provide fluid information. Finally, temperature and pressure are used to
determine the properties of water below the saturation temperature (subcooled). Many other
methods can be used to determine steam and water properties, but temperature and pressure are
the most common measurements. Table 2 provides some typical steam properties for a boiler
operating at 600 psig and producing superheated steam (750°F). Atmospheric pressure is
14.7 psia for the example.

Table 2. Steam properties

Specific  Internal

Temperature Pressure Enthalpy  Entropy Quality

Location ©°F) (psia) (¥t‘f~,l/‘l‘l')“lj) (;:l:/ﬁﬁil) (Btu/lby) (Btu/lby°R) (%)
Boiler outlet 750 6147 1.10357 1,253.42 1,378.95 1.60856
Medium pressure 621 2147 290619 121642  1,331.88 1.67829
Intermediate pressure 407 54.7 9.26341 1,143.99  1,237.76 1.72833
Low pressure 429 23.8 22.08426 1,155.16 1,252.43 1.83571
Boiler blowdown 489 6147  0.02018 472.35 474.64 0.67502 0.0
Makeup water 60 14.7  0.01600 28.02 28.07 0.05552
Condensate return 180 147 0.01650 147.87 147.91 0.26289
Deaerator outlet 237 23.8  0.01690 205.61 205.68 0.34938 0.0
Feedpump exit 241 9152  0.01690 206.80 209.66 0.35507

Makeup water is the water introduced into the system because steam or condensate is lost from
the system; this water is relatively cold. Condensate return is water returned to the boilers from
steam users. Usually this water is relatively warm, unless returned from turbine condensers.

Most calculations completed on steam systems are investigating the energy associated with
an activity. Typically, the thermodynamic property used to determine energy flow is enthalpy.
Enthalpy is expressed in terms of specific energy content for a given mass of material; the
common English units are British thermal units per pound mass (Btu/lby,). Enthalpy is expressed
in equations as the variable #; this is the convention used throughout this text. Additional data are
provided in Table 2, which is used in some calculations.

3.2 CALL TO ACTION—IDENTIFYING STEAM SYSTEM PROPERTIES

1. Determine the properties of the steam generated in the boilers (temperature, pressure,
saturated, superheated, enthalpy, and the remaining thermodynamic properties).
Determine the properties of boiler feedwater (temperature, pressure, enthalpy).
Determine the properties of boiler blowdown (pressure, enthalpy).

Determine the properties of condensate return (temperature).

Determine the properties of makeup water (temperature).

kW
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4. OPPORTUNITIES FOR BOILER EFFICIENCY IMPROVEMENT
4.1 OVERVIEW AND GENERAL PRINCIPLES

Steam production is basically an energy conversion process in which fuel energy is con-
verted into energy resident in steam. Boilers are the most energy-intensive components of a steam
system. This implies energy management should have a focal point on the boilers. Several factors
are key ingredients in boiler performance.

Typically the most significant loss associated with boiler operation is the energy exiting the
boiler with the flue gas. This loss is directly impacted by the temperature of the flue gas and the
amount of excess air supplied to the combustion process. Other combustion factors also impact
this portion of the energy conversion process.

Additional factors that impact boiler performance must also be considered. Boiler blowdown
is essential for the continued operation of any steam boiler. Boiler blowdown is also a loss to the
boiler operation. To a large extent, this loss can be managed and reduced. Heat transfer losses
from the boiler shell are also an area of potential loss management.

4.2 BOILER EFFICIENCY

Generally, efficiency is an expression of the amount of desired output from a component
compared to the input required. Boiler efficiency, Npoiler, 1S accurately defined by the following
expression.

Nboiler = boiler efficiency = energy added to tl.le ste'flrn in the boiler ‘ ©)
energy supplied with the fuel

To utilize this expression, it must be provided in terms of steam system properties. The following
equation is the working equation for boiler efficiency.

n _ msteam (hsteam - hfeedwater ) (1 0)
boiler — ; .
o mfuelHHV

where

Mgteam — Mass flow rate of steam,

Asteams Pfeedwater = €nthalpies of steam and feedwater,
mgye) = mass flow rate of fuel,

HHYV = fuel higher heating value.

Equation (10) is termed “boiler efficiency” and is the classic definition of efficiency according to
the first law of thermodynamics. Care must be utilized because the term “boiler efficiency” is
used in several instances to describe energy conversion processes associated with the boiler.

To use Eq. (10), several measurements must be made. These measurements should be made
during a period of steady operation in which the boiler has been producing a constant steam flow
for approximately 1 h. During the data gathering period, the water level in the boiler’s steam
drum should be constant. Additional measurements required are steam temperature and pressure
exiting the boiler. Feedwater pressure and temperature are also required parameters. These steam
and feedwater properties provide the information required to determine the enthalpy content of
the water entering and steam exiting the boiler. This “enthalpy addition” is a measure of the
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useful output of the boiler. The desired output from a boiler is an addition of energy to the steam
flow. Fuel flow rate and energy content of the fuel are also required measurements. Generally,
fuel energy content is supplied from a laboratory analysis.

4.2.1 Example Boiler

As an example, a boiler producing 100,000 Ib,/h of superheated steam (750°F) at 600 psig
will be considered. Figure 1 is a general representation of the primary operating conditions
associated with the boiler. This example boiler is not operating with optimum efficiency as will
be pointed out in the discussions to follow.

Steam Properties 600 psig, 750°F

Feedwater Properties / Temperature 560°F )
900 psig, 241°F > Oxygen Content 11%

Blowdown 9% of
Feedwater Flow

Steam Export 100,000 lby/h
<
| Flue Gas

Fuel and Air
Fuel Flow 19.3 gal/min
Air Temperature 70°F

v

Fig. 1. Example boiler.

The steam and water enthalpies (/igieam and Afeedwater) are provided in Table 2. The feed-
water supplied to the boiler drum exits the boiler feed pump with a pressure of 900 psig and a
temperature of 241°F. The fuel supplied to the boiler is No. 2 fuel oil with an HHV of
19,400 Btu/lby,. The HHYV is provided in Table 1. Fuel supplied to the boiler is measured at a rate
of 19.3 gal/min. Fuel mass flow rate is determined by using the fuel density found in the Table 1.
Density for No. 2 fuel oil is 7.21 by/gal. The fuel mass flow rate, rig,q), is calculated below.

g, = fuel volume flow (fuel density) = Ve Piel

(11)
titg,e = 19.3 gal/min (60 min/h) 7.21 Iby/gal = 8349 Iby/h

From this, all of the information is known to allow the efficiency to be calculated from Eq. (10)
as follows.

~ 100,000 Ib,, /h(1,378.95 Btu/Ib — 209.66 Btu/Ib,, )100
Moiter 8,349 Ib,, /h(19,400 Bt/Ib,,)

=722% . (12)

Efficiency should be monitored frequently and used as a benchmark. This classic efficiency for-
mulation is not the only accurate method available to determine boiler efficiency. In fact, many
facilities do not have the measuring components in place to allow this type of efficiency

determination. In those cases, efficiency will be determined by identifying the magnitude of the
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individual losses associated with steam generation. This efficiency evaluation is classified as an
“indirect” method. The general expression used in the indirect efficiency, Nindirect> determination
follows.

Nindirect = 100% — > )\i . (13)

losses

Boiler losses, A;, are described in the following sections but are generally classified as stack loss,
blowdown loss, shell loss, and miscellaneous losses. These losses are expressed as a percentage
of total fuel input energy. Indirect efficiency, Eq. (13), and boiler efficiency, Eq. (10), are theo-
retically identical. In practice measurement errors, minor loss omissions and unsteady conditions
result in differences in these values.

The boiler identified in the preceding example will be used as an example throughout this
guide to demonstrate the analysis procedures. A determination of the magnitude of the energy
added with the fuel is beneficial in many of the analyses to come. The energy added with the fuel
is the denominator of Eq. (10). An example calculation follows.

Energy added with the fuel = Epy = ritge) HHV .
. (14)
Ege1= 8,349 Ibyy/h (19,400 Btu/lby,) = 161,971,000 Btu/h .

Another useful entity is the amount of energy added to the steam in the boiler. This can be
calculated utilizing Eq. (15).

Egeam = tsteam (Asteam =) = 100,000 Ibg/h (1,378.95 Btw/lby, — 209.66 Btu/Ibyy)
= 116,929,000 Btu/h . (15)

A quick comparison demonstrates the ratio of Eq. (15) to Eq. (14) is the definition of boiler
efficiency [Eq. (10)].

4.2.2 Economics of Boiler Efficiency Improvement

As stated previously, changes in operating conditions are generally precipitated because of
economic factors. Therefore, to recommend boiler efficiency improvement projects an evaluation
of the economics associated with the improvement must be made. The equations provided below
demonstrate the methodology utilized to determine the savings potential associated with
increasing boiler efficiency.

In many boiler efficiency improvement analyses, the amount of steam produced by the
boiler does not change after the improvement has been completed. The major factor changed by
the efficiency improvement measure is the amount of fuel required to produce the given amount
of steam. Therefore, the energy input to the steam remains constant for the analysis. Energy input
to steam was defined by Eq. (15). Fuel energy input to the boiler is related to steam energy
through boiler efficiency.

. m h —h
Fuel input energy = Eg o = Steam( steam fW) . (16)

Nboiler
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When boiler efficiency is improved by reducing stack loss, steam energy input remains
constant, but boiler efficiency changes. The change in operating cost (savings, O) is merely the
difference in the initial operating cost and the final or adjusted operating cost.

_ . _Ey Eg
0 = Kinitial ~Kfinal =— " Kfye] " Kfye] - (17)
ni I’]f

This equation can be rearranged to provide a more appropriate form that will be used throughout
this text.

E - E
qu_;StnL?meue _%MKfuel :
(18)
E ) . . - :
g=steam g P 2 il 1D | = K (1)
n; N: Ny Ny

The ratio of efficiencies, N;/Ny, is termed “fuel reduction factor” and is designated as ¢. The
variable K ..., is the initial operating cost (associated with fuel) of the boiler.

As an example, assume that stack loss can be reduced from 25% to 20% for the example
boiler. As a result, boiler efficiency will be expected to improve from 75% to 80% (assuming
other losses are negligible and do not change). The example boiler operates with an initial fuel
cost of $10,140,000/year. If the efficiency of this boiler can be improved five percentage points,
the expected reduction in fuel consumption is calculated below.

0,
0 =$10,140,000/year (1 _T5%
80%

0

) = $10,140,000/year (1 — 0.938) = $633,750/year . (19)

4.2.3 Stack Losses

Boiler stack loss is typically the major loss component associated with the boiler operation.
Many factors are incorporated in the stack loss category, but the major contributors are the flue
gas temperature and excess air amount. Rarely do these losses combine to be less than 8% of the
total fuel energy input to the boiler, and generally they result in more than a 15% loss.

Stack loss is usually determined through a combustion analysis. The analysis can be com-
pleted in many different ways with the most common being conducted with tabular data, graphi-
cal data, or electronic data. The analysis is based on combustion principles with the main input or
measured data being flue gas exit temperature, ambient temperature, and flue gas oxygen content.
The result of this analysis is the stack loss associated with the boiler operation. This is a repre-
sentation of the amount of energy exiting the boiler with the flue gas in comparison to the total
energy entering the boiler with the fuel. Commonly, stack loss is converted into an expression of
efficiency termed “combustion efficiency,” Neombustion. Combustion efficiency is determined by
the equation that follows.

Ncombustion = 100% — Astack - (20)

This equation is very similar to the indirect efficiency expression provided as Eq. (13). In
fact, combustion efficiency represents the major components of indirect efficiency with shell
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losses, blowdown losses, and miscellaneous losses omitted. Stack loss, Agtack, is the only loss
considered in combustion efficiency and is expressed as a percentage of total fuel input energy. In
this guide, evaluation of stack loss will be completed through the use of tabular data. This may
not be the most appropriate form for many analyses, but it is the vehicle used here. Stack loss
tables can be found in Appendix B.

Because stack losses can be massive and are generally the largest loss in magnitude, they
require close management. The investigation of stack losses will be segregated into the two main
categories, temperature effect and excess air effect. These investigations follow.

4.2.3.1 Flue gas oxygen content

Steam generation efficiency centers around the energy transfer process in the boilers. The
main factors affecting the efficiency of this energy transfer process are the temperature of the
exiting flue gas and the flue gas oxygen content. These issues are related in many areas. Flue gas
oxygen content can represent a significant loss to the steam system if the content is not main-
tained within the proper limits.

In the combustion process, fuel must come in contact with oxygen to allow the release of the
chemical energy resident in the fuel. If the fuel does not react, it leaves the combustion area and
the boiler. This is a loss to the system because the fuel energy, which was purchased, was not
released. This also presents a safety and environmental hazard because combustion can result in
boiler areas not designed for combustion. Also, the partial combustion of the fuel will form
carbon monoxide, which is a toxic low-grade fuel. An additional factor accompanying reduced
oxygen content is the potential to produce smoke or opacity. This is a result of poor combustion
and is the formation of particles from partial combustion of the fuel.

These conditions must be avoided; therefore, excess oxygen is supplied to the combustion
zone to ensure that all of the fuel is combusted. However, this excess oxygen enters the boiler at
ambient temperature, 70°F for example, and exits the boiler with the flue gas at an elevated tem-
perature, 450°F for example. Therefore, the extra air brought into the boiler was heated from
ambient temperature to flue gas temperature by the fuel. Further compounding the problem is the
fact that the oxygen source is ambient air, which contains much more nitrogen than it does
oxygen. The nitrogen does nothing for the combustion process except to extract energy and
increase the loss. Management of this flue gas loss requires the excess oxygen to be maintained
within a range. The appropriate range depends on the fuel type and the method of monitoring and
control.

Table 3 provides some general information of the typical control limits for steam boilers.
The table represents the amount of oxygen (O5) in the flue gas as it exits the combustion

Table 3. Flue gas oxygen content control parameters

Automatic control flue Positioning control flue Automatic control Positioning control
Fuel gas O content gas O content excess air excess air
ue
Minimum Maximum Minimum Maximum | Minimum Maximum Minimum Maximum
(“o) (“o) (“o) (%) (“e) (%) (%) (%)
Natural gas 1.5 3.0 3.0 7.0 8.5 18.0 18.0 55.0
No. 2 fuel oil 2.0 3.0 3.0 7.0 11.0 18.0 18.0 55.0
No. 6 fuel oil 2.5 3.5 3.5 8.0 14.0 21.0 21.0 65.0
Pulverized coal 2.5 4.0 4.0 7.0 14.0 25.0 25.0 50.0
Stoker coal 3.5 5.0 5.0 8.0 20.0 32.0 32.0 65.0
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chamber. This is also expressed as excess air. Excess air is the amount of air introduced to the
combustion zone in comparison to the theoretical, stoichiometric amount, required for complete
combustion with no excess air. The excess air values in the table correspond to the flue gas
oxygen content values.

The two main designations in Table 3 are automatic control and positioning control.
Positioning control is generally accomplished as part of an overall boiler control system without
flue gas oxygen measurement. Typically, a pressure controller observing steam pressure is the
main system controller. As the steam pressure decreases, the controller will increase fuel flow to
increase boiler steam output. Combustion air flow will be increased in a preset manner in
response to the fuel flow setting. Combustion air is not adjusted based on flue gas oxygen
content. Periodically the relationship between the combustion air setting and the fuel flow is
verified and adjusted through flue gas oxygen content evaluation.

Nonautomatic control is also accomplished through monitoring of the flue gas oxygen
content and manually adjusting the quantity of combustion air. This type of operation is usually
found on boilers with constant load.

Automatic control refers to any type of boiler control that continually monitors flue gas
oxygen content and adjusts the combustion air flow to maintain required limits. Any type of
control will result in a range of flue gas oxygen content. Most boilers operate with less excess
oxygen requirement at higher loads than at lower loads primarily because of the improved mixing
and combustion parameters at higher loads.

The example boiler has a flue gas exit temperature of 560°F and a combustion air inlet tem-
perature of 70°F. This produces a net flue gas temperature of 490°F (560°F — 70°F). The flue gas
oxygen content was measured to be 11.0%. Table 4 identifies the loss associated with the energy
exiting the boiler with the flue gas, 25.18%. This table and those for other fuels are found in
Appendix B.

If this loss can be reduced, by recovering energy to the steam, the operating cost of the boiler
will decrease. The example boiler initially has no automatic combustion controls or flue gas
monitoring. Even without flue gas monitoring and control, this boiler should be capable of oper-
ating with a flue gas oxygen content ranging between 3.0% and 7.0%. If the oxygen content is
reduced to an average of 5.0% and the flue gas exhaust temperature remains constant, the

Table 4. Stack loss of No. 2 fuel oil (%)

Flue gas O, Flue gas temperature—combustion air temperature (°F)

content

%) 230 | 250 | 270 | 290 | 310 | 330 | 350 | 370 | 390 | 410 | 430 | 450 | 470 | 490 | 510
(1)

1.00 10.33/10.74{11.16{11.5812.00/12.43/12.85{13.28 13.70] 14.13] 14.56{ 14.99/15.42) 15.85/ 16.28
2.00 10.55/10.99[11.43{11.87]12.3112.75/13.20[13.64| 14.09) 14.54] 14.99[15.44,15.8916.34] 16.79
3.00 10.79/11.25[11.72/12.18]12.65/13.11{ 13.58] 14.05| 14.52] 14.99/ 15.46/ 15.94{16.41] 16.89] 17.36
4.00 11.07/11.56/12.04{12.53|13.02]13.52{14.01{ 14.50] 15.00] 15.50/ 15.99/ 16.49[17.00] 17.50] 18.00
5.00 11.38/11.89[12.41{12.93]13.45/13.97/14.49[15.01] 15.54/16.07/16.59[17.12]17.65| 18.18| 18.72
6.00 11.73]12.28/12.83{13.38]13.93/14.48/ 15.04{15.59]16.15/16.71{17.27]17.83| 18.40, 18.96| 19.53
7.00 12.13]12.72/13.30{13.89] 14.48]15.07] 15.66| 16.26| 16.85) 17.45 18.05 18.65| 19.25) 19.85| 20.45
8.00 12.60/13.22/13.85{14.48 15.11]15.75/16.38/ 17.02] 17.66| 18.30/ 18.94 19.58 20.23) 20.88| 21.52
9.00 13.14/13.81{14.49{15.1715.85/16.54/17.22/17.91] 18.60] 19.29/19.98| 20.68 21.38 22.07 22.77

10.00 13.77/14.51{15.25{15.99]16.73|17.47/18.22/ 18.96] 19.71] 20.46/ 21.22/ 21.97|22.73 24.25
11.00 14.54/15.35[16.15{16.96]17.7818.59/19.41]20.23| 21.05/21.87/22.70{ 23.52| 24.3| 25.18| 6.02
12.00 15.48/16.37]17.26/18.16]| 19.06/ 19.96(20.87|21.77|22.68 23.59 24.51{ 25.42/ 26.3 28.18
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combustion loss will reduce to 18.18%. In other words, the boiler efficiency will improve 7.0
percentage points (25.18% to 18.18%). The initial boiler efficiency was determined to be 72.2%.
After tuning the boiler, the efficiency would increase to 79.2%. This assumes that blowdown
losses, shell losses, and other miscellaneous losses remain constant (approximately 2.6% of fuel
energy input). An oxygen content of 5.0% was chosen because the boiler would be operating
within the control range of flue gas oxygen content (3.0% to 7.0%). The approximate savings is
calculated below [Eq. (8) is referenced for boiler operating cost].

p=—told = =20 —g91 Q1)

0= Kpyer (1— ) = $10,140,000/year (1 — 0.912) = $896,200/year . (22)

The savings is approximate and should be reported as approximately $900,000/year. This savings
should be attainable with relatively minor investment. The revised boiler operating cost (fuel
only) would be $9,245,000/year.

The example boiler could be equipped with an automatic oxygen trim system to further
reduce the stack loss. The oxygen trim system could control the flue gas oxygen content to 2.5%.
In this case the combustion loss would decrease to 16.6% if the flue gas temperature remains
constant. In other words, the boiler efficiency would increase to 80.8%. The potential savings is
calculated below.

0,
= M = % =0.980 . (23)
MNpew ~ 30.8%
0= Kppiter (1 — @) =$9,245,000/year (1 —0.980) = $183,000/year . (24)

This is a significant savings that will require some amount of investment in the form of com-
bustion control equipment. The economics of this project appear favorable, but further analysis
would be required to determine the total project cost associated with the installation of the com-
bustion control equipment.

Care should be given to the oxygen measurement location. This is true especially for boilers
that operate with a negative pressure in the combustion zone and downstream of the combustion
zone. Boilers operating with a negative pressure will have some air leaking into the flue gas
stream. This air has not passed through the combustion zone and as a result did not contribute to
the combustion process. This can provide a false oxygen reading that results in poor combustion
performance if the input air flow is reduced based on this erroneous measurement. Therefore, the
oxygen content should be measured as close to the combustion zone as possible. However, the
combustion zone environment is extremely harsh, and a compromise must be reached. The idea is
to install the oxygen sensor as close to the combustion zone as practical to achieve an acceptable
sensor life and accurate measurement.

In the example analysis, flue gas temperature was assumed to remain constant when excess
air was reduced. Typically, flue gas temperature will not remain constant as the amount of excess
air is adjusted. In general, flue gas temperature will decrease as excess air is decreased. However,
this is not universal and should be investigated on a case-by-case basis.

4.2.3.1.1 Flue gas combustibles

A secondary measurement, which is extremely helpful in determining combustion perform-
ance, is a measurement of the concentration of combustible material remaining in the flue gas
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after the combustion zone. Poor or incomplete combustion can result even if the appropriate
amount of oxygen is introduced to the combustion chamber. Three main factors affect combus-
tion: (1) reaction time, (2) reaction temperature, and (3) reactants mixture.

For the combustion reaction to proceed to completion, fuel and oxygen must have enough
time, they must be at the proper temperature, and they must be appropriately mixed. If any com-
ponent is missing, the reaction will not proceed to completion. Babcock and Wilcox describes this
as “the three T’s of combustion; Time, Temperature, and Turbulence.”* The main chemical com-
ponent arising from incomplete combustion is carbon monoxide. Periodic carbon monoxide (or
combustibles) measurement can provide insight into the performance of the combustion zone.

A generally accepted limit is to have no more than 200 parts per million (ppm) combustibles
in the flue gas. However, this limit is general, and each boiler should be investigated to determine
the base combustibles level. After the base level has been established, periodic monitoring will
allow changes in combustibles concentration to be observed as a problem in the combustion
process. As an example, a natural-gas-fired boiler may have 15 ppm combustibles in the flue gas
under normal operating conditions. An indication of a combustion problem would be if the com-
bustibles concentration increased to 50 ppm (well below the generally accepted limit).

4.2.3.1.2 Flammability limits

Not only must fuel and air be in the appropriate concentrations to obtain efficient combus-
tion, but they must be within proper limits to establish a flame at all. For example, methane
(natural gas essentially) must be mixed with at least 85% air (by volume) and no more than 95%
air to burn.5 This indicates that the air fuel mixture will not burn if there is more than 100%
excess air (10% oxygen in the combustion products). However, many boilers are found operating
with more excess air than this. The explanation is that the full amount of extra air is not passing
through the flame zone. Air is either entering as “tramp air” through a shell leak, or it is entering
through the combustion air system but is not affecting the flame zone. Even though this air is not
passing through the flame zone, it is still affecting the boiler efficiency by absorbing energy from
the fuel.

The point of this discussion arises from the method of attack to reduce stack loss. Typically
excess air loss is reduced by more precise control of the combustion air entering the flame zone.
However, if a significant portion of the air passing through the boiler does not pass through the
flame zone, then reducing flue gas oxygen content may result in a substoichiometric condition
(oxygen starved) in the flame zone. This can result in an explosion and other detriments of an
economic nature. When correcting boilers with gross errors in flue gas oxygen content, care must
be exercised to ensure that combustion is not compromised. In fact, care must be exercised for all
boilers. This is accomplished by periodically measuring flue gas combustibles concentrations.

4.2.3.2 Flue gas temperature

An obvious loss associated with boiler operation occurs when the exhaust flue gas exits the
boiler with an elevated temperature. A diagnostic measurement essential to boiler efficiency
evaluation is the exhaust flue gas temperature. This measurement should be recorded at least
daily and should be recorded with respect to boiler steam load and ambient conditions. Further-
more, the location of the sensing point is critical. The sensing location should be as close to the
flue gas exit of the last point of heat exchange for the flue gas. In other words, if the boiler is
equipped with a feedwater economizer, the temperature sensor should be located at the flue gas
exit from the economizer. The idea is to obtain the true energy content of the flue gas stream in
relation to the energy exchange processes within the boiler. An annual comparison should be
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made between the current boiler flue gas temperature and previous temperatures with the boiler
operating under similar conditions of steam loading and ambient conditions.
Flue gas exit temperature is affected by many factors, such as

e boiler load,

*  Dboiler design,

* combustion-side heat transfer surface fouling,

» water-side heat transfer surface fouling,

» flue gas bypassing heat transfer surfaces because of failed boiler components, and
* excess air (possibly).

The next subsections of this text describe the usual ways in which these common factors affect
flue gas temperature and how they can be managed.

4.2.3.2.1 Boiler load

Flue gas exit temperature is affected by boiler load (steam production); as boiler load
increases, flue gas exit temperature generally increases. This is primarily because the amount of
heat transfer surface within the boiler is fixed, which allows less heat transfer per unit mass of
combustion products as the load increases.

Elevated flue gas temperature is indicative of elevated loss; therefore, it would appear that
the boiler should be operated at low load to reduce stack losses. However, as boiler load is
diminished, flue gas oxygen content must increase to maintain proper combustion. This serves to
increase stack loss because of elevated excess air flow. Furthermore, shell losses increase in frac-
tion of total loss for the boiler. Shell losses do not increase in magnitude as boiler load increases,
but shell loss increases in percentage of total fuel energy input. (A later section of this text will
describe shell losses.) As a result, most typical boilers will not experience significant improve-
ment in efficiency as steam load is reduced.

Many boilers will experience a nonproportional greater increase in flue gas temperature rise
when the boiler is operated at a load greater than 100% of design. This can result in significant
losses and is the main component leading to efficiency reduction for boilers operating at greater
than 100% of full load.

In summary, boiler load generally will affect flue gas exhaust temperature. This effect is
essentially a design characteristic of the boiler with very little management capability for a given
boiler. The main point is to recognize flue gas temperature does change with respect to boiler
load and to account for this change when evaluating performance degradation. Therefore, flue gas
temperature should be recorded with respect to boiler load as well as ambient temperature to
allow an appropriate comparison of boiler operation.

4.2.3.2.2 Boiler design

The design of a boiler is key to overall steam generation efficiency. Heat transfer area and
other design considerations are important factors in determining the amount of energy transferred
from the flue gas. Obviously additional heat transfer area will in general equip a boiler to operate
more efficiently (reduce flue gas exhaust temperature). The amount of heat transfer area is a
design factor that carries economic consequences. Additional heat transfer surface requires
additional expense.

From a management standpoint little can be done operationally to reduce the design compo-
nent of stack loss once the boiler has been installed. Generally, improvements in this area take the
form of installing additional heat recovery equipment. The most common forms of heat recovery
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equipment are (1) feedwater economizer and (2) combustion air preheater. Both of these compo-
nents are heat exchangers that extract energy from the flue gas. A feedwater economizer
exchanges heat between the flue gas and feedwater prior to entering the boiler. A combustion air
preheater exchanges heat between the flue gas and the combustion air entering the boiler.

Practical limits exist that dictate the maximum amount of energy that can practically be
extracted from the flue gas. These limits arise from corrosion issues and result in a minimum
(practical) flue gas temperature. This minimum flue gas temperature is significantly influenced by
the corrosiveness of the flue gas. Sulfur content of the fuel is directly responsible for this limit if
the fuel contains sulfur. Sulfur itself is a fuel, which reacts with oxygen to form sulfur oxide (SO,
or SO3). These chemicals react with water (H,O) to form sulfuric acid (H,SO4), which is corro-
sive to many boiler components. Problems occur with this chemical when it condenses.
Therefore, the flue gas must be maintained at a temperature greater than the dewpoint of sulfuric
acid in the flue gas. Experience indicates that the corrosion rate can be reduced to safe limits if
the temperature of the heat transfer surface is maintained above certain minimum values. These
values correspond to the feedwater inlet temperature for economizers. Figure 2 is a
representation of the minimum metal temperatures for economizers.

If the fuel does not contain sulfur, the dewpoint of water vapor will be the temperature limit.
This results because a carbonic acid corrosion potential exists although there is no sulfuric acid
corrosion potential. Carbonic acid (H,CO3) forms from a reaction between water and carbon
dioxide (CO»).

Metallurgical technology exists that allows the flue gas to be cooled below the dew point of
these chemicals and thus minimize corrosion. This technology is not considered in this analysis
but should be investigated with equipment specialists.
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Fig. 2. Design minimum metal temperatures.
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4.2.3.2.3 Heat transfer surface fouling

A boiler is a large heat exchanger with a tremendous amount of heat transfer surface area. If
the heat transfer surface becomes fouled, heat transfer will be reduced, and efficiency will suffer.
Fouling can occur on the water-steam side of the boiler as well as on the combustion-flue-gas side
of the boiler. The fouling mechanisms and management techniques vary for the deposit type.

Waterside fouling most commonly results from dissolved chemicals in the feedwater, which
precipitate on boiler heat transfer surfaces. These “dissolved solids” are much more soluble in
liquid water than in steam. Therefore, these chemicals enter the boiler with the feedwater, but
they essentially do not leave the boiler with the steam; as a result they concentrate in the boiler
water. If not removed with blowdown, these chemicals concentrate until the saturation limit is
reached at which point precipitation occurs. The most detrimental form of precipitation with
regard to heat transfer is a precipitant forming a layer of scale, which insulates the heat transfer
surface.

Waterside fouling is addressed best by prevention. This is accomplished through makeup
water treatment, condensate conditioning, chemical addition, and blowdown. Waterside fouling is
generally a thin scale deposited at the boiler tube surface. Once the layer of scale has formed, two
primary methods of removal are used: mechanical cleaning and chemical cleaning. Mechanical
cleaning can involve water jet cleaning, which uses high-pressure water jets to scrub and dislodge
the scale deposit. Brushes and other scrubbing devices are also used in this service. Chemical or
acid cleaning acts to dissolve the deposit. All of these methods are obviously conducted while the
boiler is out of service and should be completed by trained, experienced personnel.

Waterside fouling can contribute to tube failures. Many of the deposits are accelerated by
increased heat flux; therefore, the “hottest” section of tubes can tend to scale more rapidly. As the
scale layer forms, the tube is insulated at the inside tube surface, which allows the external sur-
face to increase in temperature. The tube strength decreases as the temperature increases, and tube
failures can result. Under-deposit corrosion can also occur resulting in tube failures.

Fireside fouling is generally most prevalent in solid fuel boilers when compared to fuel-oil
and natural-gas-fired boilers. Solid fuels contain some amount of ash that generally remains in
solid form throughout the combustion and heat transfer processes. Ash will form into fine parti-
cles that can be carried with the flue gas. As the ash-laden flue gas contacts boiler heat transfer
surfaces, the ash can attach to the heat transfer surfaces. Similar to waterside scale deposits, fire-
side ash deposits insulate the heat transfer surfaces and result in reduced boiler efficiency in the
form of increased flue gas temperature. Natural gas and light fuel oils carry essentially no ash
load. Generally, No. 6 fuel oil (heavy fuel oil) has some component of ash, which provides a
fouling potential. Fireside fouling can also promote corrosion and result in tube failures.

Fireside fouling is reduced by periodic off-line and on-line cleaning. Sootblowing is gener-
ally an effective method used to clean the combustion side of boilers that burn fuels with an ash
component. Sootblowing is the use of a high-pressure steam jet sprayed onto the surface of the
boiler tubes to dislodge the accumulated deposits. This can be a very effective cleaning method,
which is conducted while the boiler is in service. Compressed air is used on some boilers as the
blowing medium. The flue gas exit temperature should be monitored before and after the soot-
blowing operation to indicate performance. Sootblowing is also conducted with acoustic horns,
which vibrate the deposit from the tube surfaces.

The sootblowers in the boiler are critical factors in maintaining the cleanliness of the boiler
tubes. Sootblowers can be located throughout the boiler at any location prone to fouling. A
method that can be employed to verify the effectiveness of the sootblowing operation is to
monitor flue gas temperatures exiting the sootblower sections before and after the sootblowing
event. The main factor indicating the effectiveness of the operation is the change in flue gas
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temperature. If the sootblowing operation is necessary (i.e., the tubes are fouled), then the flue gas
temperature should reduce after the sootblowing operation. Thermometers should be calibrated to
ensure proper monitoring.

4.2.3.2.4 Failed internal component

Boilers are designed with specific paths for the combustion gases to pass through. These
paths are provided by internal baffles, which can fail. If a component fails, a significant loss can
result. Figure 3 provides a depiction of how a failed internal baffle can result in a boiler loss. A
failed internal component should obviously be repaired; however, the magnitude of the economic
loss will dictate whether the boiler should be taken off-line immediately or repaired during a
scheduled outage.

S|l Y

Desired Flue Gas Path Failed Component Flue Gas Path

Fig. 3. Flue gas path.

4.2.3.2.5 Efficiency improvement example

The example boiler initially operates with a flue gas exhaust temperature of 560°F (490°F
net stack temperature) and is currently operating at 80% of the design steam load. One year ago
under similar loading and ambient conditions, the boiler operated with an exhaust temperature of
460°F (390°F net temperature). The boiler is now operating with a flue gas oxygen content of
5.0%. The current boiler efficiency was determined in a previous section to be 79.2% with a
combustion loss of 18.18%. The combustion loss for the operation 1 year before is given in
Table 4, which also can be found in Appendix B. The previous combustion loss was 15.54%.
During 1 year, the boiler efficiency has deteriorated from 81.9% to 79.2%. The approximate
economic savings to be obtained by returning the efficiency to the previous level is provided
below.

0
CP:M _792% =0.967 . (25)
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0= Kyoiter (1 — @) = $9,245,000/year (1 —0.967) = $305,000/year . (26)

This is a significant potential savings to be obtained if the problem can be identified and rectified.
The boiler operating cost, $9,245,000/year, was determined from the savings calculated in
Eq. (22).

Even if the flue gas temperature is reduced to the previous level (460°F), additional effi-
ciency improvement can be implemented through the installation of flue gas heat recovery. The
type of fuel is a major consideration in the selection of flue gas heat recovery equipment. The
significant factors affecting the design of the heat recovery equipment are corrosiveness of the
fuel and ash content of the fuel. The selection and design of a feedwater economizer or combus-
tion air preheater should be completed by a competent professional. The initial evaluation of the
potential savings opportunity can be conducted by an approximate analysis. For the example
being used for this guide, No. 2 fuel oil will typically contain negligible amounts of sulfur and
ash. This will allow a feedwater preheater to be designed to operate with a flue gas outlet tem-
perature less than 300°F. If the flue gas temperature is reduced to 300°F, by recovering energy to
the boiler feedwater, the combustion loss will reduce to 11.38% (assuming flue gas oxygen
content remains 5%). Boiler efficiency will improve to approximately 86.0%. The approximate
additional savings is calculated below.

— Nold — 81.9%

=0.952 . 27)
Muew  86.0%

¢

0= Kyoiter (1 — @) = $8,940,000/year (1 —0.952) = $426,000/year . (28)

This too appears to provide a project with good economic potential. However, significant cost and
downtime are required to install the economizer. Therefore, detailed evaluation is required to
completely evaluate the project’s potential. The boiler operating cost—$8,940,000/year—was
determined from the savings calculated in Eq. (26).

4.2.4 Blowdown Loss

Boiler blowdown is essential for continued operation of any steam boiler. Reducing the loss
associated with boiler blowdown is achieved through two avenues. First, blowdown rates are
reduced through improved feedwater quality with the main focus on make-up water treatment and
recycled condensate quality. Along with this is proper chemical treatment in the boiler. The
second avenue centers on recovering the resident energy in the blowdown.

Boiler blowdown amount is typically controlled through the use of chemical analysis of the
boiler water. Probably the most common control mechanism utilizes the measurement of boiler
water conductivity, which is a gross indication of boiler water chemical concentrations. This
measurement is repeatable and reliable, which makes it an excellent control measurement. Often
a conductivity value is maintained in the boiler water by continuously modulating the amount of
blowdown water removed form the boiler. Conductivity measurements should be supported by
periodic boiler water chemical analysis.

Boiler water conductivity control is excellent to control blowdown rate; however, the actual
flow of blowdown water is not known from the control scheme. To determine the magnitude of
the loss associated with blowdown, the mass flow rate of blowdown must be known. Blowdown
flow is typically not measured directly because of flowmeter difficulties. However, accurate
estimates of blowdown amount can be obtained through chemical analysis of chloride, silica, or
other chemical components when continuous blowdown is employed. Water treatment personnel
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can generally provide the chemical analysis required to determine blowdown. Blowdown is
typically expressed as a percentage of total feedwater flow.

Care must be given to evaluation of boilers using only intermittent blowdown. Intermittent
blowdown can be very effective (and preferred) for the control and management of boiler water
chemistry of relatively small-capacity, low-pressure boilers. Intermittent blowdown is accom-
plished one to three times each day and consists of releasing boiler water for only several
seconds. This type of blowdown control allows the chemical constituents in the boiler water to
concentrate until the blowdown event occurs. The blowdown event significantly reduces the
chemical concentrations in the boiler water and allows continued operation. This control method
will release more blowdown water than continuous control; therefore, in larger capacity boilers,
continuous blowdown will generally be more economically attractive.

Blowdown amounts are generally less than 10% of total feedwater flow. However, 5%
would be extraordinarily high for a system with high-quality water treatment systems. The correct
blowdown amount for a given boiler is a function of steam pressure, feedwater purity, and
chemical treatment program. The main factors to be controlled by blowdown are the chemical
concentrations in the boiler. Typical chemical concentration limits for boiler water are provided
in Table 5.6

Table 5. Boiler water chemical limits

Boiler pressure (psig)

Parameters 150 300 600 900 1,200 1,500
Chemical concentration (mg/L)

TDS (maximum) 4,000 3,500 3,000 2,000 500 300
Phosphate (as POy) 30-60 30-60 20-40 15-20 10-15 5-10
Hydroxide (as CaCO3) 300400 250-300 150-200 120-150 100-120  80-100
Sulfite 30-60 30-40 20-30 15-20 10-15 5-10
Silica (as SiOj) 100 50 30 10 5 3
Total iron (as Fe) 10 5 3 2 2 1
Organics 70-100 70-100 70-100 50-70 50-70 50-70

Each facility should work with the site water treatment expert to develop the most appropri-
ate water treatment plan for the site. Poor water treatment can result in very damaging problems
such as, scale formation, foaming, oxygen pitting, acidic condensate, and energy waste.

If the blowdown amount is known, the loss associated with blowdown can be estimated. The
blowdown loss equation follows.

Energy in the blowdown stream
Total energy added to the boiler with fuel

A blowdown —

(29)
_ Mplowdown (hblowdown - hmakeup)
Ablowdown = titg,o HHV
e

(100)

Equation (29) will provide the loss associated with boiler blowdown as a percent of total energy
input with the fuel.

For the example boiler, the blowdown was determined by boiler water analysis to be 9% of
feedwater flow. Feedwater flow was measured to be 109,890 Ib,,/h; 9% of the feedwater flow is
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9,890 Ib,y/h. Blowdown and makeup water properties are found in Table 2. The calculation
follows with the total energy added to the boiler with fuel provided by Eq. (14).

9,980 Ib,, /h(474.64 Btu/Ib,, —28.07 Btu/Ib,,)
blowdown 161,971,000 Btu/h

A (100)

(30)
4,456,768 Btu/h

)\blowdown - (100) =2.8% .
161,971,000 Btu/h

Another way of communicating the same information is that more than 4.4 x 106 Btu/h [the
numerator of Eq. (30)] of input fuel energy is being lost as blowdown. The fuel cost determined
previously was $7.15/10° Btu. The calculation below identifies the approximate economic loss
associated with boiler blowdown for the example boiler.

A — Efuel)\blowdownK fuel 7
blowdown 100
0 6
Ablowdown = 161,971,000 Btw/h (21(? 0/" ) $7.15/106 Btu (8,760 h/year) % (31)

Nblowdown = $284,000/year .

For the example boiler, 9% blowdown would be considered elevated even with a modest
water treatment system. If the blowdown could be reduced to 5%, the savings would be
approximately $120,000/year. This savings estimate was determined by repeating the above
calculations for a blowdown of 5%. The difference in blowdown loss (Aplowdown) 1S the
approximate savings opportunity.

The next area of discussion centers on recovery of the energy resident in blowdown. Blow-
down is necessary for the continued operation of any typical steam boiler; therefore, it is benefi-
cial to understand the mechanisms available to recover a portion of the energy in the blowdown.
Two primary methods will be discussed here.

First, flash steam recovery is a potential efficiency improvement opportunity. As the blow-
down exits the steam drum and decreases in pressure, a portion of the liquid blowdown flashes to
steam. This steam is free from the impurities resident in the blowdown and can be used. The
amount of flash steam increases as the pressure difference between the boiler pressure and the
flash pressure increase. Generally, the blowdown stream is reduced in pressure and passed
through a pressure vessel (flash tank). The flash tank serves as a separator to allow the remaining
liquid blowdown to separate from the flash steam. The flash steam is piped into the low-pressure
steam system or many times into the deaerator.

Second, a heat exchanger can be employed to transfer the energy in the blowdown to
makeup water. Caution should be exercised in the choice of heat exchanger because the blow-
down stream has a significant fouling potential. The heat exchanger must be capable of being
cleaned.

The flash tank and heat exchanger can be used in combination to provide low-pressure steam
and preheat makeup water. In the combined arrangement, blowdown water exiting the flash tank
is passed through the heat exchanger. A steam system specialist should be contacted to analyze
the opportunity associated with these projects. It is often difficult to implement this type of
energy recovery system in systems employing intermittent blowdown.
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4.2.5 Shell Loss

Shell losses are categorized as the heat transfer (radiation and convection) losses from the
boiler’s external surface. A determination of expected radiation and convection losses can be
obtained from the American Boiler Manufacturers Association (ABMA).” This association has
provided data for the typical shell losses associated with water tube boilers. A gross representa-
tion of the ABMA expected shell loss graph for water tube boilers is provided in Fig. 4.

This general information indicates that most water tube boilers should have less than a 1.0%
shell loss as related to total fuel input if the boiler is operating close to full load. This is the
expected loss if there are no problems with the refractory or boiler cladding. The magnitude
(Btu/h) of the shell loss does not change appreciably with respect to boiler load. As a result, if the
loss is considered as a percentage of fuel input energy, the loss percentage increases as boiler load
decreases.

Fire tube boilers typically have shell loss percentages much less than comparable capacity
water tube boilers. In general this is because the external shell of a fire tube boiler is usually in
thermal contact with boiling water (at relatively low temperature) rather than combustion gases at
elevated temperatures. Therefore, the shell loss associated with a fire tube boiler is expected to be
less than a typical water tube boiler of the same steam production capacity.

A general boiler shell analysis should be conducted to determine if there are areas where the
refractory or insulation is in poor condition. This analysis can be completed with sophisticated
thermal scanning equipment, infrared thermometers, or an excellent initial investigation can be
completed by a visual and “gross thermal” inspection of the boiler surface. During this inspection,
the main targets are “hot spots;” these areas usually indicate a problem associated with the
internal refractory. The example boiler would be expected to experience a shell loss of
approximately 0.8% of total fuel input energy. This was determined from Fig. 4.
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Fig. 4. ABMA typical shell loss.

4.2.6 Unburned Fuel Loss

Coal and other solid fuel combustion presents many challenges to the operation and mainte-
nance of a boiler. Unburned fuel or the combustibles content of the ash is a loss that is generally
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negligible for other fuel types but it can be significant in coal-fired boilers. This discussion
is not concerned with the partial combustion of fuel forming carbon monoxide in the flue gas but
the amount of fuel remaining in ash unburned.

Ash content of coal varies widely from less than 5% to more than 20% of the total mass of
the fuel. If a sample of ash is analyzed after the fuel has been burned, the amount of carbon can
be measured in a laboratory. Once the amount of carbon in the ash is known, the loss to the
system can be calculated. The equation to accomplish this is provided below.

)\unburned fuel = )\uf = Qs mfuel HHV arbon T Kfuel - (32)

The factor @,ris the fraction of fuel that is unburned as determined by the laboratory analy-
sis. To complete the analysis, the amount of ash in the fuel must be known. This is supplied from
a laboratory analysis as well. The equation for @, is provided below.

Py = (—mash J : (33)

Magh \ Mfyel

where my/magh is the fraction of unburned carbon in the ash sample, and m,q/mye) 1s the frac-
tion of ash in the original fuel sample.

The higher heating value of carbon, HHV carpon, 1s used in Eq. (32) because most of the other
fuel species are more volatile than carbon, and essentially carbon will be the only fuel species
remaining in the ash. The higher heating value for carbon is 14,100 Btu/lby,.

Generally, unburned carbon losses are expected to be less than 0.5% of the total fuel input
energy. An expected unburned carbon content would be less than 5% unburned carbon in the ash.
Unburned carbon is a function of many factors with the major factors being related to combustion
and fuel conditioning.

4.2.7 Boiler Efficiency Summary

Boiler efficiency can be determined by many different methods. The two most common effi-
ciency determinations used as benchmarks in industrial settings are boiler first law efficiency
[direct efficiency, Eq. (10)] and indirect efficiency [Eq. (13)]. In theory both methods are evalu-
ating the same performance characteristics of a boiler; the effectiveness of converting fuel energy
into steam energy.

The example boiler was found to have a direct efficiency of 72.2% [Eq. (12)]. The indirect
efficiency evaluation identified the primary losses associated with the boiler operation as stack
losses, blowdown losses, and shell losses. Stack losses were determined to be 25.2% (Table 4).
Blowdown losses were calculated to be 2.8% [Eq. (30)], and shell losses were provided from the
ASME shell loss graph as 0.8% (Fig. 4). As a result, the indirect efficiency evaluation reveals an
efficiency of 71.3%. This is very close agreement between methods.

4.3 BOILER LOADING

Boiler efficiency is not constant throughout the operating range of a typical boiler. Gener-
ally, boiler efficiency decreases significantly when the boiler is operating at less than 50% of its
design load because of many factors; the main factors are increased excess air requirements to
maintain complete combustion and constant magnitude shell losses. The upper end of the
operating range generally presents a decrease in efficiency also because of increased flue gas exit
temperature. Systems with multiple boilers should incorporate system controls designed to
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operate the combined system at the maximum overall efficiency. Excess boiler capacity on-line
can result in boilers operating at reduced efficiency. In contrast, insufficient boiler capacity on-
line can significantly diminish reliability.

Many boilers are operated in an “on-off” or “load-unload” mode. This type of operation
should be investigated from the standpoint of parasitic losses. Each time the boiler loads, the
combustion control system purges the boiler with ambient air to remove any residual combusti-
bles. This is required from a safety and operational standpoint. However, the purge air is absorb-
ing energy from the water inside the boiler; therefore, it presents a loss to the boiler. A secondary
loss occurs while the boiler is off-line. Any air allowed to draft through the boiler will absorb
energy from the hot water. In general, a natural draft will result for most boilers. These parasitic
losses should be considered in a detailed system analysis. The possibility of allowing boilers to
operate in a modulation-off control mode may provide overall efficiency improvement.

4.4 BOILER FUEL FLOW ESTIMATE

If individual fuel flow monitoring equipment is not resident on boilers, an estimate of boiler
fuel flow can be developed by determining boiler efficiency by the indirect efficiency method,
Eq. (13). This method assumes boiler efficiency is 100% minus the sum of the losses. The pri-
mary losses have been previously identified as shell losses, blowdown losses and stack losses.

Nindirect = 100% — Aghell — Ablowdown — Astack - (34)

Other miscellaneous losses exist, but these are generally the main losses. In fact, the major loss
associated with the boiler operation is typically stack loss. Therefore, indirect efficiency can be
estimated from flue gas temperature and oxygen content. After an estimate of boiler efficiency
has been obtained, the definition of boiler efficiency can be used along with steam production to
estimate fuel flow. The equation follows.

mfuel - msteam (hsteam ;Ihées/dwater) ' (35)

Nestimate

Care should be given to account for efficiency expressed in fractional form for this equation and
not a percentage. The estimate can be refined by determining estimates for radiation and convec-
tion loss as well as blowdown loss. These losses can be incorporated in the efficiency estimate.
Radiation and convection losses can be estimated from ABMA information. Blowdown losses
can be determined from the blowdown percentage and a modification of the blowdown loss
equation, which was expressed as Eq. (29). The modified equation follows.

_ Mplowdown (hblowdown - hmakeup )r]estimate
Ablowdown =

(36)

mstearn (hsteam - hfeedwater )
The efficiency estimate in the equation can be taken as indirect efficiency, considering only stack

losses and radiation and convection losses. This calculation procedure can be very helpful in
system evaluations.
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4.5 CALL TO ACTION—BOILER EFFICIENCY

Determine boiler efficiency (%).

Investigate boiler shell for hot spots.

Determine boiler blowdown rate (% of feedwater flow, 1by,/h).

Investigate feedwater quality improvement opportunities.

Investigate blowdown heat recovery opportunities.

Monitor flue gas oxygen content (%).

Monitor flue gas exhaust temperature with respect to boiler load, ambient temperature, and
flue gas oxygen content (°F).

Monitor flue gas combustibles (ppm).

9. Evaluate unburned carbon loss (%).

NN hAEWD =

*x
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5. EFFECTIVENESS OF RESOURCE UTILIZATION
5.1 OVERVIEW AND GENERAL PRINCIPLES

Analysis of the effectiveness of resource utilization focuses on determining if the energy
resources associated with the steam system are being used most appropriately. Primary energy
resources are, of course, steam and fuel. However, in many instances electricity and shaft power
are primary components of the overall energy system. These energy resources can be significant
aspects contributing to the overall economics, reliability, and efficiency of the site.

The main focus areas in this section of the survey guide follow:

—

Fuel selection
2. Steam system balancing
* Vent steam
*  Combined heat and power
0 Backpressure turbine activities
0 Condensing turbine operations
3. Process integration (thermal energy recovery)

5.2 FUEL SELECTION

Boiler operating costs are directly influenced by fuel price. Fuel pricing can be time-
dependent with many fuels changing significantly in price during the course of a year. Also,
“firm” and “interruptible” pricing can provide significant price differences. Firm pricing would
be for a guaranteed fuel supply, while interruptible pricing is usually a much lower price for cus-
tomers who are willing to accept periodic interruptions in the fuel supply. Facilities purchasing
fuel on an interruptible basis typically operate with a dual fuel capability. The primary fuel
supplied to the boiler is the interruptible fuel, and a secondary moderately priced fuel is generally
stored on site or supplied from a firm contract. There are no clear guidelines to follow in
purchasing fuels; however, if the opportunity presents itself, many boilers can be equipped with
dual fuel or multifuel capability relatively easily.

Operating a boiler with No. 2 fuel oil rather than natural gas will have little effect on the
operating conditions of the boiler. The boiler should be capable of operating within the same flue
gas oxygen content and essentially the same flue gas exit temperature irrespective of these fuels.
The efficiency of the boiler will change because of the composition of the fuel; in other words,
the stack loss will change.

However, changing from natural gas to No. 6 fuel oil will significantly impact the operation
of the boiler as well as fuel storage and handling. These issues must be considered when investi-
gating multifuel operation. Coal and wood combustion increase the fuel storage and handling
issues tremendously. Fuels containing ash will significantly impact the operation of the boiler and
the potential for fireside fouling. Furthermore, ash handling and abatement must be considered.

Environmental issues are of prime concern when considering multiple fuel supplies. The
primary components of concern focus on opacity (visual or particulate emissions), sulfur oxides,
and nitrous oxides. However, environmental issues concerning fuel storage and ash handling and
removal can prove to be monumental as well. Supply or transportation of the fuel to the site can
also be a critical concern.
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5.2.1 Fuel Switch Example

The example boiler in this text is assumed to now be operating with a boiler efficiency of
79.8% and is burning No. 2 fuel oil. This boiler efficiency was determined in Sect. 4.2.3.1 and is
in reference to a stack loss of 18.2%. The cost of No. 2 fuel oil is $7.15/10¢ Btu as determined by
Eq. (3) ($1.00/gal). As an example, suppose the facility could purchase natural gas during specific
periods of the year for $5.00/10° Btu. The potential savings would be developed from an analysis
comparing fuel cost and boiler efficiency. Boiler efficiency is included because if the fuel
changes the efficiency of the combustion process will change. In general, blowdown losses, shell
losses, and other miscellaneous losses will be unaffected by this change in fuel.

Stack loss will be affected by fuel switching, even if flue gas temperature and flue gas
oxygen content remain constant. Interestingly the fuels generally considered “the best” result in
the lowest combustion efficiencies. In other words, natural gas and light fuel oils will have
greater stack loss than heavy fuel oils and coal for similar flue gas exit temperatures and excess
air amount. This results in large part from the amount of hydrogen in the fuel. Hydrogen reacts in
the combustion process to form water (H>O). This water is a major constituent of the exiting flue
gas. Water is an excellent conveyor of energy, this is a reason steam is the predominant medium
used in industry for energy transfer. The water formed in the combustion process conveys a sig-
nificant amount of energy from the boiler as the flue gas exits the boiler. Therefore, in general as
the hydrogen content of a fuel increases, the stack loss associated with the fuel will increase.

The savings associated with switching fuel type is determined by the calculation below. This
calculation begins with Eq. (17) and incorporates the change in fuel price. Note that the energy
added to the steam remains constant.

Savings from fuel switching = 0 = Initial operating cost — Final operating cost

. . _E E : K K
0=K -K; = srt]eam Kfuel 1 ~ s:]eam Kfuel 2 = Esteam ( f:]el L - f;l]el 2 ] . (37)
1 2 1 2

In this example calculation the energy added to the steam has been provided in Eq. (15). Stack
losses can be determined through the use of the natural gas stack loss table contained in
Appendix B. Stack loss for this example is 22.65%, providing a boiler efficiency of 75.3% when
blowdown and shell losses are considered (2%). The savings calculation of Eq. (37) is provided
below.

$7.15/10° Bt _ $5.00/10° Btu
0.798 0.753

0=116,929,000 Btu/h ( J =$271/h . (38)

In other words, every hour of fuel switching has the potential of saving $271, or 100 h of
fuel switching results in $27,100 of savings. The opportunities can be significant.

5.3 SYSTEM BALANCING

Balancing or matching the steam flows through the system with the thermal energy demands
of the processes can present challenging problems. The challenges arise when system managers
strive to maximize the use of energy resources. This text will focus on a few common areas of
interest; however, effective management of energy resources can and does take many forms.
Areas of primary concern in most steam systems center on capturing the maximum amount of
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thermal energy resources. This typically involves activities such as elimination of vent steam and
effective use of energy resources.

Elimination of vent steam is a relatively simple target. Vented or discharged steam is an
easily identified loss, which results in a marked target. That is not to say elimination of vent
steam is necessarily easy, but the target is readily identifiable. Effective use of energy resources
can be more elusive because the losses may not be as blatant as a steam plume rising from a
facility. Generally effective resource utilization involves activities incorporating steam turbine
drives or other energy conversion devices to capture resources effectively. The following sections
will provide some general discussions in these areas.

5.3.1 Vent Steam

Any steam discharged from the system through nonuseful means is an obvious loss from the
system. Some steam discharges are necessary; deaerator vents are a principal example. Steam
must be discharged from the deaerator to allow oxygen and carbon dioxide to exit the system.
Although the discharge is necessary, it represents a loss from the system. A common mechanism
resulting in vent steam is an overpressurized steam system. This may occur as a result of steam
turbine drives discharging more steam to a low-pressure header than the low-pressure steam users
are demanding, or a control system may not be allowing effective system control. In this
situation, the excess steam is simply vented to maintain an acceptable pressure in an individual
steam header.

The loss associated with vent steam is obvious. Fuel was purchased to generate steam, and
the steam was not utilized or was only partially utilized and was then lost to the environment.
This loss results from the steam system being “out of balance.” The approximate loss associated
with vent steam can be calculated if the flow rate is known. The following equation provides the
approximate loss.

_ Myent (hvent - hmakeup )K fuel T
vent . 39)
Nboiler

A

As an example, 1000 1b,,/h of steam is being vented from a 25-psig header. The boiler effi-
ciency has been determined to be 80%. The vent steam occurs continuously, 8760 h each year.
The loss is calculated below for a fuel cost of $7.15/10¢ Btu. The steam is assumed to be satu-
rated and the makeup water supply is 70°F.

_1,0001b,, /h(1,169.58 Btu/Ib,, — 28.07 Btu/Ib,,) $7.15/10° Btu(8,760h /year)
vent —
0.80

= $89,372/year . (40)

This is only an approximation of the loss because the details of the steam system operation have
not been considered. If the vent steam passes through a steam turbine prior to exiting the system,
then some resource capture has taken place. Other factors also influence the analysis; however,
this calculation demonstrates that vent steam is a significant loss from the system and should be
eliminated or the energy recovered. Note that a 1-in.-diam orifice will pass 1000 1b,,/h of 25-psig
steam.

The primary goal when investigating vent steam is to eliminate it; if the vent is necessary
(deaerator vent), then recovery should be investigated. This can be a difficult task due to the
reasons for the vent occurrence. Often excessive steam turbine discharge is the reason for the
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venting. This problem may be difficult to remedy in a cost-effective manner because it may
involve replacing steam-turbine-driven equipment with electric-motor-driven equipment. In other
words, turbines should be taken out of service to eliminate the excess low-pressure steam.
Generally, to accomplish this, motor-driven equipment must be placed into service to drive the
components previously driven by turbines. If the motor-driven components are resident in the
system, the solution is relatively simple. However, if these drives are not resident in the system,
significant cost can be incurred for a new installation.

Piping distribution problems are another common cause for vent steam. Low-pressure steam
can be required for process service in one location of the facility, while steam turbines are dis-
charging low-pressure steam at a separate location in the facility. These two areas can be con-
nected with piping of insufficient size to transfer the steam between the areas. Therefore, the local
header at the turbine discharge might be overpressurized and venting, while the process demand
at the other end of the distribution system has an insufficient supply of steam. The steam supply
header might need to be revised to allow the effective transfer of the steam.

5.3.2 Combined Heat and Power

Most industrial facilities require both thermal energy and electrical energy for general
operations. Many of these facilities can combine the generation of thermal energy and the gen-
eration of power (electrical or shaft energy), which results in a very efficient energy conversion
process. A typical fossil-fuel-fired utility power generation station will operate with a fuel to
useful energy conversion efficiency of less than 40%. Industrial facilities that combine the gen-
eration and use of thermal and electrical resources can achieve fuel to useful energy conversion
efficiencies near 60%. The primary reason for this dramatic increase in performance is that
industrial facilities have a need for thermal energy. The utility power station rejects a significant
amount of thermal energy to the environment (approximately 60% of the total input fuel energy)
because electrical energy is the only useful product from the facility. An industrial facility can
utilize the thermal energy in a manufacturing process.

A system that combines the generation and use of thermal and power resources is commonly
termed a “combined heat and power system” or a “cogeneration system.” Cogeneration is the
production of multiple energy supplies from one energy source. Probably the most familiar
cogeneration system is a boiler-steam turbine system. This system receives fuel to produce steam,
and the steam is passed through a turbine to produce electrical (or shaft) power. The exhaust
steam from the turbine is supplied to processes requiring thermal energy. This is only one of
many forms of cogeneration. The most common arrangements used in industrial combined heat
and power systems are

e Dboiler-steam turbine,

* combustion turbine-heat recovery steam generator,

* combustion turbine-heat recovery steam generator-steam turbine (combined cycle), and
* internal combustion reciprocating engine-heat recovery unit.

Resource utilization analysis of a cogeneration facility can quickly become complicated,;
however, operational savings in this area can be tremendous. A thorough understanding of the
steam distribution system and the steam users is essential to properly evaluate resource utilization
effectiveness. The first step in the analysis is to develop a system schematic, which is a simple
description of the steam system that may take the form of Fig. 5.

Known steam flow rates should be incorporated into the steam system information. Boiler
outlet flows, process steam demands, turbine flow rates, and pressure-reducing valve steam flows
are vital pieces of information in completing the analysis. This information will be used to
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Fig. 5. General steam system schematic.

develop a steam system mass balance, which indicates the main steam flows throughout the
system. Pressure-reducing valves and steam vents should be equipped with continuous flow
monitoring to enable management of the energy resource.

Most multipressure steam systems are equipped with steam-turbine-driven equipment and
pressure-reducing stations that operate in parallel. These two components are used in conjunction
to provide the low-pressure steam demands in a cogeneration facility. Generally, in these systems
the flow of steam through the pressure-reducing valves should be minimized. This is the case as
long as the incremental cost of offset electricity is greater than the cost of fuel. In other words, the
cost to produce shaft power from a steam turbine is less than the purchased cost of electricity.
Furthermore, there must be a use for the turbine exhaust steam. If the exhaust steam is vented or
if it is discharged to a condenser where no useful benefit is derived, the economics are signifi-
cantly altered. Analysis of these conditions is the focus of the following sections.

5.3.2.1 Steam turbine efficiency
Boiler efficiency, fuel unit cost, and electrical unit cost are primary components in the
analysis of a combined heat and power system. Systems operating with steam turbines are signifi-

cantly influenced by turbine efficiency as well. Steam turbine efficiency is typically expressed as
isentropic efficiency. A very important point of distinction between turbine efficiency and the
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now familiar boiler efficiency is that turbine efficiency describes how well mechanical energy is
developed from thermal energy. Boiler efficiency describes how much energy has been “lost” to
nonuseful purposes from the boiler. The inefficiency of the turbine is not “lost” from the system;
it has remained in the steam although some usefulness has been destroyed.

Isentropic efficiency is a comparison of the actual shaft power export of the turbine to that of
an ideal, isentropic (or perfect) turbine.8 The equation for isentropic efficiency, Nisentropic Of @
turbine section is provided below.

actualwork _ Woerual  _ msteam(hinlet _hexit)actual

isentropic work VVisentropic Msteam (hinlet = hexit )isentropic

n isentropic =

(hinlet ~ Pexit )actual

. (41)

(hinlet ~ hexit ) isentropic

where & designates the enthalpy of the steam entering and exiting the turbine. This equation has
been developed by assuming that kinetic and potential energy changes are negligible and heat
transfer is negligible. These are good assumptions for typical steam turbines.

Isentropic exit conditions are assumed to occur at the same pressure as the actual turbine
operation. The term “isentropic” denotes “constant entropy.” Therefore, with the inlet conditions
known (entropy), the isentropic exit entropy is known. Thermodynamic properties can be
obtained for the isentropic exit conditions, knowing the exit pressure and entropy values.
Isentropic work is the maximum theoretical work output of the turbine, the output of a perfect
turbine. Isentropic efficiency is typically expressed (as most efficiencies are) as a percent. Indus-
trial steam turbine isentropic efficiencies range from less than 25% to slightly over 80%. Isen-
tropic efficiency has a significant effect on the economic evaluation of a steam turbine system.

Steam turbine performance is also commonly expressed in terms of a “steam rate.” Steam
rate is an expression of the amount of steam flow required to produce a specific amount of shaft
power output from the turbine. The typical units of steam rate are pound mass per kilowatt-hour
or pound mass per horsepower-hour.

Steam turbine efficiency should be monitored to ensure effective use of the steam resource.
Turbines that do not exhaust saturated steam can be evaluated from temperature and pressure
measurements taken at the turbine inlet and outlet. These measurements allow the actual enthalpy
values to be determined for the inlet and outlet of the turbine. These values can be used in
Eq. (41) along with the isentropic exit enthalpy to determine isentropic efficiency.

If the turbine exhausts saturated steam, then efficiency measurements are difficult to obtain.
Steam enthalpy cannot be determined by temperature and pressure measurements of saturated
steam. Temperature and pressure of saturated steam are not independent. A throttling calorimeter
can be employed to obtain saturated steam measurements.” However, turbine exhaust pressure
must be significantly greater than atmospheric pressure or a vacuum system must be employed to
allow the instrument to function properly. Also, the steam sample must be representative of the
bulk steam flow.

Generally, steam turbines discharging saturated steam must utilize power export
measurements along with steam flow measurements to evaluate efficiency. If the turbine is
coupled to an electric generator, the power output can be measured; however, if the turbine is
driving a process component, then a determination of export power is difficult.
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Poor efficiency can be a result of many factors. Some of the more common ones are

e turbine design,

e turbine load,

» silica deposits on turbine blades, and
* blade erosion and damage.

Small steam turbines are often equipped with valves, which allow the turbine to operate effi-
ciently at part load. These valves are used to isolate a portion of the steam flow path. This allows
the inlet control valve to open further reducing the throttling losses of the turbine. The valves are
generally operated manually and should be either fully open or fully closed; they are generally
not meant to throttle the steam. If a turbine consistently operates at reduced load, these hand
valves can be closed to improve the operating efficiency of the turbine. This will result in reduced
steam flow for the same power output. This can aid in alleviating vent steam flows.

One final general note is presented; a steam turbine is inherently a variable-speed device.
Therefore, a steam turbine can be utilized as a prime mover served by a “low-cost” energy
supply, and it can take advantage of the variable-speed efficiency improvements normally
afforded to variable-speed electric motors.

5.3.2.2 Backpressure turbine operation

A question arising frequently in steam system investigations relates to the comparison of
passing steam through a pressure-reducing valve or through a steam turbine to supply a low-
pressure steam demand. The most appropriate analysis of the economic benefits of operating the
steam turbine uses a systems approach. The information of primary importance to the analysis is

e incremental electric cost,
e incremental fuel cost,

* steam turbine efficiency,
e steam flow,

* steam properties, and

* boiler efficiency.

The term “incremental electric cost” relates to the rate structure or tariff applied to electrical
purchases at the facility. In particular, the actual economic impact of any change in electrical con-
sumption is the incremental cost. Often the price of electricity is dependent on the amount of
electricity consumed, the rate of electrical consumption, as well as the time of use. Most electrical
tariffs for industrial sites carry fixed charges, which do not change with respect to electrical
consumption.

To describe the benefits of operating a steam turbine, an example is investigated. The inves-
tigation considers a facility capable of operating under two different scenarios. The analysis
focuses on a process component, represented as a pump. This component can be driven by an
electric motor or a steam turbine. The system also has a need for low-pressure steam. The first
operating arrangement investigated utilizes the steam turbine to drive the process pump and
supply the low-pressure steam demand. The second arrangement utilizes a pressure-reducing
valve to supply the low-pressure steam, and electricity is purchased to drive the pump. In both
instances high-pressure steam is produced in the boiler. Figure 6 is a simplistic representation of
the system.

The example analysis provided here does not attempt to explain electric rate structures but
merely utilizes a fixed electric cost for simplicity. This may not reflect the actual conditions at a

5-7





Backpressure
Turbine

Fuel

Steam Demand Qrmal Energy Demand

I_Q

Fig. 6. Steam turbine vs pressure-reducing valve example.

given site. The same discussion can be applied to fuel pricing; however, in general fuel pricing is
less complicated than electrical pricing.

High-pressure steam is produced in the boiler and is supplied to the steam turbine or the
pressure-reducing valve. Steam exhausted from these components is supplied to the low-pressure
user. For the example analysis, the fuel unit price is $7.15/10° Btu, and the electrical unit cost is
$0.060/kWh. High-pressure steam conditions for this example are 600 psig and 750°F at the
boiler outlet. The turbine and pressure-reducing valve export steam at 200 psig. Condensate is
discharged from the steam user and is supplied to the system at O psig and 180°F (subcooled
liquid). This is a simplified analysis; however, the main factors are incorporated; in other words,
the economics will not change significantly for a typical steam system.

The example begins with the steam turbine in operation and the pressure-reducing valve
receiving no steam flow. In this example the steam turbine is operating with a steam flow of
30,000 Iby/h, which corresponds to the boiler output steam flow. The operating cost of this
system is determined by the fuel consumption of the boiler as calculated below.

msteam (hsteam - hfeedwater) T

Kfuel =K fucl Moot
o1leT
30,0001b,, /h(1,378.95 Btu/Ib,, —147.91 Btu/lIb,)

Kpye) =$7.15/10° Btu T

7,884h/year . (42)

Kol = $2,449,000/year .

Steam properties used in the example can be found in Table 2 or common thermophysical
properties reference materials.!—3 Boiler efficiency, Npojler, is assumed to be 85%, and the period
of operation is taken as 90% of a year (7884 h/year). The operating cost identified above is the
total operating cost of the system because no electricity is required to operate the process pump.
This operating cost will be compared to a system operating without the turbine, which will
require the purchase of electricity to drive the process pump. The amount of electricity purchased
will be the same as the amount of shaft energy produced by the turbine. Therefore, a turbine
analysis is required.
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The turbine discharges steam with a temperature of 621°F, a pressure of 200 psig, and an
enthalpy of 1,331.88 Btu/lb,,. Turbine isentropic efficiency is calculated below.

(Bintet = Pexit)peryal _ 1,378.95 Btu/lby, —1,331.88 Btu/lby, _

0.40 . (43)
1,378.95 Btu/Ib,,, —1,261.28 Btu/Ib,,,

Nisentropic = (h -1 )
inlet X1t /isentropic

The isentropic efficiency of the turbine is 40%, which is typical for small industrial steam
turbines. Shaft energy output of the turbine is determined in the following calculation.

Wenate = Mgy (Min = Fout) =30,0001b,, /h (1,378.95 Btu/Ib,,, —1,331.88 Btu/lb,)
(44)

W0 =1,412,000 Btu/h [~V
3.413Btu

]:413 kW

The example continues by investigating the operating cost associated with powering the pump
with the electric motor and supplying low-pressure steam through the pressure-reducing valve.
The shaft power required by the pump is assumed to be the same as the turbine output, 413 kW.
The electrical requirement of the motor will be greater than this because of the inefficiency of the
motor. Motor efficiency data can be obtained from motor manufacturers, and DOE has a software
package containing a database of motor information.!0 In this simplified analysis, motor
efficiency, Nmotor 18 assumed to be 90%. The cost associated with purchasing the required
amount of electricity is calculated below.

) . 1
Kelec = Kelec WelecT ( J

motor

Kejec = $0.060/kWh (413 kW) 7,884 h/year (é) (45)

Kejee = $217,000/year .

Often this is reported as the potential savings associated with operating the steam turbine
($217,000/year) because this is the avoided electrical purchase. However, most steam systems are
supplying low-pressure steam to heat transfer loads. The energy content (enthalpy) of the steam
exiting the pressure-reducing station will be greater than the enthalpy of the steam exiting the
turbine. This is a result of the turbine converting a portion of the steam energy into shaft energy.
A thermodynamic analysis of the pressure-reducing valve indicates that the process is a constant
enthalpy process (isenthalpic). Therefore, the temperature of the steam exiting the pressure-
reducing valve would be approximately 712°F, with an enthalpy of 1,378.95 Btu/lb;,. As a result,
the amount of steam (mass flow) needed by the low-pressure demand will decrease when the
pressure-reducing valve is used. The actual amount of steam required is determined by an energy
balance comparison between the two operating conditions. The amount of energy supplied to the
low-pressure steam demand during the steam turbine operation is calculated below.

O = titgteam (Aturbinesteam ~ Acondensate ) = 30,000 Iby/h (1,331.88 Btu/Iby, — 147.91 Btu/Ibyy,)

=35,519,100 Btu/h . (46)
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This energy flow must be the same for both operating modes; as a result, the steam flow through
the pressure-reducing valve can be calculated.

L 0 B 35,519,100 Btu/h B
Moteam = = (137895 Buu/Ib_ 14791 Buu/lb )~ 002 ow/h - (47)
(hprv steam - hcondcnsatc) ( ’ ‘ tu/ m . tll/ m)

Fuel required by the boiler reduces with the decreased steam demand. Boiler fuel requirement is
calculated as follows.

msteam (hsteam B hfeedwater) T
Nboiler

Kiuel = Kfuel

28,852 Ib,, /h(1,378.95 Btu/lb,, —147.91 Btu/Ib,, )
0.85

Ky =$7.15/10° Btu 7,884 h/year  (48)

Kol = $2,355,500/year .

The total operating cost associated with the pressure-reducing station operation is the
combination of the boiler fuel cost and the electrical cost.

Kprv :Kfucl +K

eec =$2,355,500/year +$217,000/year =$2,572,500/year . (49)
The cost savings associated with operating the steam turbine is the difference in the operating
cost of the pressure-reducing valve and the turbine.

0=K,, —Kypine =$2,572,500/year —$2,449,000/year =$123,500/year . (50)
Therefore, in this analysis the fuel and electric savings associated with operating the steam
turbine rather than the pressure-reducing station is approximately $123,500/year.

One factor impacting actual savings that was not considered in the analysis was steam
turbine maintenance requirements. Steam turbine maintenance requirements vary from site to site,
depending mainly on steam conditions and rigor of preventative maintenance programs. The costs
associated with turbine maintenance should be incorporated into the analysis on a site-by-site
basis.

Steam turbine efficiency is critical to the economics of this type of system. In general,
monitoring steam turbine performance is not a difficult endeavor. Steam turbines exporting
superheated steam can be evaluated by investigating steam pressure and temperature at the
turbine inlet and outlet. If accurate temperature and pressure measurements are made, the
isentropic efficiency can be determined. Efficiency evaluations should be performed periodically
and compared to previous operating conditions to determine if maintenance procedures are
required. If the turbine is operating with saturated steam conditions at the outlet, evaluation of
performance becomes much more difficult.

Many industrial facilities desuperheat the steam discharged from pressure-reducing valves
and from steam turbines. The desuperheater operation does not significantly impact the analysis,
but it should be incorporated if it exists. The analysis procedure remains the same as identified
here; the thermal energy supplied to the steam demand is determined by the mass flow of steam
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exiting the desuperheater and the temperature and pressure of the steam. These properties will be
the same for turbine operation and for pressure-reducing station operation.

Care should be given to the selection of the driven component. If the turbine is coupled to a
process component (e.g., pump, compressor, etc.), then the steam flow through the turbine cannot
be controlled by the low-pressure steam demand. In these situations, elimination of steam flow
through pressure-reducing stations is almost impossible. However, if the turbine is coupled to an
electric generator and the site has an alternate supply of electricity, the steam flow through the
turbine can be controlled by the low-pressure steam demand. This type of operation can eliminate
steam flow through pressure-reducing stations. However, additional inefficiencies are introduced
because the generator is not perfectly efficient.

5.3.2.3 Condensing turbine operation

Combined heat and power systems must continually “balance” thermal energy (steam)
demands and shaft energy (electrical or power) demands. Many systems occasionally (or
continually) require more shaft energy than can be supplied by a steam turbine discharging low-
pressure steam to a useful thermal demand. An effective “balancing component” is a condensing
steam turbine.

A condensing steam turbine is a turbine discharging steam to a subatmospheric pressure
condenser; that is, a condenser operating with a pressure less than atmospheric pressure
(vacuum). This type of turbine is fundamentally no different than a backpressure turbine. A
condensing turbine does not discharge 100% condensate. In fact, the actual amount of condensate
discharged from a condensing turbine is minimal. Typically, the mass flow rate of vapor is much
greater than 90% of the combined mass flow rate of liquid and vapor.

A system with a backpressure turbine operating in conjunction with a condensing turbine
can provide great flexibility in balancing a system. This arrangement can allow the useful thermal
demand to be supplied through the low-pressure turbine discharge and the shaft energy demand to
be supplied through the combined power output of the backpressure turbine and the condensing
turbine. An arrangement of this type is represented in Fig. 7.

Condensing Turbine

Backpressure

Turbine
Fuel

Condenser
Heat
Rejection

Steam Demand

LQ Thermal

Energy
Demand ‘

Fig. 7. Extraction condensing turbine arrangement.
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Steam turbines discharging to subatmospheric condensers can be an excellent system-
balancing component. However, the economic viability of their operation is very dependent on
the electrical offset costs, fuel costs, boiler efficiency, and the turbine efficiency. Turbine
efficiency is a major factor impacting performance. The economics of operating a condensing
steam turbine are generally far less favorable than operating a backpressure turbine when the
exhaust steam from the backpressure turbine is used for a specific purpose. Typically, the thermal
energy resident in the steam exhausted from a condensing steam turbine is discharged to the
environment and serves no useful purpose but actually provides thermal pollution. As a result, the
“cost” of the shaft power from a condensing turbine includes the steam energy extracted in the
turbine as well as the steam energy rejected in the condenser. An example is provided here to
demonstrate the basic analysis involved in determining the operating economics of a typical
condensing turbine. The analysis is approximate and simplified, but it provides an excellent first-
order estimate of the economic characteristics associated with operating a condensing turbine.

The basic system parameters used in the backpressure turbine analysis are used again in this
example. High-pressure steam is produced in the boiler and is supplied to the condensing steam
turbine. Steam exhausted from the turbine enters a surface condenser operating at 1.5 in. of
mercury absolute (0.73 psia or 28.5 in. of mercury vacuum). The condensate exiting the
condenser is assumed to be saturated liquid at the pressure of the condenser. For the example
analysis, the fuel unit price is $7.15/10° Btu, and the electrical unit cost is $0.060/kWh. High-
pressure steam conditions for this example are 600 psig and 750°F at the boiler outlet. The
turbine operates with an isentropic efficiency of 70%.

The example begins with the steam turbine in operation receiving 50,000 Ib,/h of steam
flow. The turbine steam flow corresponds to the boiler output steam flow for this simplified
analysis. The operating cost of this system is determined by the fuel consumption of the boiler as
calculated in Eq. (51).

mstearn (hstearn - hfeedwater) T

Kuel = K fyel e
oiler

50,000 Ib,,, /h(1,378.95 Btu/Ib, —59.56 Btu/lb,y )
0.85

Kpyel =$7.15/10° Btu 7,884 h/year (51)

Kol = $4,375,000/year .

Steam properties in the example can be found in common thermophysical property reference
materials.! -3 Boiler efficiency, Npoiler is assumed to be 85%, and the period of operation is taken
as 90% of a year (7884 h/year). The operating cost identified above is the total operating cost of
the system because no electricity is required to operate the process component. This operating
cost will be compared to a system operating without the turbine, which will require the purchase
of electricity to drive the process component. The amount of electricity purchased will be the
same as the amount of shaft energy produced by the turbine. Therefore, a turbine analysis is
required.

The turbine inlet conditions are known, as well as the turbine isentropic efficiency. Through
use of common thermophysical property data, the isentropic exit enthalpy can be determined. For
this example, the isentropic exit enthalpy is 892.15 Btu/lb,,. Equation (41) can be utilized to
determine the actual outlet enthalpy. The calculation is provided below.
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Urinter = hexit)yeryar _ 137895 Btu/loy ~he  _ 0
1,378.95 Btu/Iby, —879.53 Btu/lby,

r]isentropic = (h' — b )
inlet exit /isentropic

(52)
hexit = 1,029.36 Btu/lby, .
Shaft energy output of the turbine is determined in the following calculation.
Wenate = iteurb (Bin = oue) =50,0001b,, /h (1,378.95 Btu/Iby,, —1,029.36 Btu/lb,, )
(53)
Wpog = 17,479,424 Bu/h| ——VB_ )5 151 1w
3,413 Btu

The example continues by investigating the operating cost associated with powering the process
load with an electric motor. The shaft energy required by the process component’s motor is
assumed to be the same as the turbine output, 5121 kW. In this simplified analysis, motor
efficiency, Nmotor 18 assumed to be 90%. Motor efficiency reference data can be obtained from
manufacturers or DOE.!0 The cost associated with purchasing the required amount of electricity
is calculated below.

) . 1
Kelec = Kelec WelecT ( ]

motor

Ketee = $0.060/kWh (5,121 kW) 7,884 h/year(&) (54)

Kelee = $2,692,000/year .

A comparison of the fuel and electrical energy costs associated with the two operating conditions
indicates that operating the process component with purchased electricity is much more cost-
effective than operating the condensing steam turbine. The cost savings associated with operating
an electric motor rather than a condensing steam turbine is provided below.

0 = Kuybine ~ Kelectricity =$4.375,000/year —$2,692,000/year =$1,683,000/year . (55)

5.3.2.3.1 Steam turbine condenser pressure

Steam turbine condenser pressure significantly impacts the effectiveness of a condensing
steam turbine. As condenser pressure decreases, the power output of the turbine increases for the
same steam flow rate. This is true within the operating range of the turbine.

To maintain condensing turbine performance, condensing pressure must be minimized. The
primary factors commonly leading to elevated condenser pressure are

e fouled condenser heat transfer surface,

* noncondensable gas accumulation in the condenser,
» clevated cooling water inlet temperature, and

* reduced cooling water flow.
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Heat transfer surface fouling can result from many factors: soluble salt precipitation, bio-
logical growth, and suspended solids accumulation. All of these factors are associated with the
cooling water flow to the condenser. Many condensers incorporate on-line cleaning systems,
which clean the waterside heat transfer surfaces by passing cleaning objects through the water
passages to mechanically remove fouling debris. Periodic off-line cleaning may be required for
tenacious deposits.

Noncondensable gases traveling with the steam will pass through the turbine and enter the
condenser. Once in the condenser they must be removed, or they will affect the heat transfer
activities in the condenser, which in turn will impact turbine performance. Noncondensable gases
can also enter through leaks in the low-pressure sections of the turbine and the condenser. As the
concentration of noncondensable gases increase, the total pressure of the steam and
noncondensable gases will increase. Therefore, the turbine will be operating with an elevated
discharge pressure. This also impacts the heat transfer characteristics within the condenser,
reducing the heat transfer capability. Noncondensable gases must be removed. The most common
methods of removal are steam jet ejectors and mechanical vacuum pumps. Both of these methods
remove vapors from the condenser vapor space.

If the cooling medium increases in temperature, the exhaust steam from the turbine will con-
dense at an increased temperature. The condensing steam will condense at the corresponding
saturation pressure, which will be increased as well. Similarly, if the cooling medium flow is
reduced, its temperature rise will increase. This increase will result in an increase in condensing
steam temperature and pressure.

5.4 PROCESS INTEGRATION

When energy normally lost from the system can be captured or recovered, a net savings to
the system results. Heat recovery from process units is an excellent opportunity for economic
improvement. Hot process fluids can exchange heat with steam system fluids. Common compo-
nents utilized in this service are

* heat recovery steam generators,
» feedwater preheaters, and
* combustion air preheaters.

Energy recovery can be accomplished from the steam system to manufacturing processes as
well. As an example, a relatively hot contaminated condensate stream can exchange thermal
energy with a process fluid before the condensate is discharged to the sewer system.

5.5 STEAM SYSTEM PRESSURE

Thermodynamic steam cycle efficiency increases as boiler pressure increases. This is true
for systems utilizing steam turbines to produce shaft power. However, increasing steam pressure
may not be the most advantageous activity if the system is not a combined heat and power
system. In fact, if a boiler is supplying steam for heat transfer purposes only, then lowering the
steam pressure may increase system efficiency. Reducing steam pressure impacts several aspects
of the steam system. The primary factors will be introduced here.

Boiler efficiency can improve as a result of reducing steam generation pressure. As the
steam pressure is reduced, the boiling temperature of the water in the boiler decreases. This
increases the heat transfer to the boiler water, which increases the boiler efficiency. The effi-
ciency improvement will be realized through a reduction in flue gas temperature.
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There are, of course, limits to this activity. Reducing steam generation pressure reduces the
density of steam generated in the boiler. This promotes increased boiler carryover, which can be
detrimental to the steam system. Furthermore, flue gas temperature limits must be maintained to
avoid corrosion in the flue gas passages. A detailed investigation should be conducted to deter-
mine the direct impact of reducing steam pressure on an individual boiler.

Additionally, system losses can be reduced through a reduction in steam pressure. Steam
leaks experienced in the system will reduce in flow as the steam pressure is reduced. For
example, if steam pressure is reduced from 130 to 100 psig, the leak rate will reduce more than
25%.

Heat transfer loss from piping will diminish in saturated steam systems as steam pressure is
reduced. Utilizing the same pressure reduction as noted above (130 to 100 psig), the heat transfer
loss from the insulated piping surface will reduce more than 5%.

Limitations exist in the distribution system as well. As the steam density is reduced, the
steam velocity in the distribution system must increase to supply the same thermal energy to the
various loads. Increased velocity increases the frictional losses throughout the system, and insuf-
ficient steam supply may result.

Heat exchangers throughout the system may also suffer. The heat exchangers will receive
steam at reduced temperature, which can result in reduced heat transfer to products. In other
words, reducing boiler steam pressure can improve system efficiency, but the effects of reduced
pressure on the system must be thoroughly investigated.

5.6 CALL TO ACTION—EFFECTIVENESS OF RESOURCE UTILIZATION

Develop a system schematic.

Develop a system mass and energy balance.

Investigate alternative fuels.

Monitor steam flow through vents and pressure-reducing stations.

Monitor backpressure turbine efficiency and operation.

Monitor condensing turbine efficiency and operation as well as condenser pressure.
Completely understand the electrical rate structure.

Evaluate the position and need of turbine hand valve operation.

Investigate the effect of changing the current boiler operating pressure.

A e I e e
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6. STEAM DISTRIBUTION SYSTEM LOSSES
6.1 OVERVIEW AND GENERAL PRINCIPLES

The Steam Distribution System Losses category of a steam system assessment focuses on
many different areas of the steam distribution system. The focus areas typically take the form of

e steam leaks,

* heat transfer loss through insulation,
e condensate loss, and

e flash steam loss.

These areas are fundamental in the field of energy management and generally result in
attractive economics when savings opportunities are identified. All of these areas are essential to
the continued efficient operation of any steam system.

6.2 STEAM LEAKS

Steam is obviously an expensive utility for which significant economic losses can result
when steam is lost from the system through leaks. Typically, an energy survey reveals that
reducing steam leaks is a significant area of potential savings for industrial facilities. Two main
types of failures result in steam leaks: (1) pipe failures and (2) steam trap failures. Generally,
steam trap failures account for a large portion of the leaks within a facility. Steam leaks from pipe
failures can also be a major source of steam loss from a facility; however, these are generally
eliminated from a safety standpoint. Steam trap failures are more difficult to observe than pipe
failures, especially in closed condensate systems. A maintenance program based on finding and
eliminating steam leaks is essential to the efficient operation of a steam system.

6.2.1 Pipe Failures

Steam piping components fail as a result of improper design, corrosion, external factors, and
many other reasons. From an energy analysis standpoint, pipe failures must be eliminated because
they are a direct waste of the fuel resources. Generally, safety concerns are a major driving factor
in the repair of steam piping failures. However, energy loss can help justify the maintenance
expense when safety is not an issue. Basically, the loss associated with a steam leak is identical to
that of vented steam. The equations required to obtain an estimate of the economic loss were pro-
vided in the Sect. 5.3.1 of this guide.

Note that if steam is being vented from a header for control purposes and steam is leaking
from a pipe failure in the same header system, savings may not exist when the leak is repaired.
The amount of leaking steam will most probably exit the vent if the pipe is repaired. Therefore, it
is essential to properly balance the steam system.

Generally, the most effective pipe repairs are conducted when the system is out of service
and depressurized. This provides the maintenance crew with the best access to the failed compo-
nent. However, many circumstances arise which dictate that the system cannot be taken out of
service for an extended period of time. If the magnitude of the loss is sufficient or it poses a
safety hazard, the most appropriate repair may be an on-line repair. These repairs should only be
completed by trained professionals. Several companies specialize in these efforts.

The steam leak repair procedure is generally decided based on the cost of the work. If the
magnitude of the steam loss were known, the repair procedure selection might become clearer.
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However, steam loss through a leak is difficult to determine. Generally, if the order of magnitude
of the leak were known, this would be sufficient to plan the repair strategy. Several theoretical
and empirical methods have been developed to provide a gross estimate of the steam loss. Table 6
provides the approximate flow of steam through a sharp-edged orifice.

Table 6. Steam leak rates

Hole Leak rate (Ibpy/h) at steam temperature of S00°F
diameter Steam pressure (psig)

(in.) 50 100 150 200 250 300 350
1/8 23 41 59 77 96 119 134
1/4 91 163 235 308 382 478 536
3/8 206 366 529 693 860 1,075 1,207
12 366 651 940 1,232 1,528 1,912 2,145
3/4 822 1,465 2,115 2,773 3,438 4,302 4,826
1.00 1,462 2,605 3,761 4,929 6,112 7,648 8,580
1.25 2,285 4,071 5,876 7,702 9,551 11,949 13,406

1.50 3,290 5,862 8,462 11,091 13,753 17,207 19,305

Table 6 was developed from a compressible flow analysis. This analysis agrees well with
leak flow measurements. The analysis is somewhat tedious and complex, which makes utilizing
this type of analysis cumbersome for estimating steam leaks. However, several empirical relation-
ships have been developed that agree well with actual leak flow measurements. One of these
relationships is Napier’s equation.> This simple relationship is provided below.

Mgteam = (51.43)AorificePsteam > (56)

where, the mass flow rate of steam is provided in pound mass per hour, 4yifice 1S to be taken in
square inches, and Pgtean, in pounds per square inch absolute. Care should be exercised in the use
of this approximation because it was developed for a “well-rounded converging” orifice. A sharp-
edged orifice will experience a flow of approximately 60% of this “well-rounded” flow.

Equation 56 is applicable to saturated steam only. Additional simplified calculation methods are
provided in Ref. 5.

This discussion presents the idea that estimating steam leaks is a straightforward task. This is
the case if the leak to be estimated is a well-rounded orifice. However, only on rare occasions is a
leak a well-rounded orifice. Therefore, the calculation method presented falls very short. Unfor-
tunately, no good, broadly applicable method is available to estimate leak flows. On a positive
note, generally only an order of magnitude estimate is required, and estimates can often be con-
ducted utilizing calculation methods or other approximations.

Another method, which is cumbersome if many leaks are encountered but is accurate, is to
actually measure the flow of steam. This can be accomplished through inexpensive means with
pitot tubes or other types of flow measurement devices. Flow measurement can be applied to a
few leaks, and other leaks can be compared to the known leak to obtain an order of magnitude
estimate.

6.2.2 Steam Traps
Steam traps are vital components in most steam systems. They are designed to remove con-

densate from the steam distribution piping and heat exchange equipment. They also remove
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noncondensable gases, which impede heat transfer and result in corrosion. System debris,
improper sizing, and improper application are common causes of steam trap failure. Steam traps
can fail in different modes. Two main failure modes result in significant economic impact. A
failed-open steam trap allows “live” steam to discharge from the system, a steam leak. Steam
traps may also fail closed, which allows condensate to backup into the equipment drained by the
trap. If this is a process heat exchanger, the product will not receive the energy intended. Water
hammer can also result, which can damage piping components. A well-maintained steam system
will typically experience a 10% trap failure in a 1-year period. This can translate into significant
losses to the system.

To minimize the loss associated with steam trap failures, a concerted effort must be applied
to managing the steam trap population. A steam trap management program should incorporate the
following activities:

Train personnel.

Locate and identify every trap.

Assess the operating condition of every trap at least annually.
Develop and maintain a trap database.

Respond to assessment findings.

Al S

Steam trap assessment should be conducted by personnel with knowledge in the operation
and selection of steam traps. Therefore, training is critical to the success of the management
program. The steam trap assessment should cover

* trap operation,

» trap selection (type and size),
* trap installation, and

* condensate return.

6.2.2.1 Steam trap operation

Determining if the steam trap is operating properly is a primary concern in the management
effort. This can be a difficult task, especially in systems with closed condensate return systems. A
closed condensate return system is one in which the trap discharges into a piping system. This
piping system conveys the trap discharge to condensate collection components located throughout
the system. In other words, visual inspection of the trap discharge is not easily accessible.

Further complicating steam trap analysis is the fact that steam traps have varying failure
modes. The two most noticeable are failed-closed, passing no condensate or steam, and failed-
open, passing live steam. If a trap is failed-closed, condensate will backup into the system. A heat
exchanger with a failed-closed steam trap will allow no heat transfer to take place. This failure
will generally be discovered by process personnel because the process component will not be
performing.

A failed-open steam trap can potentially pass a significant amount of steam, which becomes
an energy loss to the system. Leaking traps, which release steam to a lesser degree than failed
completely open, are also a common failure mode.

Steam trap evaluation should be completed at least annually. Several methods are used to
evaluate steam trap performance. The most common methods are visual, acoustic, thermal, and
component. None of the methods provide perfect results, and generally trap operation is best
analyzed by utilizing a combination of methods. These primary investigation methods will be
outlined in the following paragraphs.

Visual investigation techniques observe the steam trap output. In closed condensate systems,
this requires valves located in the trap discharge piping to isolate the trap discharge from the
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remaining condensate return system. Also a valve is required to allow the trap to discharge to the
atmosphere for inspection. Many times the capability to observe the trap discharge is not built
into the system, and other methods must be utilized. Even if visual inspection of the trap
discharge is available, difficulties arise. For this investigation method to be effective, the surveyor
must be familiar with the discharge conditions of the various types of traps encountered. A
thorough understanding of steam trap operation does not ensure an accurate analysis of trap
performance. A gross failure of a steam trap, blowing or blocked, is generally relatively easy to
identify. However, the volume flow of flash steam generally makes it very difficult to distinguish
between a properly operating trap and a failed trap.

Thermal analysis of steam trap operation investigates the approximate temperature of the
fluid entering and possibly exiting the steam trap. To properly utilize this method, the operation
of the steam trap must be understood, and the steam system operating pressure must be known.
Even if these operating parameters are known, evaluation problems exist. As an example, if a
thermostatic trap is operating properly, it will subcool the condensate before the trap opens to
discharge. Therefore, steam pressure must be known to provide the saturation temperature of the
condensate. Also the degree of subcooling required for the given trap to open must be known;
that is, the difference between the actual trap opening temperature and the saturation temperature
of the steam. Different trap types will operate under different temperature constraints.

Acoustic monitoring of steam traps is an investigation method that incorporates listening to
the trap operation. This can be accomplished by sonic or ultrasonic methods. Evaluating steam
trap operation based on the sonic signature also requires knowledge of the trap operation. Back-
ground noise and a similarity in the sound of live steam and flash steam passing through a trap
hamper the effectiveness of this method.

In general, effective steam trap evaluation requires multiple methods of investigation. Identi-
fication of the gross errors (blowing or blocked) is in general easier than identification of minor
failures. The time and expertise requirements associated with utilizing these methods has
prompted steam trap manufacturers to develop trap monitoring components. Typically, these
monitoring components incorporate multiple evaluation techniques or variations of the above
mentioned evaluation techniques to analyze steam trap operation. These components take two
basic forms. One evaluation method fits each trap with a sensor that continually monitors the
operation of the trap. Another type incorporates a portable device, which determines the thermal
and acoustic signal of the trap and compares that to a data base containing the thermal and
acoustic signature of a properly operating trap of the same type and model. These methods can
provide excellent results; however, there is an initial equipment cost.

An indirect method investigates condensate receiver vents. If a steam trap is failed-open,
steam will be passing into the condensate receiver and out the vent. When excessive vent steam is
observed, the general area of the failed trap can be identified. Care should be used in this
approach because most steam traps will discharge some flash steam when they are operating
properly. Therefore, operators should be searching for excessive vent steam or changes in vent
steam amount.

6.2.2.2 Steam trap selection

Improper steam trap selection can lead to trap failure and poor component performance. This
guide is not intended to serve as a steam trap selection and sizing guide; these activities are
beyond the scope of this text. This text is serving to provide general information.

There are basically five types of steam traps (with some variation):

1. thermostatic,
2. open float,
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3. closed float,
4. thermodynamic, and
5. orifice.

Some traps combine two or more trap types to enhance operation. Steam traps serve in many
different applications. The nature of the application will many times dictate the type of steam trap
most appropriate for the operation. Steam trap selection can make a significant impact on the
function of the steam trapping system. Some common trapping applications are highlighted in the
following paragraphs.

Steam traps that serve main steam headers and lateral headers are in place for two primary
functions. First, traps serve to drain air (noncondensable gases) and large quantities of condensate
during startup of the system. Second, header traps remove any condensate formed during normal
operation. These are two very different operating conditions, especially if the steam system
normally operates with superheated steam conditions. In this instance, the condensate load during
normal operations will be minimal or none. Often the most appropriate practice is not to try to
size the header drain traps for both services because they are vastly different and can result in
improperly sized traps. Therefore, a common practice is to charge a steam header in a
“supervised” manner and physically bypass the steam traps until the header has sufficiently
heated. The primary goal, for startup and normal operation, is to remove condensate immediately
from the piping. Condensate allowed to remain in the piping increases the probability of damag-
ing water hammer. Water hammer occurs when relatively high velocity steam “picks up” a slug
of liquid and transports it downstream at high velocity. This slug of liquid travels downstream
until it encounters an obstruction, most often a bend in the pipe. The forces unleashed on the
piping can be extremely destructive, even to the point of failing the pipe. Therefore, condensate
should be removed immediately upon formation when draining headers.

Heat exchangers are generally significant components in steam systems. Heat exchangers
perform best when condensate is removed immediately upon formation. Liquid condensate resists
heat transfer much greater than saturated steam. Furthermore, the energy available for heat
exchange in condensate is miniscule in comparison to condensing steam. Therefore, immediate
removal of condensate from heat exchangers is usually a primary goal. Release of nonconden-
sable gases is also a common function of heat exchanger steam traps. As a result, a steam trap
should be chosen for these applications, which will remove condensate immediately and will
provide good noncondensable gas removal capabilities.

Steam tracing is another common steam trap application. The primary object of steam
tracing is to offset the insulation losses associated with a piping system. In general, steam tracing
will not add significant thermal energy to a process stream but merely allows the process stream
to maintain temperature by not experiencing heat transfer losses to the surroundings. Often size
and weight of a trap serving a steam tracing application are important because of the method of
installation. Usually the installation is small tubing passing throughout the facility. Often the traps
will be exposed to the ambient, and in colder climates freezing is an issue. Therefore, the trap
chosen should be resistant to freezing.

Multiple trap types will satisfactorily serve a given application with one type providing an
advantage over the others, and some types being inapplicable. For example, if the service is a
main header condensate drain for normal operation, an inappropriate type would be a thermostatic
trap. This is because the trap requires the condensate to subcool before the trap will open. This
can allow condensate to backup into the steam system and result in water hammer. In contrast, the
remaining trap types all can possibly serve the application well. If, in this application, the steam is
superheated, care must be given to use of the open float type trap because superheated steam can
boil away the sealing condensate inside the trap and result in a trap open and passing live steam.
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Steam trap manufacturers should be consulted for the most appropriate trap for specific
applications.

Poor steam trap performance can result from undersized or oversized traps. Therefore, care
should be given to determining the appropriate trap capacity for an application. Trap capacity is
affected by the differential pressure across the trap. Many times trap capacity is limited because
the condensate return system has elevated pressure. Often increased condensate system pressure
occurs because the condensate piping is of insufficient capacity to transmit the condensate
discharged into it. Many times condensate systems are designed without considering that most
steam traps will discharge some flash steam. This steam must travel through the condensate
system. Also, failed-open steam traps can overload the condensate system with excessive steam
flow. Steam trap manufacturers are an excellent source of information in this area. Most
manufacturers provide detailed selection guides as well as installation descriptions.

6.2.2.3 Steam trap installation and condensate return

During the routine inspection of each steam trap, the installation of the trap as well as con-
densate return issues should be addressed. Steam trap piping installation can significantly degrade
steam trap performance. Inappropriate piping can result in a vapor seal keeping the trap from
receiving condensate. Many other impairments can result from poor piping installation. Each trap
manufacturer supplies recommended piping installations for each trap type. These recommenda-
tions should be followed.

Each trap installation should be investigated to determine if condensate is being captured
and returned to the steam system. In those installations where condensate is being collected, the
return system should also be investigated to determine if it is operating properly.

6.2.2.4 Steam trap loss estimation

A major difficulty in implementing a steam trap management plan is in determining the
savings opportunity associated with replacing a failed steam trap. Failed-closed traps are not pre-
senting an energy loss to the system. The savings opportunity of replacing failed-closed traps is
dependent on the effect of not providing energy to the desired component (typically product
throughput).

Failed-open steam traps can pass a significant amount of steam; however, it is difficult to
determine the loss accurately. In general all that is needed is an order of magnitude estimate of
the loss. Some general information concerning determination of steam flow through openings has
been provided in Sect. 6.2.1. These methods are applicable here in limited fashion. Care must be
given to the possible failure modes and the fact that the calculation methods are based on a
known orifice size. If the trap is failed and is partially blocking the orifice, the calculation must
be modified accordingly. Accurate evaluation of the modification can be impossible. However,
note that an order of magnitude estimate is generally the desired result of the analysis.

6.2.2.5 Steam trap management summary

As stated previously, to minimize the loss associated with steam trap failures, a concerted
effort must be applied to managing the steam trap population. A steam trap management program
should incorporate the following activities:

1. Train personnel.
2. Locate and identify every trap.
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3. Assessment of the operating condition of every trap at least annually:
* trap operation,
* trap selection,
* trap installation, and
* condensate return.

4. Develop and maintain a trap database.
5. Respond to assessment findings.

All of these activities are critical to successfully managing a steam trap population. Clearly
identified areas of responsibility and an overall manager are key ingredients. The steam trap data-
base should become the primary tool for tracking trap performance. The steam trap database
should contain trap manufacturer, type, and model as well as location and history. Computerized
databases are excellent for this application; many companies have software developed to accom-
plish this task.

6.3 INSULATION

Insulating piping, equipment, and vessels is a fundamental principal of energy management.
A determination of the amount of energy lost from uninsulated equipment will provide the basis
for determining the extent of an insulation project. The main factors that affect the amount of
energy lost from uninsulated or poorly insulated equipment are process fluid temperature, ambi-
ent temperature, surface area exposed to heat transfer, and the system’s resistance to heat transfer.
This last factor is the most difficult to establish because it is determined by factors such as ambi-
ent air velocity, equipment orientation, and the shape of the heat transfer surface. However tables
have been developed for typical systems such as horizontal and vertical pipes. These tables allow
heat loss estimates to be established with relative ease. Table 7 is an example of a heat loss table.
For example, 100 ft of 8-in. uninsulated pipe carrying 600°F steam would result in a heat transfer
loss of approximately 723,700 Btu/h. This energy is supplied in the boiler with an efficiency of
85% and a fuel cost of $7.15/10¢ Btu. The loss associated with the uninsulated pipe is calculated
below.

Doss T’
N inetaieq = 205Kl =793 700 Bru/h (8,760 h /year)$7.15/10° Btu (L)
Nboiler 0.85

(57)
A iminsulated = $53,000/year .

In general, insulation is relatively inexpensive to install. All of the energy loss indicated
above cannot economically be eliminated. Therefore, an analysis must be completed to determine
the economic insulation thickness. Many empirical and computerized tools are available to aid in
the evaluation of insulation projects. One excellent tool is the 3E-Plus insulation appraisal
software.!1
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Table 7. Pipe surface heat transfer

Heat transfer from uninsulated pipe exposed to 10-mile/h wind and 70°F ambient

Nominal [Btu/(h linear ft)]
pipe
diameter Process fluid temperature (°F)
(in.) 200 400 600 800 1,000 1,200
12 274 731 1,279 1,963 2,865 4,030
1 354 959 1,712 2,694 3,995 5,708
2 514 1,416 2,591 4,167 6,324 9,247
3 708 1,849 3,425 5,605 8,619 12,728
4 845 2,352 4,132 6,838 10,605 15,776
5 982 2,751 5,126 8,105 12,671 18,938
6 1,107 3,128 5,868 9,726 14,692 22,055
8 1,336 3,824 7,237 12,089 18,973 27,785
10 1,575 4,532 8,642 14,543 22,945 34,498
12 1,792 5,183 9,932 16,826 26,678 40,274
16 2,135 6,210 12,009 20,491 32,705 49,623
20 2,534 7,443 14,509 24,932 40,034 61,039
24 2,934 8,699 17,078 29,315 47,283 72,352

6.4 CONDENSATE RECOVERY

The steam trap management program should investigate every steam trap and determine if
condensate is captured or lost from the system. This was pointed out in Sect. 6.2.2 of this text.
This section serves to highlight the primary aspects associated with condensate recovery.

The primary points of focus when considering collection of condensate and return to the
steam system are

* the energy resident in the condensate,
* water commodity costs,

e water treatment aspects, and

* wastewater charges.

Generally, the energy resident in the condensate constitutes the majority of the economic impact
associated with returning condensate. However, in many locations, the purchase of water and the
subsequent wastewater charges associated with the sewer system are significant factors. In most
applications, water treatment costs are difficult to establish; however, effort should be made to
establish and incorporate these costs to obtain a true representation of condensate worth.

For the most part, condensate supplied from steam turbine condensers is the best quality
water at the plant site. The water exiting the condenser is distilled water, and generally it has had
little opportunity for contamination. However, steam turbine condenser condensate has a rela-
tively low temperature and, as a result, a minimal worth. This water is easily captured; therefore,
it becomes a mainstay of boiler feedwater.

Condensate returned from process heat exchangers typically has an elevated temperature
and, therefore, a significant energy value. Energy savings result from the elevated temperature of
the returned condensate in comparison with makeup water required to replace the condensate if it
is lost from the system.
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As an example, the savings associated with recovering 5,000 1b,,/h of 180°F condensate will
be calculated. This condensate flow is approximately 10 gal/min. The system fuel cost is
$7.15/106 Btu, and the boiler efficiency is 85%. Makeup water enters the system at 70°F.

. mcondensate (hcondensate - hmakeup )T K fuel
Condensate return savings = O gndensate —

Nboiler

Ocondensate = 3,000 Ibyy/h (147.91 — 38.05 Btu/ Ibyy,) (8,760 h/year) $7.15/106 Btu (é) (58)

Ocondensate = $40,000/year .

Condensate collection systems usually consist of collection piping receiving the output of
several traps. The collection piping discharges into a receiver equipped with a pump and pipe
system to transport the condensate to the feedwater treatment system. A common problem associ-
ated with this type of system is insufficient condensate pipe capacity. Most often the capacity
problem is a result of the original design, not considering the flow of flash steam in the conden-
sate and the effect of failed traps on the steam flow through the piping. These factors greatly
influence the required size of the condensate pipe and must be considered in the system design.

Condensate is often not recovered because of fear of contamination. If a heat exchanger
develops a leak, then process fluids can enter the steam and condensate system. This is a
legitimate concern. Many systems successfully employ monitoring systems that can detect
contamination and reroute the condensate to a sewer system if contamination is detected.
Conductivity and pH are two very common, fairly rugged, and repeatable measurements used in
this service. Total organic carbon analyzers are also used in this service.

6.5 FLASH STEAM RECOVERY

In many applications condensate enters a steam trap as a saturated liquid. The condensate
enters the trap as a relatively high-pressure saturated liquid and exits to a lower pressure system.
A thermodynamic analysis of the flow through the steam trap simplifies the process to a classic
throttling device.® Thermodynamically, a throttling device passes a fluid from high to low
pressure with no change in enthalpy, /. The process is said to be isenthalpic. The enthalpy of the
high-pressure saturated liquid is greater than the enthalpy of saturated liquid at the reduced pres-
sure; therefore, the low-pressure fluid exiting the trap cannot exist as liquid condensate alone. As
a result, some of the liquid condensate “flashes” to steam. The remainder of the liquid condensate
exists as saturated liquid condensate at the reduced pressure. The low-pressure flash steam exists
as saturated vapor at the reduced pressure.This steam is available for use in low-pressure steam
systems. The amount of flash steam can be calculated by the following equation.

hHp cond ~ALP sat liq

X= , (59)
hLp sat vap hip sat lig
where X is the mass fraction of flash steam, and the / values are the corresponding enthalpies.
A common and effective method used for flash steam recovery is to incorporate a flash
vessel into the condensate collection system. The system is identical to the blowdown flash steam
recovery system described in Sect. 4.2.4. A simplified schematic is provided in Fig. 8.
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Fig. 8. Flash steam recovery vessel.

Flash steam recovery not only reduces economic losses from the system, but it also reduces
the steam flow in condensate return systems. The condensate flow out of the flash tank will have
much less flash steam. If the discharge is pumped and the pressure is maintained greater than the
flash vessel pressure, no flash steam will result in the condensate discharge piping.

To manage this type of system, a flowmeter should be installed in the flash steam exit. This
steam flow should be monitored and recorded with respect to appropriate variables. The primary

concern is to identify failed steam traps blowing through. The steam will be passed through to the
flash steam outlet.

6.6 CALL TO ACTION—DISTRIBUTION SYSTEM LOSSES

Find and repair steam leaks.

Implement a steam trap management program.
Investigate potential areas for condensate return.
Evaluate insulation condition.

Investigate opportunities to reintroduce flash steam.

Al S
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Tables A.1-A.6 were developed based on data in “Steam Program Function Subroutines Written
in Fortran,” Mechanical Engineering News, 19(3), 11-12 (August 1982).

Table A.1. Saturated vapor properties—pressure

Temperature | Pressure iﬂf:g;l: I:r::llijgl;l Enthalpy Entropy Quality
(°F) (psia) @6/by) | (Btu/lby) (Btu/lbyy,) | (Btu/lby,°R) (%)
102 1.0 333.54579 1,044.22 1,105.94 1.98473 100.0
162 5.0 73.52409 1,063.07 1,131.09 1.84342 100.0
193 10.0 38.41991 1,072.20 1,143.29 1.78571 100.0
212 14.7 26.79334 1,077.53 1,150.41 1.75442 100.0
228 20.0 20.08862 1,081.90 1,156.25 1.72980 100.0
240 25.0 16.30338 1,085.13 1,160.55 1.71218 100.0
250 30.0 13.74552 1,087.79 1,164.10 1.69791 100.0
259 35.0 11.89768 1,090.06 1,167.11 1.68594 100.0
267 40.0 10.49823 1,092.02 1,169.73 1.67564 100.0
274 45.0 9.40041 1,093.76 1,172.04 1.66661 100.0
281 50.0 8.51542 1,095.31 1,174.10 1.65857 100.0
293 60.0 7.17489 1,097.98 1,177.64 1.64475 100.0
303 70.0 6.20609 1,100.22 1,180.61 1.63316 100.0
312 80.0 547216 1,102.12 1,183.13 1.62318 100.0
320 90.0 4.89626 1,103.78 1,185.32 1.61443 100.0
328 100.0 4.43190 1,105.23 1,187.24 1.60665 100.0
341 120.0 3.72834 1,107.66 1,190.45 1.60242 100.0
353 140.0 3.21974 1,109.61 1,193.02 1.58520 100.0
364 160.0 2.83434 1,111.21 1,195.13 1.57044 100.0
373 180.0 2.53188 1,112.55 1,196.88 1.55753 100.0
382 200.0 2.28796 1,113.66 1,198.34 1.54607 100.0
390 220.0 2.08695 1,114.60 1,199.56 1.53578 100.0
397 240.0 1.91833 1,115.40 1,200.59 1.52645 100.0
404 260.0 1.77480 1,116.07 1,201.46 1.51791 100.0
411 280.0 1.65108 1,116.64 1,202.19 1.51005 100.0
417 300.0 1.54330 1,117.12 1,202.80 1.50277 100.0
423 320.0 1.44854 1,117.53 1,203.31 1.49599 100.0
429 340.0 1.36455 1,117.87 1,203.72 1.48965 100.0
434 360.0 1.28957 1,118.14 1,204.05 1.48369 100.0
440 380.0 1.22221 1,118.37 1,204.31 1.47808 100.0
445 400.0 1.16136 1,118.55 1,204.51 1.47278 100.0
449 420.0 1.10610 1,118.69 1,204.65 1.46775 100.0
454 440.0 1.05569 1,118.78 1,204.74 1.46298 100.0
459 460.0 1.00951 1,118.85 1,204.78 1.45843 100.0
463 480.0 0.96705 1,118.88 1,204.78 1.45408 100.0
467 500.0 0.92787 1,118.89 1,204.74 1.44993 100.0
471 520.0 0.89159 1,118.87 1,204.66 1.44595 100.0
475 540.0 0.85791 1,118.83 1,204.55 1.44213 100.0
479 560.0 0.82655 1,118.76 1,204.42 1.43846 100.0
483 580.0 0.79727 1,118.68 1,204.25 1.43493 100.0
486 600.0 0.76988 1,118.58 1,204.06 1.43153 100.0
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Table A.1. (continued)

Temperature | Pressure i(’;les:::l: I:;Zi;;l Enthalpy Entropy Quality
(°F) (psia) /by | (Btullby) (Btu/lby,) | (Btu/lb°R) (%)
490 620.0 0.74419 1,118.46 1,203.84 1.42824 100.0
493 640.0 0.72006 1,118.32 1,203.60 1.42507 100.0
497 660.0 0.69733 1,118.18 1,203.34 1.42200 100.0
500 680.0 0.67590 1,118.02 1,203.07 1.41903 100.0
503 700.0 0.65564 1,117.84 1,202.77 1.41615 100.0
506 720.0 0.63648 1,117.66 1,202.46 1.41335 100.0
509 740.0 0.61831 1,117.46 1,202.13 1.41064 100.0
512 760.0 0.60106 1,117.26 1,201.79 1.40801 100.0
515 780.0 0.58467 1,117.04 1,201.43 1.40545 100.0
518 800.0 0.56907 1,116.82 1,201.06 1.40296 100.0
521 820.0 0.55421 1,116.59 1,200.68 1.40053 100.0
524 840.0 0.54003 1,116.35 1,200.29 1.39817 100.0
527 860.0 0.52648 1,116.10 1,199.89 1.39587 100.0
529 880.0 0.51353 1,115.85 1,199.47 1.39362 100.0
532 900.0 0.50113 1,115.59 1,199.05 1.39143 100.0
535 920.0 0.48926 1,115.32 1,198.62 1.38929 100.0
537 940.0 0.47787 1,115.05 1,198.18 1.38719 100.0
540 960.0 0.46694 1,114.78 1,197.73 1.38515 100.0
542 980.0 0.45645 1,114.50 1,197.27 1.38315 100.0
545 1,000.0 0.44635 1,114.21 1,196.81 1.38119 100.0






Table A.2. Saturated vapor properties—temperature

Temperature | Pressure iﬁf::;l: I:;::z;l Enthalpy Entropy Quality
(°F) (psia) 63 fby) | (Btu/lbyg) (Btu/lby,) | (Btu/lby°R) (%)
100 0.9 350.34470 1,043.66 1,105.20 1.98949 100.0
120 1.7 203.26536 1,050.01 1,113.67 1.93738 100.0
140 2.9 123.00672 1,056.26 1,122.01 1.89043 100.0
160 4.7 77.29142 1,062.39 1,130.19 1.84794 100.0
180 7.5 50.22845 1,068.35 1,138.16 1.80933 100.0
200 11.5 33.64085 1,074.14 1,145.89 1.77411 100.0
212 14.7 26.80026 1,077.52 1,150.40 1.75444 100.0
220 17.2 23.14935 1,079.74 1,153.36 1.74188 100.0
240 25.0 16.32189 1,085.11 1,160.53 1.71227 100.0
260 354 11.76240 1,090.24 1,167.35 1.68500 100.0
280 49.2 8.64488 1,095.08 1,173.79 1.65980 100.0
300 67.0 6.46697 1,099.58 1,179.77 1.63644 100.0
320 89.6 4.91524 1,103.72 1,185.25 1.61473 100.0
340 118.0 3.78954 1,107.43 1,190.15 1.60433 100.0
360 153.0 2.95925 1,110.68 1,194.44 1.57540 100.0
380 195.6 2.33743 1,113.42 1,198.04 1.54847 100.0
400 247.1 1.86514 1,115.64 1,200.92 1.52334 100.0
420 308.5 1.50170 1,117.29 1,203.03 1.49982 100.0
440 381.2 1.21864 1,118.37 1,204.33 1.47776 100.0
460 466.4 0.99568 1,118.85 1,204.79 1.45701 100.0
480 565.7 0.81821 1,118.72 1,204.37 1.43745 100.0
500 680.4 0.67558 1,118.00 1,203.06 1.41897 100.0
520 812.3 0.55991 1,116.67 1,200.83 1.40146 100.0
540 963.0 0.46531 1,114.75 1,197.66 1.38485 100.0
560 1,134.3 0.38734 1,112.24 1,193.54 1.36905 100.0
580 1,328.3 0.32262 1,109.14 1,188.44 1.35399 100.0
600 1,547.0 0.26856 1,105.48 1,182.36 1.33960 100.0
620 1,792.7 0.22316 1,101.25 1,175.28 1.32584 100.0
640 2,067.8 0.18485 1,096.45 1,167.18 1.27863 100.0
660 2,374.9 0.15241 1,091.07 1,158.05 1.24458 100.0
680 2,716.9 0.12487 1,085.09 1,147.87 1.21237 100.0
700 3,096.8 0.10147 1,078.47 1,136.62 1.18183 100.0

A-5






Table A.3. Saturated liquid properties—pressure

Temperature | Pressure i(’;les:::l: I:;::'z;l Enthalpy Entropy Quality
(°F) (psia) (/b | (Btu/lbyy) (Btu/lby) | (Btu/lby,°R) (%)
102 1.0 0.01613 69.71 69.71 0.13261 0.0
162 5.0 0.01640 130.10 130.12 0.23468 0.0
193 10.0 0.01659 161.14 161.17 0.28341 0.0
212 14.7 0.01671 180.05 180.09 0.31198 0.0
228 20.0 0.01683 196.11 196.18 0.33565 0.0
240 25.0 0.01692 208.35 208.43 0.35330 0.0
250 30.0 0.01700 218.74 218.83 0.36805 0.0
259 35.0 0.01708 227.81 227.92 0.38077 0.0
267 40.0 0.01715 235.90 236.03 0.39196 0.0
274 45.0 0.01721 243.23 243.37 0.40199 0.0
281 50.0 0.01727 249.93 250.09 0.41107 0.0
293 60.0 0.01738 261.89 262.08 0.42708 0.0
303 70.0 0.01748 272.37 272.60 0.44091 0.0
312 80.0 0.01757 281.74 282.00 0.45312 0.0
320 90.0 0.01766 290.25 290.54 0.46407 0.0
328 100.0 0.01774 298.06 298.38 0.47401 0.0
341 120.0 0.01789 312.03 312.43 0.49158 0.0
353 140.0 0.01803 324.33 324.80 0.50680 0.0
364 160.0 0.01815 335.37 335.91 0.52027 0.0
373 180.0 0.01827 345.42 346.03 0.53239 0.0
382 200.0 0.01838 354.67 355.35 0.54343 0.0
390 220.0 0.01849 363.27 364.02 0.55358 0.0
397 240.0 0.01860 371.30 372.13 0.56299 0.0
404 260.0 0.01870 378.87 379.77 0.57177 0.0
411 280.0 0.01879 386.02 386.99 0.58001 0.0
417 300.0 0.01889 392.81 393.86 0.58778 0.0
423 320.0 0.01898 399.29 400.41 0.59514 0.0
429 340.0 0.01907 405.48 406.68 0.60213 0.0
434 360.0 0.01916 411.42 412.69 0.60880 0.0
440 380.0 0.01924 417.13 418.48 0.61517 0.0
445 400.0 0.01933 422.63 424.06 0.62128 0.0
449 420.0 0.01941 427.94 429.45 0.62714 0.0
454 440.0 0.01949 433.08 434.67 0.63279 0.0
459 460.0 0.01958 438.07 439.73 0.63823 0.0
463 480.0 0.01966 442.90 444.65 0.64349 0.0
467 500.0 0.01974 447.60 449.42 0.64858 0.0
471 520.0 0.01982 452.17 454.08 0.65351 0.0
475 540.0 0.01989 456.62 458.61 0.65830 0.0
479 560.0 0.01997 460.97 463.04 0.66294 0.0
483 580.0 0.02005 465.21 467.36 0.66746 0.0
486 600.0 0.02013 469.36 471.59 0.67186 0.0
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Table A.3. (continued)

Temperature | Pressure iﬁf::;l: I:[::«z;l Enthalpy Entropy Quality
(°F) (psia) (/b | (Btulby) (Btu/lby,) [Btu/Ib;,°R) (%)
490 620.0 0.02020 473.41 475.73 0.67615 0.0
493 640.0 0.02028 477.38 479.78 0.68033 0.0
497 660.0 0.02035 481.27 483.76 0.68441 0.0
500 680.0 0.02043 485.09 487.66 0.68840 0.0
503 700.0 0.02050 488.83 491.49 0.69230 0.0
506 720.0 0.02058 492.51 495.25 0.69612 0.0
509 740.0 0.02065 496.12 498.94 0.69986 0.0
512 760.0 0.02073 499.66 502.58 0.70352 0.0
515 780.0 0.02080 503.16 506.16 0.70711 0.0
518 800.0 0.02087 506.59 509.68 0.71064 0.0
521 820.0 0.02095 509.97 513.15 0.71410 0.0
524 840.0 0.02102 513.31 516.57 0.71750 0.0
527 860.0 0.02109 516.59 519.95 0.72084 0.0
529 880.0 0.02117 519.83 523.28 0.72412 0.0
532 900.0 0.02124 523.03 526.56 0.72736 0.0
535 920.0 0.02131 526.18 529.81 0.73054 0.0
537 940.0 0.02139 529.29 533.01 0.73367 0.0
540 960.0 0.02146 532.37 536.18 0.73676 0.0
542 980.0 0.02153 53541 539.31 0.73980 0.0
545 1,000.0 0.02161 538.41 542.41 0.74280 0.0
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Table A.4. Saturated liquid properties—temperature

Temperature | Pressure il;f::;l: I:;::z;l Enthalpy Entropy Quality
(°F) (psia) (31 o | Btu/lby) (Btu/lby,) | (Btu/lby°R) (%)
100 0.9 0.01613 67.97 67.97 0.12951 0.0
120 1.7 0.01620 87.91 87.92 0.16448 0.0
140 2.9 0.01629 107.87 107.88 0.19830 0.0
160 4.7 0.01639 127.86 127.88 0.23107 0.0
180 7.5 0.01650 147.89 147.91 0.26289 0.0
200 11.5 0.01663 167.96 168.00 0.29381 0.0
212 14.7 0.01671 180.03 180.07 0.31196 0.0
220 17.2 0.01677 188.09 188.14 0.32390 0.0
240 25.0 0.01692 208.27 208.35 0.35320 0.0
260 354 0.01708 228.54 228.65 0.38178 0.0
280 49.2 0.01726 248.90 249.06 0.40969 0.0
300 67.0 0.01745 269.37 269.59 0.43698 0.0
320 89.6 0.01766 289.98 290.27 0.46371 0.0
340 118.0 0.01788 310.73 311.12 0.48995 0.0
360 153.0 0.01811 331.65 332.17 0.51576 0.0
380 195.6 0.01836 352.78 353.44 0.54117 0.0
400 247.1 0.01863 374.12 374.97 0.56626 0.0
420 308.5 0.01893 395.70 396.78 0.59107 0.0
440 381.2 0.01925 417.56 418.92 0.61565 0.0
460 466.4 0.01960 439.74 441.43 0.64006 0.0
480 565.7 0.02000 462.28 464.37 0.66434 0.0
500 680.4 0.02043 485.24 487.81 0.68856 0.0
520 812.3 0.02092 508.70 511.84 0.71280 0.0
540 963.0 0.02147 532.77 536.59 0.73716 0.0
560 1,134.3 0.02209 557.58 562.22 0.76179 0.0
580 1,328.3 0.02280 583.32 588.93 0.78689 0.0
600 1,547.0 0.02361 610.22 616.98 0.81273 0.0
620 1,792.7 0.02452 638.58 646.72 0.83968 0.0
640 2,067.8 0.02557 668.79 678.57 0.86822 0.0
660 2,374.9 0.02677 701.30 713.06 0.89899 0.0
680 2,716.9 0.02813 736.71 750.85 0.93282 0.0
700 3,096.8 0.02969 775.74 792.75 0.97074 0.0
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Table A.S. Superheated steam properties

Temperature | Pressure iﬁles:::l: I:r::llijgl;l Enthalpy Entropy Quality
(°F) (psia) /by | (Btulby) (Btu/lby) | (Btu/lbp,°R) (%)
228 20.0  [20.08862 1,081.90 1,156.25 1.72980 100.0
250 20.0  [20.79400 1,090.31 1,167.27 1.74760 ke
275 20.0 [21.58306 1,099.65 1,179.53 1.76459 oAk
300 20.0  [22.36341 1,108.85 1,191.62 1.78077 oAk
325 20.0  [23.13727 1,117.97 1,203.60 1.79628 ok
350 20.0  [23.90620 1,127.03 1,215.51 1.81122 ke
375 20.0 [24.67129 1,136.06 1,227.37 1.82565 oAk
281 50.0 8.51542 1,095.31 1,174.10 1.65857 100.0
300 50.0 8.77247 1,103.11 1,184.28 1.67209 ok
325 50.0 9.10358 1,113.12 1,197.35 1.68903 ok
350 50.0 9.42849 1,122.88 1,210.12 1.70504 oAk
375 50.0 9.74874 1,132.46 1,222.66 1.72030 AR
400 50.0 [10.06539 1,141.92 1,235.05 1.73493 ok
425 50.0 [10.37923 1,151.31 1,247.34 1.74902 ok
328 100.0 4.43190 1,105.23 1,187.24 1.60665 100.0
350 100.0 4.59216 1,115.12 1,200.09 1.61882 ok
375 100.0 4.76689 1,125.85 1,214.06 1.63581 ok
400 100.0 4.93702 1,136.21 1,227.57 1.65176 otk
425 100.0 5.10365 1,146.31 1,240.75 1.66688 otk
450 100.0 5.26758 1,156.22 1,253.70 1.68131 ok
475 100.0 5.42936 1,166.01 1,266.48 1.69517 ok
358 150.0 3.01465 1,110.45 1,194.13 1.57756 100.0
375 150.0 3.09940 1,118.41 1,204.45 1.58194 ok
400 150.0 3.22251 1,129.90 1,219.35 1.59953 ok
425 150.0 3.34135 1,140.87 1,233.62 1.61589 oAk
450 150.0 3.45696 1,151.47 1,247.43 1.63129 oAk
475 150.0 3.57007 1,161.81 1,260.91 1.64591 ok
500 150.0 3.68122 1,171.96 1,274.14 1.65988 ok
382 200.0 2.28796 1,113.66 1,198.34 1.54607 100.0
400 200.0 2.36110 1,122.94 1,210.33 1.55943 otk
425 200.0 245715 1,134.96 1,225.90 1.57729 ok
450 200.0 2.54937 1,146.37 1,240.73 1.59382 ok
475 200.0 2.63870 1,157.35 1,255.01 1.60931 otk
500 200.0 2.72578 1,168.01 1,268.90 1.62397 otk
525 200.0 2.81109 1,178.44 1,282.48 1.63795 ok
401 250.0 1.84380 1,115.75 1,201.05 1.52209 100.0
425 250.0 1.92394 1,128.54 1,217.54 1.54514 oAk
450 250.0 2.00285 1,140.90 1,233.56 1.56299 ok
475 250.0 2.07839 1,152.62 1,248.77 1.57949 ok
500 250.0 2.15139 1,163.86 1,263.39 1.59493 otk
525 250.0 2.22241 1,174.76 1,277.58 1.60952 otk
550 250.0 2.29185 1,185.40 1,291.43 1.62342 ok
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Table A. 5. (continued)

Temperature | Pressure i(’;les:::l: I:;::z;l Enthalpy Entropy Quality
(°F) (psia) (/b | (Btu/lbyy) (Btu/lby) | (Btu/lby,°R) (%)
417 300.0 1.54330 1,117.12 1,202.80 1.50277 100.0
425 300.0 1.56597 1,121.54 1,208.48 1.51676 ook
450 300.0 1.63670 1,135.02 1,225.88 1.53616 oAk
475 300.0 1.70353 1,147.58 1,242.15 1.55381 oAk
500 300.0 1.76747 1,159.49 1,257.61 1.57013 ook
525 300.0 1.82919 1,170.91 1,272.46 1.58541 ook
550 300.0 1.88918 1,181.98 1,286.86 1.59985 okkk
432 350.0 1.32603 1,118.01 1,203.90 1.48662 100.0
450 350.0 1.37346 1,128.69 1,217.65 1.51187 ook
475 350.0 1.43454 1,142.23 1,235.14 1.53084 ook
500 350.0 1.49233 1,154.87 1,251.53 1.54815 oAk
525 350.0 1.54763 1,166.88 1,267.12 1.56419 oAk
550 350.0 1.60102 1,178.42 1,282.11 1.57922 ok
575 350.0 1.65291 1,189.60 1,296.65 1.59345 ook
445 400.0 1.16136 1,118.55 1,204.51 1.47278 100.0
450 400.0 1.17436 1,121.86 1,208.79 1.48922 ook
475 400.0 1.23161 1,136.52 1,227.68 1.50971 ook
500 400.0 1.28511 1,150.01 1,245.13 1.52814 oAk
525 400.0 1.33582 1,162.66 1,261.54 1.54502 oAk
550 400.0 1.38442 1,174.71 1,277.19 1.56071 ook
575 400.0 1.43137 1,186.30 1,292.25 1.57545 ook
456 450.0 1.03211 1,118.82 1,204.77 1.46067 100.0
475 450.0 1.07262 1,130.42 1,219.74 1.48984 ook
500 450.0 1.12311 1,144.86 1,238.38 1.50953 ook
525 450.0 1.17047 1,158.24 1,255.71 1.52735 ok
550 450.0 1.21549 1,170.85 1,272.07 1.54376 ok
575 450.0 1.25872 1,182.90 1,287.71 1.55907 ook
600 450.0 1.30054 1,194.51 1,302.81 1.57349 ook
467 500.0 0.92787 1,118.89 1,204.74 1.44993 100.0
475 500.0 0.94428 1,123.90 1,211.27 1.47081 oAk
500 500.0 0.99269 1,139.41 1,231.26 1.49193 ook
525 500.0 1.03760 1,153.60 1,249.60 1.51080 ook
550 500.0 1.07991 1,166.83 1,266.75 1.52800 okkk
575 500.0 1.12027 1,179.37 1,283.02 1.54392 oAk
600 500.0 1.15910 1,191.38 1,298.62 1.55882 ook
477 550.0 0.84195 1,118.80 1,204.49 1.44028 100.0
500 550.0 0.88517 1,133.64 1,223.73 1.47505 okrk
525 550.0 0.92830 1,148.73 1,243.21 1.49509 ook
550 550.0 0.96856 1,162.64 1,261.22 1.51315 ook
575 550.0 1.00667 1,175.71 1,278.17 1.52973 ok
600 550.0 1.04313 1,188.14 1,294.31 1.54515 oAk
625 550.0 1.07830 1,200.10 1,309.85 1.55965 ook
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Table A.5. (continued)

Temperature | Pressure iﬁf:i:: I:;:i;;l Enthalpy Entropy Quality
(°F) (psia) /by | (Btulby) (Btu/lby,) (Btu/lb,y°R) (%)
486 600.0 0.76988 1,118.58 1,204.06 1.43153 100.0
500 600.0 0.79477 1,127.51 1,215.75 1.45865 ook
550 600.0 0.87535 1,158.27 1,255.46 1.49901 ol
600 600.0 0.94626 1,184.81 1,289.87 1.53229 ookl
650 600.0 1.01152 1,209.03 1,321.34 1.56131 Aok
700 600.0 1.07317 1,231.90 1,351.06 1.58752 ook
750 600.0 1.13239 1,253.97 1,379.70 1.61170 oAk
495 650.0 0.70853 1,118.25 1,203.48 1.42352 100.0
500 650.0 0.71746 1,120.99 1,207.29 1.44255 ook
550 650.0 0.79607 1,153.70 1,249.45 1.48542 ool
600 650.0 0.86407 1,181.36 1,285.30 1.52008 oAk
650 650.0 0.92599 1,206.30 1,317.68 1.54995 Aok
700 650.0 0.98411 1,229.65 1,348.03 1.57670 ook
750 650.0 1.03967 1,252.07 1,377.12 1.60127 ool
503 700.0 0.65564 1,117.84 1,202.77 1.41615 100.0
525 700.0 0.69098 1,132.50 1,222.01 1.45100 Aok
575 700.0 0.76160 1,163.89 1,262.54 1.49118 ol
625 700.0 0.82360 1,190.95 1,297.63 1.52431 ol
675 700.0 0.88052 1,215.60 1,329.66 1.55319 Aok
725 700.0 0.93419 1,238.86 1,359.87 1.57924 Aok
775 700.0 0.98564 1,261.26 1,388.93 1.60327 oAk
511 750.0 0.60958 1,117.36 1,201.96 1.40932 100.0
525 750.0 0.63187 1,126.49 1,214.19 1.43684 ook
575 750.0 0.70113 1,159.64 1,256.94 1.47923 ook
625 750.0 0.76103 1,187.72 1,293.34 1.51360 oAk
675 750.0 0.81551 1,213.03 1,326.21 1.54324 okl
725 750.0 0.86656 1,236.73 1,357.00 1.56979 ook
775 750.0 0.91532 1,259.45 1,386.48 1.59417 Aok
518 800.0 0.56907 1,116.82 1,201.06 1.40296 100.0
525 800.0 0.57955 1,120.14 1,205.93 1.42277 ook
575 800.0 0.64792 1,155.21 1,251.13 1.46759 ook
625 800.0 0.70612 1,184.40 1,288.93 1.50329 ol
675 800.0 0.75853 1,210.40 1,322.69 1.53373 AR
725 800.0 0.80733 1,234.57 1,354.08 1.56080 ook
775 800.0 0.85375 1,257.62 1,384.01 1.58555 ook
525 850.0 0.53318 1,116.22 1,200.09 1.39701 100.0
550 850.0 0.56859 1,133.17 1,222.61 1.43417 ook
600 850.0 0.63009 1,166.39 1,265.50 1.47566 ook
650 850.0 0.68342 1,194.68 1,302.18 1.50950 oAk
700 850.0 0.73196 1,220.24 1,335.37 1.53877 oAk
750 850.0 0.77746 1,244.19 1,366.47 1.56503 ook
800 850.0 0.82088 1,267.15 1,396.27 1.58917 ook
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Table A.6. Subcooled liquid properties

Temperature | Pressure il;;::;l: I:;Zg;l Enthalpy Entropy Quality
(°F) (psia) (31 o | Btu/lby) (Btu/lby,) | (Btu/lby°R) (%)
212 14.7 0.01671 180.05 180.09 0.31198 0.0
200 14.7 0.01663 167.95 168.00 0.29381 otk
150 14.7 0.01634 117.83 117.88 0.21481 ook
100 14.7 0.01613 67.93 67.97 0.12951 oAk
50 14.7 0.01598 18.02 18.06 0.03601 rotkok
281 50.0 0.01727 249.93 250.09 0.41107 0.0
200 50.0 0.01663 167.84 168.00 0.29381 oAk
150 50.0 0.01634 117.72 117.88 0.21481 otk
328 100.0 0.01774 298.06 298.38 0.47401 0.0
200 100.0 0.01663 167.69 168.00 0.29381 oAk
150 100.0 0.01634 117.57 117.88 0.21481 oAk
358 150.0 0.01809 329.99 330.49 0.51372 0.0
200 150.0 0.01663 167.53 168.00 0.29381 oAk
150 150.0 0.01634 117.42 117.88 0.21481 oAk
382 200.0 0.01838 354.67 355.35 0.54343 0.0
200 200.0 0.01663 167.38 168.00 0.29381 oAk
150 200.0 0.01634 117.27 117.88 0.21481 oAk
401 250.0 0.01865 375.14 376.00 0.56745 0.0
200 250.0 0.01663 167.23 168.00 0.29381 oAk
150 250.0 0.01634 117.12 117.88 0.21481 oAk
417 300.0 0.01889 392.81 393.86 0.58778 0.0
200 300.0 0.01663 167.07 168.00 0.29381 otk
150 300.0 0.01634 116.97 117.88 0.21481 ook
432 350.0 0.01911 408.48 409.72 0.60550 0.0
200 350.0 0.01663 166.92 168.00 0.29381 otk
150 350.0 0.01634 116.82 117.88 0.21481 ook
445 400.0 0.01933 422.63 424.06 0.62128 0.0
200 400.0 0.01663 166.77 168.00 0.29381 oAk
150 400.0 0.01634 116.67 117.88 0.21481 ook
456 450.0 0.01954 435.59 437.22 0.63554 0.0
200 450.0 0.01663 166.61 168.00 0.29381 oAk
150 450.0 0.01634 116.52 117.88 0.21481 otk
467 500.0 0.01974 447.60 449.42 0.64858 0.0
200 500.0 0.01663 166.46 168.00 0.29381 oAk
150 500.0 0.01634 116.36 117.88 0.21481 otk
477 550.0 0.01993 458.81 460.84 0.66064 0.0
200 550.0 0.01663 166.30 168.00 0.29381 oAk
150 550.0 0.01634 116.21 117.88 0.21481 otk
486 600.0 0.02013 469.36 471.59 0.67186 0.0
200 600.0 0.01663 166.15 168.00 0.29381 oAk
150 600.0 0.01634 116.06 117.88 0.21481 oAk
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Table B.1. Natural gas stack loss (%)

Flue gas Flue gas temperature—combustion air temperature (°F)
O3 content

(%) 230 | 250 | 270 | 290 | 310 | 330 | 350 | 370 | 390 | 410 | 430 | 450 | 470 | 490 | 510
1.00 14.49/14.92/15.36{15.79]16.23/16.67]17.11{17.55/17.99) 18.43] 18.88§| 19.32[19.7720.21| 20.66,
2.00 14.72/15.17]15.63{16.09]16.55/17.01{17.47|17.93| 18.39)18.86/ 19.32/19.79/20.26/ 20.73| 21.20
3.00 14.98/15.46/15.94{16.42|16.90/17.38/ 17.87|18.36] 18.84] 19.33]19.82/20.31] 20.80/21.30{ 21.79
4.00 15.26{15.77]16.28/16.79/17.29/17.81| 18.32/ 18.83]19.35/19.86/20.38 20.90[21.41{21.93 22.46
5.00 15.59]16.12/16.66/17.20/17.74) 18.28 18.82/19.36/19.91/20.46/21.00]21.55|22.10[22.65| 23.20
6.00 15.96/16.52/17.10[17.67)18.24] 18.82/19.39[19.97/20.55)21.13]21.71{22.29 22.88 23.46| 24.05
7.00 16.38/16.98/17.59[18.20] 18.82/19.43/20.04{20.66/21.28/21.90/22.52/ 23.14{ 23.77) 24.39/ 25.02
8.00 16.86[17.51]18.16] 18.82]19.4820.14{20.80[21.46{22.1222.79|23.46|24.12/24.79|25.47 26.14
9.00 17.42/18.13]18.8319.54{20.25/20.96/ 21.68| 22.39/23.11|23.83|24.55| 25.27/25.99| 26.72| 27.44
10.00 18.09]18.86/19.62/20.39]21.16/21.94/22.71{23.49)24.27) 25.05/25.83| 26.62/ 27.41) 28.19 28.98
11.00 18.89119.73]20.57|21.42|22.26/23.11{23.96| 24.81| 25.67) 26.52 27.38 28.24{29.10] 29.97/ 30.83
12.00 19.87/20.80[21.7322.66]23.60)24.54/ 25.48| 26.43| 27.37/28.32/29.27/30.22{31.18|32.13] 33.09

Table B.2. No. 2 Fuel oil stack loss (%)
Flue gas Flue gas temperature—combustion air temperature (°F)
O3 content

(%) 230 | 250 | 270 | 290 | 310 | 330 | 350 | 370 | 390 | 410 | 430 | 450 | 470 | 490 | 510
1.00 10.33]10.74{11.16/11.58/12.00]12.43| 12.85|13.28] 13.70/ 14.13] 14.56/ 14.99)15.42| 15.85| 16.28
2.00 [10.55/10.99/11.43]11.87]12.31]12.75/13.20] 13.64] 14.09] 14.54) 14.99/15.44/ 15.89| 16.34] 16.79
3.00 |10.79]11.25[11.72/12.1812.65|13.11{13.58|14.05/14.52/14.99)15.46/15.94{16.41{16.89/17.36
4.00 |11.07|11.56/12.04{12.53/13.02|13.52/14.01|14.50{15.00]15.50,15.99|16.49|17.00| 17.50] 18.00
5.00 [11.3811.89/12.41/12.93[13.45/13.97/14.49/15.01]15.54/16.07/16.59/17.12/17.65| 18.18|18.72
6.00 |11.73]12.28/12.83]13.38/13.93|14.4815.04/15.59[16.15/16.71/17.27]17.83| 18.40 18.96/ 19.53
7.00  [12.13]12.72/13.30[13.89[14.48 15.07/15.66/16.26{ 16.85| 17.45| 18.05] 18.65|19.25| 19.85/20.45
8.00 [12.60/13.22/13.85|14.48|15.11|15.75/16.38/17.02/17.66| 18.30] 18.94]19.58/20.23/20.88 21.52
9.00 [13.14]13.81/14.49/15.17]15.85/16.54/17.22/17.91]18.60 19.29)19.98§/20.68| 21.38/ 22.07| 22.77
10.00 | 13.77/14.51{15.25/15.99/16.7317.47/18.22| 18.96] 19.71] 20.46|21.22/ 21.97|22.73| 23.49| 24.25
11.00 | 14.54{15.35/16.15/16.96/17.78] 18.59/19.41{20.23)21.05| 21.87|22.70] 23.52{ 24.35|25.1826.02
12.00 [15.48/16.37/17.26/18.16|19.06/ 19.96/20.87/21.77)22.68 23.59[24.51{25.42/26.34| 27.26) 28.18
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Table B.3. No. 6 Fuel oil stack loss (%)

Flue gas Flue gas temperature—combustion air temperature (°F)
O3 content

(%) 230 | 250 | 270 | 290 | 310 | 330 | 350 | 370 | 390 | 410 | 430 | 450 | 470 | 490 | 510
1.00 9.81{10.23]10.66/11.08/ 11.50[11.93| 12.36/12.78/13.21] 13.64 14.07) 14.51/ 14.94/ 15.38 15.81
2.00 [10.04/10.4810.92/11.36[11.81]12.26/12.70[13.15[13.60, 14.05/14.51{14.96{15.41]15.87/16.33
3.00 |10.28/10.75[11.21]11.68]12.15/12.62/13.09[13.56|14.03)14.51]14.99/15.46 15.94) 16.42/ 16.90
4.00 [10.56{11.05/11.54/12.03/12.53|13.02/13.52/14.02/14.52/15.02/15.52]16.02{16.53|17.03| 17.54
5.00 [10.87/11.39/11.91]12.43]12.96/13.48/14.01|14.53/15.06/15.59/16.12/16.66/17.19|17.72] 18.26
6.00 [11.23]11.78/12.33]12.88|13.44)14.00/14.56/15.12/15.68 16.24)16.81/17.37/17.94{ 18.51] 19.08
7.00 [11.63]12.22/12.81/13.40[13.99)14.59/15.18/15.78/16.38 16.98 17.59/18.1918.7919.40,20.01
8.00 [12.10[12.73/13.36/13.99/14.63|15.27/15.91{16.55/17.19/17.84{18.49]19.13/19.78/20.43| 21.09
9.00 [12.64{13.32/14.00]14.69|15.38/16.06/ 16.75/17.45|18.14) 18.84{19.54/20.23/20.94]|21.64) 22.34

10.00 [ 13.28/14.02/14.76/15.51]16.26/17.00/ 17.75/18.51{ 19.26/20.02| 20.78| 21.54{ 22.30] 23.06/ 23.83

11.00 | 14.05/14.87/15.68/16.49/17.31]18.13]18.95/19.78/20.61| 21.43]22.27/23.10] 23.93| 24.77) 25.61

12.00 |15.00[15.89/16.79)17.70]18.60[19.51]20.42]{21.33)22.25|23.17]24.09] 25.01{25.93|26.86) 27.79

Table B.4. Typical bituminous coal stack loss (%)
Flue gas Flue gas temperature—combustion air temperature (°F)
O, content

(%) 230 | 250 | 270 | 290 | 310 | 330 | 350 | 370 | 390 | 410 | 430 | 450 | 470 | 490 | 510
1.00 8.37 8.80] 9.23] 9.67/10.11/10.55/10.99/11.43{11.87]12.31]12.76/13.21] 13.65| 14.10| 14.55
2.00 8.59] 9.05 9.50] 9.96/10.42/10.88 11.34/11.80/12.27]12.73|13.20,13.67 14.14] 14.61] 15.08
3.00 8.85| 9.32] 9.80[10.28/10.76{11.25/11.73]12.22{12.71]13.20[ 13.69| 14.18 14.67| 15.17| 15.66
4.00 9.13] 9.63]10.14{10.64/11.15/11.66/12.17)12.6813.2013.71]14.23|14.75/15.27|15.79|16.31
5.00 9.44| 9.9810.51111.05/11.59[12.12[12.67)13.21/13.75/14.30{ 14.84]15.39/15.94] 16.49 17.05
6.00 9.80[10.37/10.94/11.51{12.08 12.65| 13.22] 13.80| 14.38] 14.96| 15.54/16.12/ 16.70/ 17.29 17.88
7.00 [10.22{10.82/11.42]12.03]12.64{13.25/13.86]14.48 15.10]15.71{16.33/16.95/17.58| 18.20, 18.83
8.00 [10.69/11.34/11.99)12.64|13.29/13.95/14.60[15.26/15.92/16.5§| 17.25/17.91|18.58/19.25/19.92
9.00 [11.24/11.94/12.64]13.34{14.05/14.75/15.46/16.17]16.8917.60] 18.32/19.04/19.75/20.4821.20

10.00 [11.90/12.66/13.42/14.18/14.94)15.71/16.48/17.25|18.03]| 18.80]19.58/20.36/21.14/21.92)22.71
11.00 |12.68/13.51/14.35/15.18]16.02/16.86/ 17.70{ 18.55/19.39/20.24{21.10]21.95|22.81|23.66) 24.52
12.00 |13.64]{14.56/15.4816.41]17.33]18.26/19.19/20.13)21.07/22.01{ 22.95| 23.89 24.84]25.79)26.74
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1. Executive Summary

As part of their 2006-2008 Mass Markets Program, PG& E has offered financial incentivesto
customers for the installation of steam traps. Installations occur in both industrial and
commercia facilities. For the commercial facilities, dry cleaning operations account for the bulk
of theinstallations. Ex ante savings for this measure are deemed, on a per unit basis, and do not
take into account site-specific operating conditions. Findings from an initial review by PG& E
did not provide significant evidence to support the ex ante impact estimates.

KEMA was contracted by PG& E to conduct a more rigorous analysis of customer bills to better
assess steam trap impacts, particularly in dry cleaning/laundry facilities. The study utilized a
billing analysis approach that consisted of both simple pre-retrofit/post-retrofit bill comparisons
and aregression-based billing analysis. For both types of analyses, we utilized al available
participants with adequate billing histories, aswell as a subset of participants who bills showed
declines between the pre-retrofit and post-retrofit periods. The subset of participants was used in
order to filter out sites where there was a strong likelihood that non-program factors were
occurring that could obscure the energy-saving effects of the steam trap installations (and hence
causing increases rather than decreases in hills).

Overall, there were 490 participants in the tracking dataset provided by PG&E. Commercia dry
cleaning/laundry facilities account for 458 of these applications. Table 1 summarizes the
tracking system data. While the dry cleaning/laundry facilities account for most of the
applications, units installed and rebate expenditures, they account for less that half the ex ante
program savings. This results because alimited number of large industrial projects are
associated with much of the program savings. These larger projects were are not suited to the
billing analysis savings methodology and are not afocus of this study.

Tablel: Summary of Program Tracking Data

Units Expected
Facility Type Applications | Installed | Savings Rebate
All Facilities 490 11,657 | 2,837,450 $1,195,626
Commercial Dry Cleaning/Laundry Facilities 458 8,275 | 1,103,995 $815,773

Focusing on the commercia dry cleaning/laundry facilities, the different billing analysis models
explored in the study provided arange of possible savings. Regression equations that modeled
natural gas usage as a function of tracking system savings and facility electricity use (in addition
to other variables) provided the best statistical fit to the data. These models did not use all 458
commercia dry cleaning/laundry participants due to billing data limitations. Results of the better
fitting regression models are provided in Table 2. The results are shown for an equation that
utilized all available participants and for an equation that included only participants whose bills
declined from the pre-retrofit to post-retrofit period.
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Table2: Billing Analysis Results— Preferred Models

# Tracking Bill Realization
Model Participants | Savings | Savings Rate RR2*
Model using all participants 310 720,962 77,838 0.11
Model using participants with bill declines 175 411,314 | 137,715 0.33 0.19

* RR2 = Realization rate for all participants, assuming participants with bill increases have zero savings.

As Table 2 shows, bill savings range from atotal of 77,838 therms for the model using all
participants up to 137,715 therms for the model that included only participants with bill declines.
The second model shows higher total savings although it utilizes only 175 of the 310 participants
with adequate billing histories. This results because the first model includes customers with
unexplained bill increases that confound the overall savings estimates, making it difficult for the
bill analysis models to correlate bill declines with expected savings from the tracking system.

Ultimately, the billing analysis model that utilizes all participants provides a realization rate of
0.11 meaning only 11% of tracking system savings could be realized in billing, using the billing
analysis methods employed in this study (77,838 therms compared to 720,962 thermsin Table
2). Therealization rate for the model utilizing only participants with bill declinesis estimated to
be 0.33 (137,715 therms compared to 411,314 therms in Table 2). However, since this model
excludes participants with bill increases, the realization rate could be recalculated to include
these customers with a savings assumed to be zero. Assuming the excluded sites had zero
savings, the adjusted realization rate (RR2 in Table 2) is0.19, indicating 19% of expected
savings are realized in bills (137,715 therms compared to 720,962 therms). Thisisa
conservative approach since savings could be masked by other unknown factors, and it may be
reasonabl e to exclude these customers from the billing analysis but still apply the 0.33 realization
rate to all participants.

Depending on the choice of model, the evaluated annual savings for all commercial dry
cleaning/laundry participants ranges from 119, 192 therms to 369,637 therms compared to
tracking system ex ante estimates of 1,103,995 therms. These results are summarized in Table 3.

Table 3: Billing Analysis Savings Summary, Commer cial Dry Cleaning/L aundry Participants

Tracking

Realization System Evaluation
Model Rate Savings Savings
Model using all participants 0.11 1,103,995 119,192
Model using participants with bill declines,
assuming participants with bill increases
have zero savings 0.19 1,103,995 210,880
Model using participants with bill declines,
assuming participants will bill increases
have savings that are masked by other
factors 0.33 1,103,995 369,637
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2. | ntroduction

As part of their 2006-2008 Mass Markets Program, PG& E has offered financial incentives to
customers for the installation of steam traps. Installations occur in both industrial and
commercial facilities. For the commercial facilities, dry cleaning operations account for the bulk
of the installations. Ex ante savings for this measure are deemed, on a per unit basis, and do not
take into account site-specific operating conditions. These savings are based on a study,
prepared for Southern California Gas Company, that evaluated impacts for over 30,000 steam

traps.

As an interim check on measure performance, PG& E reviewed bills of a sample of facilities.
Findings from thisinitial review did not provide significant evidence to support the ex ante
impact estimates. KEMA was contracted by PG& E to conduct a more rigorous analysis of
customer bills to better assess steam trap impacts, particularly in Dry Cleaning/Laundry
facilities.

2.1 Study Approach

The approach used for this study is aregression-based billing analysis utilizing time-series/cross-
sectional billing analysis models. A preliminary bill comparison was performed to identify sites
that were most likely to be saving natural gas as aresult of the steam trap measures versus sites
where savings achievements were not as identifiable. The preliminary results were integrated
into the regression analysis. Data for the project included tracking system and billing system
data provided by PG&E.

2.2 Report Organization

The remainder of this report is organized as follows:
Section 3 presents the study methodology
Section 4 discusses data devel opment activities, and
Section 5 presents the results of the analysis.

Appendix A provides the billing analysis model details
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3. M ethodology

This section provides a discussion of the approach used to assess natural gas savings from
installation of steam traps. This discussion addresses:

the preliminary billing data analysis used to identify useful and problematic billing
histories for the program participant sites; and

the regression-based billing analysis that was used to improve upon the preliminary
assessment by controlling for factors such as seasonality and trends in energy usage.

3.1 Preliminary Billing Data Analysis

The preliminary billing data analysis consisted of annualizing and comparing pre-retrofit bills to
post-retrofit bills. The pre-retrofit period was considered the 12-month period prior to the
measure install date. The post-retrofit period was the period starting with read dates that were at
least 30 days past the measure install date. The billing data for the period near the install date
were “blacked out” and not used in the analysis. Annualized usage for the each of the pre- and
post-retrofit periods was calculated as:

[o]
therms
annualized therms=365" s—————— a -
a billing days

where the therms and billing days are summed across all the reads in the pre- and post-retrofit
periods.

Preliminary bill savings for a given site were then calculated as:

preliminary savings = annualized therms,, . - annualized therms,

Once annualized therms and preliminary savings were developed for each site, they were
aggregated across measure groups and market segmentsto provide an initia indication of how
tracking system ex ante savings were comparing to changesin bills.

3.2 Regression-Based Billing Analysis

For the regression-based billing analysis models, we utilized pooled time series/cross-sectional
models that make use of monthly consumption. The basic modelsinvestigated were:

Model 1: Therms, =m +t, +b,” PART, +§ b, X, +e,,and

j=2

Model 2: Therms, =m+t, +b,” THMSAV, +§ b, X, +e,

i=2
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where:

Therms; =  Averagedaily gasuse for customer i in time period t

PART; =  Program participation for customer i in time period t, zero prior to
implementation

THMSAV,; =  Expected program savings from the tracking system (in therms per day) for
customer i in time period t, zero prior to implementation

Xi =  Other explanatory variables that could affect energy use (mainly electricity
consumption, which serves as a proxy for changesin facility activity)

m =  Dummy variable, 1 for customer i, O otherwise

t =  Dummy variable, 1 for time period t, O otherwise

b's =  Estimated parameters

& =  Errorterm

The parameter of interest in Model 1 is b1, the coefficient for the PART;; variable, reflecting
impacts of program participation and installing measures. This coefficient reflects the average
therms per day savings for the customersincluded in the billing analysis.

For Model 2, b; isthe coefficient for the THMSAV;; variable. In this case, the billing analysis
model becomes an SAE (statistically adjusted engineering) model, and the estimated parameter,
by, isinterpreted as the realization rate, the fraction of tracking system savings that is reflected in
the customer bills.

The customer-specific level variables, m, and the time-specific level variables, t;, are included to
control for “fixed-effects,” the stable but unmeasured characteristics of each customer and time
period. Thefitting of these two sets of fixed effects eliminates two important potential sources
of intercorrelation among the model residuals. The customer-specific variables adjust for each
customer’ s base use facilitating the calibration to customer hills.

Overall, we estimated 2 sets of models. One set included all dry cleaning/laundry participants
who had adequate billing histories to support the analysis. The second set of models utilized the
same structure as the first set of models, but they we only estimated for the subset of dry
cleaning/laundry participants who had bill declines subsequent to measure implementation, as
determined by the preliminary bill screening analysis. Each set of modelsincluded 4 model
variations:

1. Model 1 using the PART variable and an electricity consumption explanatory variable
Model 1 using the PART variable without the electricity consumption explanatory variable

2
3. Modd 2 using the THMSAV variable and an electricity consumption explanatory variable
4. Model 2 using the THMSAV variable without the electricity consumption explanatory variable

PG&E Steam Trap Assessment 3-2
Final Report October 2007





KEMAZ

4, Data Development

Data from the PG& E program tracking system and data from the PG& E billing system were
required for the analysis. Both sets of data were provided by PG& E.

4.1 Program Tracking Data

Aninitial tracking system data extract was received on July 31, 2007. The dataset contained 683
records and included paid and some unpaid projects. KEMA identified some problems with this
dataset, such as inconsistencies between the number of unitsinstalled at a site and the expected
therm savings for that site.

A second tracking data extract was received on August 14, 2007. This dataset contains 519
records for projects that have been paid. KEMA identified 29 duplicate records that were
removed from this dataset, and atotal of 490 records were included in further analysis. The
following table summarizes key tracking data:

Table4: Tracking Data Summary by M easure and Facility Type

Measure Units Expected
Code Facility Type Applications | Installed | Savings Rebate
H201 Mushroom Production 1 2 1,224 $200
Nursery 1 5 3,062 $357
Subtotal 2 7 4,286 $557
H202 Sewage Treatment 1 2 4,496 $400
Steam and AC Supply 1 21 47,214 $2,910
Manufacturing (excl. Refineries) 8 79 177,613 $14,295
Petroleum Refineries 5 522 | 1,173,621 $84,149
Dry Cleaning/Laundry 4 28 62,951 $5,395
Subtotal 19 652 | 1,465,895 $107,149
H221 Nursery 4 2,638 251,934 $263,800
Manufacturing 2 13 1,734 $1,298
Commercial (excl. Laundry) 5 72 9,606 $7,049
Dry Cleaning/Laundry 458 8,275 | 1,103,995 $815,773
Subtotal 469 10,998 | 1,367,269 $1,087,920
Total 490 11,657 | 2,837,450 $1,195,626

Measure code definitions’:
H201 - Steam Trap - Industrial Low Pressure Steam ( < 15 psig)
H202 - Steam Trap - Industrial High Pressure Steam ( > 15 psig)
H221 - Steam Trap - Commercial - Any Pressure

! PG& E has used incorrect measure code definitions in some tracking data workbooks due to changes in underlying
workpapers that weren't adjusted for. Incorrect measure descriptions that should not be relied on are: H201: Steam
Trap — Commercial 24 hours/day operation; H202: Steam Trap - Industrial 24 hours/day operation; and H221:
Steam Trap — Commercia < 24 hours/day operation
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Table 5 summarizes the tracking system data by install date. Note that most of the program
participation occurred between March and May of 2007. Hence most of the projects did not a
complete 12 months of post-retrofit billing histories.

Table5: Tracking Data Summary by Install Date

Units Expected

Install Date Applications Installed Savings Rebate

Oct 2006 2 65 135,566 $6.475
Nov 2006 2 14 4,262 $1,059
Dec 2006 13 336 347,258 $25,864
Jan 2007 17 244 131,949 $27,337
Feb 2007 112 3,500 659,722 $363,148
Mar 2007 173 3,078 423,330 $307,554
Apr 2007 64 1,074 179,237 $109,100
May 2007 65 2,530 794,387 $271,000
Jun 2007 35 658 140,659 $68,289
Jul 2007 7 158 21,080 $15,800
Total 490 11,657 2,837,450 $1,195,626

4.2 Billing Data

Two rounds of billing datawere delivered by PG&E. In thefirst round, it was discovered that
many of the steam trap sites did not have electric usage data associated with the same account as
for the natural gas data. Hence a second data pull was made that took all of the accounts
associated with the same “Person ID” as for the account linked to the tracking data. Accounts
were then matched to the steam trap sites based on service address.

Theinitial billing dataset contained 29,069 records (one record for each account for each month
of billing data). Thirty duplicate records for one account were removed. Of the remaining
29,039 records, 13,085 were matched to tracking data. The remaining 15,954 records were
excluded from the analysis. There were atotal of 26 service accounts from the tracking data that
were not matched to customer bills.

In the second billing extract, 40,883 records were received. These were compressed to 25,170
records by aggregating over service addresses. Of the 25,145 compressed records, 13,117 were
matched to tracking data, and the remaining 12,027 were excluded from the analysis. This
second data extract did a much better job of pulling in billing data appropriate for the analysis, as
shown in Table 6.
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Table6: Summary of Billing Data Availability

Billing Data Billing Data
Extract 1 Extract 2
Unique Accounts in Tracking Data 476 476
Accounts Matched to Billing Data 450 450
Matched Accounts with Gas Data 418 448
Matched Accounts with Electric Data 31 353
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5. Results

This section presents results of the preliminary billing data analysis and results of the regression-
based billing analysis.

51 Preliminary Billing Data Analysis Results

Results are presented in Table 7. Overall, 232 sites saw decreases in bills between the pre- and

post-retrofit periods (averaging 102,498 therms per year), and 175 sites saw increasesin bills

(averaging 230,885 therms, as shown by the negative savings figure). While the average

changes are obscured by the large sites, it is clear that alarge number of sites (43%) still had
higher usage in the post retrofit period. Overall, bill increases outweighed bill decreases, as

shown by negative savings of 40,849 in the total row of the overall analysis group results.

Table7: Preliminary Bill Screening Results- Therms

Average Average
Annual Annual Average Tracking
Number Pre-retrofit Post- Annual Bill System Realization
Analysis Group Bill Direction of Sites bill retrofit bill Savings Savings Rate

Overall Sites with bill decreases 232 1,787,131 1,684,633 102,498 3,417 30.00
Sites with bill increases 175 718,762 949,702 -230,885 5,153 -44.81

Total 407 1,327,759 1,368,631 -40,849 4,163 -9.81

H201 (Com 24 Hr.) Sites with bill decreases 1 117,049 106,706 10,343 1,224 8.45
Sites with bill increases 1| 1,101,961 1,305,494 -203,533 3,062 -66.47

Total 2 609,505 706,100 -96,595 2,143 -45.07

H202 (Ind 24 Hr.) Sites with bill decreases 7 | 58,912,809 | 55,550,979 3,361,830 35,009 96.03
Sites with bill increases 2 | 59,591,140 | 79,476,661 | -19,885,521 245,067 -81.14

Total 9 | 59,063,549 | 60,867,797 -1,804,248 81,688 -22.09

H221 (Com <24 Hr.) | Sites with bill decreases 224 9,409 8,354 1,055 2,440 0.43
Total Sites with bill increases 172 31,972 34,529 -2,502 2,375 -1.05
Total 396 19,209 19,723 -490 2,412 -0.20

H221 (Com <24 Hr.) | Sites with bill decreases 17,685 13,741 3,944 767 0.89
Non Dry Cleaning/ Sites with bill increases 468,733 501,771 -33,038 400 -17.20
Laundry Total 171,573 182,836 -11,263 267 -6.80
H221 (Com <24 Hr.) | Sites with bill decreases 222 9,175 8,182 994 2,448 0.41
Dry Cleaning/ Sites with bill increases 169 7,577 8,421 -787 2,396 -0.33
Laundry Total 391 8,485 8,285 224 2,425 0.09

Measure code definitions:

H201 - Steam Trap - Industrial Low Pressure Steam ( < 15 psig)

H202 - Steam Trap - Industrial High Pressure Steam ( > 15 psig)
H221 - Steam Trap - Commercial - Any Pressure

For measure H201 (for industrial low pressure steam), one customer’ s bills declined, while the

second customer’ s billsincreased. For measure H202 (for industrial high pressure steam), 7
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customers' bills declined, while 2 customers’ billsincreased. The bill increases for these last 2
customers more than offset the bill declines of the other 7 customers. Note, that with the many
operations changes that are likely at larger industrial facilities, abilling analysisis not an
appropriate impact estimation technique for this group. Also note that the measure H202
customers are considerably larger that customers in other measure categories.

Finally, for measure H221 (for commercia customers) the total results are dominated by the dry
cleaning/laundry facilities, with the exception of several large non-dry cleaning/laundry sites that
experienced hill increases. For the dry cleaning/laundry group (the last set of figuresin Table 7),
222 sites (57%) saw decreasesin bills. These decreases average 994 therms per year, which is
only 41% of the amount estimated by PG& E in the tracking system. The remaining 169 sites
saw bill increases averaging 787 therms per year. This second group of sites tended to offset the
apparent savings from the first group. Overall, for the H221 dry cleaning/laundry group, average
savings of 224 therms per year are only about 9% of the initial PG& E estimates.

5.2 Regression-Based Billing Analysis Results
521 Model Results

Table 8 summarizes modeling results as they pertain to savings estimates. Complete modeling
results are provided in Appendix A. See Section 3.2 above for a description of the models.

Table 8 shows the estimated coefficient and t-statistic for the key savings variables (PART and
THMSAV) for the various models that were estimated. The number of participants included in
each model is aso shown. The models with the electric usage variable have less participants
because some sites were missing electric data— either because they were served by another
electric utility or because we were not able to match electric data to the gas data at their site.

For Model 1, which includes the PART (0/1) savings variable and electric usage, estimated
savings average 0.407 therms per day over all modeled participants and 1.467 therms per day for
the subset of participants who saw declines in their gas bills. Results did not vary much for the
models without the electric use variable. Statistical significance is margina for the models that
include all participants.
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Table8: Billing Analysis Parameter Summary

Participants with Bill
All Participants Declines
Model Statistic PART THMSAV PART THMSAV
Model 1 Savings Parameter Estimate -0.407 -1.467
with Electric t-Statistic -1.4 -3.5
Use Variable R? 0.9808 0.9853
# Participants 310 175
Model 1 Savings Parameter Estimate -0.371 -1.489
without Electric t-Statistic -1.3 -4.1
Use Variable R? 0.9748 0.9832
# Participants 391 222
Model 2 Savings Parameter Estimate -0.108 -0.335
with Electric t-Statistic -3.1 -6.9
Use Variable R? 0.9808 0.9855
# Participants 310 175
Model 2 Savings Parameter Estimate 0.036 -0.268
without Electric t-Statistic 1.2 -6.7
Use Variable R? 0.9748 0.9833
# Participants 391 222

For Model 2, which includes the THMSAV savings variable and el ectric usage, the estimated
realization rate is about 11% for the model that includes al 310 participants who have adequate
gas and electric bills. The redlization rate increased to 34% for the subset of 175 participants
whose bill decline from the pre-retrofit to the post-retrofit period. Both realization rates are
statistically significant. For the Model 2 runs without the electric usage variable, realization
rates were lower. For the all-participant model, savings were essentially zero. For the model
that only included customers with bill declines, the estimated realization rate is 27%, and is

statistically significant.

In reviewing the various billing analysis models that were estimated in the analysis, it appears
that the “Model 2 with Electric Use Variable” models did the best job at explaining bills. They
tend to show the higher R? statistics, which reflect the percent of variation in the therm-per-day
usage variable that is explained in the model. In addition, the t-statistics on the savings variables
(THMSAYV and PART variables) are highest with these models, showing they have the best fit
for these variables. The fact that these models perform the best is not unexpected. They utilize
the most information in that they include tracking system savings that should better track savings
across participants versus a ssmple 0/1 variable (PART), and they include the electric use
variable which can help explain variations at a site that occurs over time.

The billing analysis models that include only participants with bill declines from the pre-retrofit
to post-retrofit also tend to perform best. The model fit statistics (t-statistics and R?) are higher
and the savings parameters are higher. These results can also be expected, since customers with
bill increases are likely to have things going on at the site that cannot be explained with the
variables available for the analysis. These other effects can also serve to obscure the savings
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parameter estimates. Given that it isunlikely that the steam trap retrofits would lead to increases
in bills, is reasonable to believe that the participants with bill increases either had zero or little
savings from the new steam traps or that the savings were totally masked by other factors that
occurred at these sites over the model estimation period.

522 Savings Estimates

Using results of the billing analysis models we cal culated estimated program savings as compare
to tracking system savings. These results are shown in Table 9. Realization rates are shown in
the last two columns of the table. In order to calculate overall realization rates for the models
that excluded participants with bill increases, we assumed that savings at these facilities were
zero. Even with this conservative assumption, the models that exclude the participants with bill
increase till provide for the largest estimates of savings.

Overall, redlization rates, the fraction of savingsrealized in the bills range from -0.04 for the
“All Participant, Model 2 without Electric Use” equation to 0.19 for the “ Participant with Bill
Decline, Model 2 with Electric Use” equation. The analysisreveas that, even with the model
that shows the most savings, bills for the dry cleaning/laundry participants are showing decline
that are less than 20% of what PG& E’ sinitial tracking system estimates would predict.

Table9: Savings Estimatesfor Participantsin the Bill Analysis

# Tracking Bill Realization
Model Participants | Parameter | Savings Savings Rate RR2*
All Participant Models
Model 1 with Electric Use Variable 310 -0.407 720,962 45,996 0.06
Model 1 without Electric Use Variable 391 -0.371 948,304 52,922 0.06
Model 2 with Electric Use Variable 310 -0.108 720,962 77,838 0.11
Model 2 without Electric Use Variable 391 0.036 948,304 -33,988 -0.04
Participant with Bill Decline Models
Model 1 with Electric Use Variable 175 -1.467 411,314 93,676 0.23 0.13
Model 1 without Electric Use Variable 222 -1.489 543,395 120,691 0.22 0.13
Model 2 with Electric Use Variable 175 -0.335 411,314 137,715 0.33 0.19
Model 2 without Electric Use Variable 222 -0.268 543,395 145,374 0.27 0.15

* RR2 = Realization rate for all participants, assuming participants with bill increases have zero savings.
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6.

Appendix A: Billing Analysis Models

This appendix presents statistics for the eight billing analysis models that were estimated for this

project:

Table 10 shows models estimated over al dry cleaning/laundry participants that had adequate
billing histories. Table 11 shows models estimated of a subset of these participants that saw hill
declines between the pre-retrofit and post-retrofit periods. See Section 3.2 above for a discussion

of the models.
Table 10: Billing Analysis Results—Modelswith All Participants
Model 1 Model 1 Model 2 Model 2
with Electric Use without Electric Use with Electric Use without Electric Use
Parameter t- Parameter t- Parameter t- Parameter t-
Variable Estimate | Statistic | Estimate | Statistic | Estimate | Statistic | Estimate | Statistic
PART -0.407 -1.4 -0.371 -1.3
THMSAV -0.108 -3.1 0.036 1.2
kWh per day 0.031 7.8 0.030 7.6
Monthly Dummy Variables:
D2005_11 0.046 0.0 -0.233 -0.1 -0.171 -0.1 0.489 0.1
D2005_12 13.658 7.2 10.440 5.7 13.245 7.1 11.205 6.1
D2006_1 2.733 2.1 1.317 1.0 2.345 1.8 2.047 1.6
D2006_2 2.425 3.3 2.083 2.8 2.100 3.0 2.763 4.0
D2006_3 0.963 21 0.661 15 0.666 1.6 1.309 3.3
D2006_4 1.848 4.1 1.529 35 1.555 3.9 2.163 5.7
D2006_5 1.650 3.9 1.410 3.4 1.365 3.7 2.035 5.8
D2006_6 1.232 3.0 1.481 3.8 0.956 2.7 2.092 6.2
D2006_7 -0.029 -0.1 -0.204 -0.5 -0.307 -0.9 0.403 1.2
D2006_8 0.409 1.0 0.245 0.6 0.129 0.4 0.854 2.6
D2006_9 0.232 0.6 -0.064 -0.2 -0.048 -0.1 0.543 1.6
D2006_10 1.533 3.8 1.376 3.5 1.254 3.6 1.983 6.0
D2006_11 1.411 3.4 1.246 3.1 1.130 3.2 1.855 5.4
D2006_12 0.773 1.9 0.513 1.3 0.492 14 1.118 3.3
D2007_1 -0.246 -0.6 -0.529 -1.4 -0.519 -1.5 0.066 0.2
D2007_2 0.809 2.0 0.553 1.4 0.548 1.6 1.127 3.3
D2007_3 0.767 2.2 0.759 2.3 0.565 18 1.192 4.0
D2007_4 1.195 4.0 1.147 4.0 1.104 3.8 1.365 4.9
D2007_5 1.333 4.8 1.447 5.4 1.279 4.6 1.572 5.9
D2007_6 0.661 2.4 0.634 2.4 0.648 2.4 0.682 2.6
R-Square 0.9808 0.9748 0.9808 0.9748
Customer Dummy F-stat 755.2 577.9 756.5 577.8
Number of Participants 310 391 310 391
Number of Observations 4,912 6,239 4,912 6,239
PG& E Steam Trap Assessment 6-1
Final Report October 2007






KEMAZ

Table 11: Billing Analysis Results— M odels Using Participants with Bill Declines

Model 1 Model 1 Model 2 Model 2
with Electric Use without Electric Use with Electric Use without Electric Use
Parameter t- Parameter t- Parameter t- Parameter t-
Variable Estimate | Statistic Estimate | Statistic Estimate | Statistic Estimate | Statistic
PART -1.467 -3.5 -1.489 -4.1
THMSAV -0.335 -6.9 -0.268 -6.7
kWh per day 0.011 1.9 0.008 1.5
Monthly Dummy Variables:
D2005_12 18.319 7.5 13.467 6.6 17.033 7.1 12.768 6.3
D2006_1 3.822 2.1 2.329 1.5 2.702 1.6 1.776 1.1
D2006_2 5.275 4.5 4.583 4.6 4.397 3.9 4.194 4.4
D2006_3 1.856 2.6 1.828 3.0 1.126 1.8 1.519 2.8
D2006_4 3.225 4.9 3.002 5.3 2.509 4.3 2.697 5.4
D2006_5 2.571 4.1 2.384 4.5 1.874 3.5 2.083 4.5
D2006_6 2.242 3.8 2.403 4.7 1.576 3.1 2.109 4.8
D2006_7 0.748 1.3 0.570 1.1 0.075 0.1 0.279 0.6
D2006_8 1.198 2.1 0.988 2.0 0.518 1.0 0.694 1.6
D2006_9 0.847 1.4 0.646 1.3 0.161 0.3 0.348 0.8
D2006_10 2.292 3.9 2.131 4.2 1.610 3.2 1.834 4.2
D2006_11 2.320 3.9 2.166 4.2 1.635 3.2 1.868 4.2
D2006_12 1.420 2.4 1.163 2.3 0.737 14 0.872 2.0
D2007_1 0.132 0.2 -0.019 0.0 -0.522 -1.0 -0.287 -0.7
D2007_2 0.954 1.6 0.846 1.7 0.314 0.6 0.580 1.3
D2007_3 0.811 1.6 0.666 15 0.298 0.7 0.447 1.1
D2007_4 1.223 2.7 1.137 3.0 0.973 2.3 1.028 2.8
D2007_5 1.148 2.7 1.200 3.4 0.976 2.4 1.136 3.3
D2007_6 0.185 0.5 0.184 0.5 0.146 0.4 0.173 0.5
R-Square 0.9853 0.9832 0.9855 0.9833
Customer Dummy F-stat 993.0 872.5 1,006.6 880.1
Number of Participants 175 222 175 222
Number of Observations 2,780 3,352 2,780 3,352
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