
Click To Edit Master Title Style
Industrial Steam Systems
Virtual INPLT Training & Assessment

Session 2
Thursday – October 3, 2024
10 am – 12:30 pm



Welcome

 Welcome to the second Steam Virtual INPLT training series
 Eight, 2-1/2 hour webinars, focused on Industrial Steam Systems Energy 

Assessment and Optimization
 These webinars will help you gain a significant understanding of your 

industrial steam system, undertake an energy assessment using a systems 
approach, evaluate and quantify energy and cost-saving opportunities using 
US DOE tools and resources

 Thank you for your interest!
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Generation Area
• Boiler Efficiency (Direct Method)

• Specific Boiler Losses



Boiler Rating 

 Two common methods of classifying boilers
 Steam production

 Mass flow rate of steam [lb/hr]
 Boiler horsepower [BHp] 

 Boiler Horsepower is not Mechanical Horsepower but a description of the energy 
supplied to the steam (sometimes fuel input)
 It is a measure of the evaporation or steaming rate of a boiler

 1 BHp = 33,475 Btu/hr  
 1 BHp = 34.5 lb/hr of evaporation from and at 212°F
 Generally, used for specifying smaller packaged (fire-tube) boilers 

 Both methods are used in industry for specifying boilers



Operating Cost

 Boiler fired with natural gas
 HHV is 1,000 Btu/scf  

 Output: 100,000 lb/hr (steady)
 Fuel supply: 149,000 scf/hr (2,480 scf/min)
 Fuel cost: $5.00/MMBtu ($5/Mcf)
 Determine the operating cost
 Hourly 
 Annual – 8,760 hours

 Determine unit cost of steam ($/klb)

Units Syntax
cf – cubic feet
scf – standard
         cubic feet

M – thousand
MM – million
k – thousand
c - hundred



Boiler Operating Cost

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑓𝑓𝐹𝐹𝐶𝐶𝑓𝑓 𝑟𝑟𝑟𝑟𝐶𝐶𝐹𝐹 × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝑇𝑇𝑇𝑇𝑇𝑇𝐹𝐹

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 149000 ×
5

1000
× 1

𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 = 𝟕𝟕𝟕𝟕𝟕𝟕
$
𝒉𝒉𝒉𝒉

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 149000 ×
5

1000
× 8760

𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 = 𝟔𝟔,𝟕𝟕𝟓𝟓𝟔𝟔,𝟓𝟓𝟐𝟐𝟐𝟐
$
𝒚𝒚𝒉𝒉



Steam Cost Indicator

𝑆𝑆𝐶𝐶𝐹𝐹𝑟𝑟𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑆𝑆𝐶𝐶𝐹𝐹𝑟𝑟𝑇𝑇 𝑃𝑃𝑟𝑟𝐶𝐶𝑃𝑃𝐹𝐹𝑃𝑃𝐹𝐹𝑃𝑃

𝑆𝑆𝐶𝐶𝐹𝐹𝑟𝑟𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =
745
100

𝑺𝑺𝑪𝑪𝑭𝑭𝑺𝑺𝑺𝑺 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 = 𝟕𝟕.𝟕𝟕𝟕𝟕
$
𝒌𝒌𝑭𝑭𝒌𝒌

𝑆𝑆𝐶𝐶𝐹𝐹𝑟𝑟𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =
6,526,200

100 × 8760

𝑺𝑺𝑪𝑪𝑭𝑭𝑺𝑺𝑺𝑺 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 = 𝟕𝟕.𝟕𝟕𝟕𝟕
$
𝒌𝒌𝑭𝑭𝒌𝒌



Classic Boiler Efficiency

 Steam generating unit efficiency is defined as the heat absorbed 
by the steam divided by the fuel input energy



Typical Boiler Efficiency

 A typical boiler will have an efficiency of ----?

What is your expectation for an operating boiler efficiency?
1. 0-50%
2. 50-75%
3. 75-85%
4. 85-100%
5. Need more information

Polling Question



Typical Boiler Efficiency

 A typical boiler will have an efficiency of ----?

 75% to 82% to 90%
                             Wood                       Natural Gas              Oil and Coal 

Efficiency is dependent on the type of fuel and the installed equipment



Boiler Efficiency

 This is also called 
 Boiler efficiency
 First law efficiency
 Fuel to steam energy conversion efficiency

 Determine the steam generation efficiency for the example boiler



Example Boiler 

 Boiler fired with natural gas
 HHV is 1,000 Btu/scf  

 Steam conditions: 400 psig, 700°F
 Output: 100,000 lb/hr (steady)
 Rating: 120,000 lb/hr (maximum continuous)
 Feedwater: 600 psig, 242°F
 Fuel supply: 149,000 scf/hr 
 Fuel cost: $5.00 per MMBtu ($5/Mscf) 
 Fuel related operating cost: ~$6,500,000/yr



Efficiency Example Steam Properties

(psig) (°F)



Direct (Classic) Efficiency Calculation

This evaluation is also known as direct efficiency 

𝜂𝜂𝑏𝑏𝐶𝐶𝑇𝑇𝐹𝐹𝐹𝐹𝑟𝑟 =
𝑇𝑇𝐶𝐶𝐶𝐶𝐹𝐹𝑟𝑟𝑇𝑇 × ℎ𝐶𝐶𝐶𝐶𝐹𝐹𝑟𝑟𝑇𝑇 − ℎ𝑓𝑓𝐹𝐹𝐹𝐹𝑃𝑃𝑓𝑓𝑟𝑟𝐶𝐶𝐹𝐹𝑟𝑟

𝑇𝑇𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹 × 𝐻𝐻𝐻𝐻𝐻𝐻𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹

𝜂𝜂𝑏𝑏𝐶𝐶𝑇𝑇𝐹𝐹𝐹𝐹𝑟𝑟 =
100,000 × 1362.02 − 211.74

149,000 × 1,000

𝜂𝜂𝑏𝑏𝐶𝐶𝑇𝑇𝐹𝐹𝐹𝐹𝑟𝑟 = 0.772 or 77.2%



Efficiency Calculation

 This “Direct Efficiency” calculation can be done
 On a real-time basis
 Hourly, Daily, Monthly, Quarterly, Annual – basis
 Seasonality and Production –related
 Can be trended easily and should be used as a high-level bell-weather
 Programmed on the Data Acquisition System and can provide a color-coded 

feedback to the operators

 The efficiency is not 100% since there are losses



Boiler Losses

 Identify the boiler losses

Steam OutletFeedwater Inlet

Fuel 
and Air

Exhaust 
Gases

Combustion and 
Temperature

Fly Ash

Bottom Ash

Blowdown

Radiation and
Convection



Indirect Efficiency

 Boiler efficiency can also be determined in an indirect manner by 
determining the magnitude of the losses
 Primary losses are typically 

 Shell loss
 Blowdown loss
 Stack loss



ASME Boiler Efficiency

 American Society of Mechanical Engineers (ASME) has 
established a comprehensive testing standard for fired boilers
 ASME Power Test Code 4 (ASME PTC-4 )
 Fuel efficiency (the same as the classic equation)
 Gross efficiency (includes auxiliary input streams)

 ASME PTC-4 describes two investigation methods
 Input/output (direct method)
 Energy balance (indirect method)



Generation Area

• Boiler Stack Loss
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Stack Losses

 Stack losses are the largest of the boiler 
losses

 Stack losses are made up of two parts and 
defined as 
 Temperature losses 
 Combustion losses

 Combustion analysis is the method 
generally used to determine stack losses 
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Stack Loss Evaluation

 Need a minimum number of measurements
 Can be via in-situ or portable instruments
 These measurements include:

 Stack exhaust gas temperature
 Flue gas oxygen content 
 Ambient temperature 
 Fuel composition  
 Flue gas combustibles concentration

 Stack loss tables 
 Combustion models (software) 



Flue Gas Temperature Loss

 The most common factors influencing flue gas temperature are:
 Boiler design
 Boiler load
 Fire-side fouling
 Water-side fouling
 Failed flue gas path component
 Excess air (possibly) 



Boiler Design

Boiling Water

Steam 

Combustion Zone

One-Pass

Combustion Zone

Three-Pass 



Energy Recovery Components 

 Feedwater economizers and combustion air preheaters 

Feedwater Inlet

Exhaust Gases

Feedwater Inlet

Exhaust Gases



Flue Gas Temperature Limitations 

 Flue gas temperature is maintained above the dew point of acidic 
components
 Fuels containing sulfur produce 

sulfuric acid
 All hydrocarbon fuels can 

produce carbonic acid
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Condensing Economizers 

 Condensing economizers can improve boiler efficiency more than 
10% in comparison to conventional boilers
 Final flue gas temperature can approach 75°F 
 Indirect units can heat streams to 200°F
 Direct units can heat streams to 140°F
 A significant amount of relatively low-temperature energy is recovered
 Equipment is limited to clean fuels



Boiler Load

 Flue gas exhaust temperature typically increases as boiler steam 
production increases 
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Failed Flue Gas Component 

 Internal baffles 
force the flue 
gas to pass 
across the heat 
transfer 
surfaces
 Baffle failures can 

result in flue gas 
bypassing 
surfaces 

Feedwater Inlet

Exhaust Gases

Feedwater Inlet

Exhaust Gases



Fouling 

 Fire-side fouling is managed through 
soot-blowing and periodic off-line 
cleaning

 Water-side fouling (scale) is typically 
managed through water treatment 
efforts

Steam OutletFeedwater Inlet

Fuel 
and 
Air

Exhaust Gases

Potential Energy Loss Resulting from Scale Deposits
Scale 

Thickness
[inches]

Fraction of Total Fuel Input Energy Loss [%]

Scale Type 

Normal High Iron Iron + Silica 

1/64 1.0 1.6 3.5

1/32 2.0 3.1 7.0

3/64 3.0 4.7 --

1/16 3.9 6.2 --
National Institute of Standards and Technology, Handbook 115, Supplement 1



Flue Gas Oxygen (Excess Air) Limits

 Primary factors affecting oxygen (excess air) are:
 Fuel type
 Monitoring and control method
 Oxygen sensing location
 Burner condition
 Boiler load



Theoretical Air - Stoichiometric Combustion

 In a perfect world air and fuel would mix thoroughly and complete 
combustion would occur  
 Each molecule of fuel would find exactly the correct amount of oxygen for the 

combustion reaction to continue to completion 



Actual Combustion 

 In actual combustion processes fuel and oxygen do not react 
perfectly

 Un-reacted CH4, CO, and H2 are fuels resulting from incomplete 
combustion 



Stack Loss Evaluation 

 Measurements required to determine stack loss:
1. Flue gas exit temperature
2. Combustion zone exit oxygen content 
3. Ambient temperature 
4. Fuel composition  
5. Flue gas combustibles concentration

 Stack loss tables are one method that can be used to determine 
stack loss 



Stack Loss - Natural Gas

Reference: Combustion model developed by Greg Harrell, Ph.D., P.E.

Stack Loss Table for Natural Gas
Flue Gas Stack Loss [% of fuel higher heating value input]
Oxygen Net Stack Temperature [∆°F]
Content {Difference between flue gas exhaust temperature and ambient temperature}

Wet Basis [%] 155 180 205 230 255 280 305 330 355 380 405 430
1.0 13.1 13.6 14.1 14.7 15.2 15.8 16.3 16.9 17.4 18.0 18.5 19.1
2.0 13.2 13.8 14.3 14.9 15.5 16.1 16.6 17.2 17.8 18.4 18.9 19.5
3.0 13.4 14.0 14.6 15.2 15.8 16.4 17.0 17.6 18.2 18.8 19.4 20.0
4.0 13.6 14.2 14.8 15.5 16.1 16.7 17.4 18.0 18.7 19.3 20.0 20.6
5.0 13.8 14.5 15.1 15.8 16.5 17.2 17.8 18.5 19.2 19.9 20.5 21.2
6.0 14.1 14.8 15.5 16.2 16.9 17.6 18.3 19.1 19.8 20.5 21.2 22.0
7.0 14.4 15.1 15.9 16.6 17.4 18.1 18.9 19.7 20.5 21.2 22.0 22.8
8.0 14.7 15.5 16.3 17.1 17.9 18.8 19.6 20.4 21.2 22.1 22.9 23.7
9.0 15.1 16.0 16.8 17.7 18.6 19.5 20.4 21.2 22.1 23.0 23.9 24.8
10.0 15.5 16.5 17.4 18.4 19.4 20.3 21.3 22.2 23.2 24.2 25.2 26.1

Actual Exhaust T [°F] 225 250 275 300 325 350 375 400 425 450 475 500
Ambient T [°F] 70 70 70 70 70 70 70 70 70 70 70 70



Stack Loss using US DOE MEASUR

 Use US DOE MEASUR to determine stack loss and combustion 
efficiency

𝜂𝜂𝑃𝑃𝐶𝐶𝑇𝑇𝑏𝑏𝐹𝐹𝐶𝐶𝐶𝐶𝑇𝑇𝐶𝐶𝑐𝑐 = 100 −  𝜆𝜆𝐶𝐶𝐶𝐶𝑟𝑟𝑃𝑃𝑠𝑠

https://measur.ornl.gov



Stack Loss – US DOE MEASUR



Stack Loss Example

 Determine the Stack Loss (Natural Gas)
 Flue gas O2 content       8% by volume  
 Flue gas CO content     ~0 ppm  
 Flue gas unburned fuel ~0%  
 Flue gas temperature    450°F  
 Intake air temperature    70°F  
 Fuel temperature            70°F 
 380°F net flue gas temperature 



Stack Loss - Natural Gas



Stack Loss Example

 Determine the Stack Loss (Natural Gas)
 Flue gas O2 content       8% by volume  
 Flue gas CO content     ~0%  
 Flue gas unburned fuel ~0%  
 Flue gas temperature    450°F  (380°F net)
 Intake air temperature   70°F  
 Fuel temperature           70°F  
 Stack Loss               21.3% 
 Combustion efficiency   78.7%    



Polling Questions

1) Do you monitor stack temperature of your boiler(s)?
A. Yes
B. No
C. Don’t know

2) Do you monitor flue gas oxygen in your boiler(s)? 
A. Yes
B. No
C. Don’t know

Polling Questions
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Generation Area

• Boiler Blowdown Loss
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Blowdown Losses

 Boiler water contains dissolved minerals 
that are insoluble in steam
 These minerals do NOT leave with steam
 As steam is produced the concentration of 

these chemicals increases

 Blowdown is the removal of liquid water 
from the boiler to maintain proper water 
chemistry
 Dissolved and precipitated chemical 

concentrations are controlled

 Blowdown is required to reduce the 
concentration of dissolved chemicals to 
keep them in solution
 If boiler water chemistry is not properly 

maintained significant problems result 

Steam Outlet

Feedwater
Inlet

Blowdown
Surface & Bottom



Boiler Blowdown

 Boiler blowdown takes several forms
 Surface

 Continuous 
 Intermittent 

 Bottom
 Intermittent 

Steam OutletFeedwater Inlet

Fuel 
and Air

Exhaust Gases

Surface Blowdown
(continuous or 
intermittent)

Bottom Blowdown 
(intermittent)



Blowdown Control

 Primary control of 
surface blowdown is 
typically based on 
boiler water 
conductivity

 Conductivity must be 
correlated to actual 
water quality through 
specific analysis

Steam OutletFeedwater Inlet

Fuel 
and Air

Exhaust Gases

Conductivity 
Sensor

Sewer



Blowdown Loss & Management

 Blowdown amount is primarily dependent on:
 Water quality 
 Boiler operating pressure

 Blowdown loss calculation begins with measurement
 Typically, blowdown amount is estimated from boiler water chemical 

analysis

 Blowdown rates can be less than 1%mass in high quality water 
systems or higher than 10%mass in low quality water systems



Example Boiler 

 Boiler fired with natural gas
 HHV is 1,000 Btu/scf

 Steam conditions: 400 psig, 700°F
 Output: 100,000 lb/hr (steady)
 Rating: 120,000 lb/hr (maximum continuous)
 Feedwater: 600 psig, 242°F
 Fuel supply: 149,000 scf/hr 
 Fuel cost: $5.00/106 MMBtu 
 Fuel related operating cost: ~$6,500,000/yr



Blowdown Estimate

 Chemical concentrations (such as chlorides and other chemicals) 
can be measured to determine blowdown rate

 For the example boiler chloride concentration in the feedwater is 
measured to be 15 ppm
 Chloride concentration in the blowdown is measured to be 250 ppm 



Blowdown Estimate

 Boiler water conductivity can provide an indication of blowdown 
rate



Blowdown Flow Rate

 The blowdown flow rate is determined from a mass balance 
completed on the boiler 



Blowdown Loss Estimate for the Boiler 

~1.0% of the total fuel input energy resides in the blowdown stream

242°F 
feedwater

𝜆𝜆𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 =
𝑇𝑇𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 × ℎ𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 − ℎ𝑓𝑓𝐹𝐹𝐹𝐹𝑃𝑃𝑓𝑓𝑟𝑟𝐶𝐶𝐹𝐹𝑟𝑟

𝑇𝑇𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹 × 𝐻𝐻𝐻𝐻𝐻𝐻𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹

𝜆𝜆𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 =
6,400 × 428.2 − 211.74

149,000 × 1,000

𝜆𝜆𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 = 0.0093 or 0.93%



Blowdown Related System Loss

Fuel

Feedwater

High-pressure steam

Low-pressure steam

Makeup water

Fuel

Discharge to sewer

Vent



Blowdown Loss Estimate for the System 

~1.7% of the total fuel input energy resides in the blowdown stream when 
the system impact is considered 

75°F 
makeup 
water

𝜆𝜆𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 =
𝑇𝑇𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 × ℎ𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 − ℎ𝑇𝑇𝑟𝑟𝑠𝑠𝐹𝐹𝐹𝐹𝑎𝑎

𝑇𝑇𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹 × 𝐻𝐻𝐻𝐻𝐻𝐻𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹

𝜆𝜆𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 =
6,400 × 428.2 − 43.1

149,000 × 1,000

𝜆𝜆𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 = 0.0165 or 1.65%



Generation Area

• Boiler Shell (Radiation & Convection) Loss



Shell Loss Magnitude

 The American Society of Mechanical Engineers (ASME) Power 
Test Code 4 (PTC-4) identifies a calculation procedure to estimate 
boiler shell loss
 ASME PTC-4-2008, Section 5.14.9, pages 91-92



Shell Loss Estimation

 Search for “hot spots” 
 Simple (but could get complex) 

methodology
 Measure boiler surface temperatures – Infrared 

camera
 Calculate surface area
 Use histogram, if needed
 Heat transfer model (3EPlus)

 Another estimation method
 Identical boiler on hot standby
 Measure fuel consumption
 Generally, easier to do with gas and fuel oil-based 

fuels 



First Order Shell Loss Guide

Shell Loss Gross Estimate Field Evaluations 
Boiler Type Steam Production Rating Boiler Full-Load Shell Loss Estimate 

Minimum Maximum Maximum Minimum
[lb/hr] [lb/hr] [% fuel input energy] [% fuel input energy]

Water-tube 10,000 100,000 2.0 0.3

Water-tube 100,000 1,000,000 0.6 0.1

Water-tube 1,000,000 10,000,000 0.2 0.1

Fire-tube 1,000 40,000 1.0 0.1



Example Boiler Shell Loss

 From an ASME type investigation the radiation and convection 
loss of the example boiler is approximately 0.5% of the total fuel 
energy input to the boiler
 This represents a loss of approximately $33,000/yr



Generation Area

• Boiler Efficiency



Indirect Efficiency Summary

𝜂𝜂𝑇𝑇𝑐𝑐𝑃𝑃𝑇𝑇𝑟𝑟𝐹𝐹𝑃𝑃𝐶𝐶 = 100 −  �
𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝜆𝜆𝑇𝑇

𝜂𝜂𝑇𝑇𝑐𝑐𝑃𝑃𝑇𝑇𝑟𝑟𝐹𝐹𝑃𝑃𝐶𝐶 = 100 − 𝜆𝜆𝐶𝐶𝐶𝐶𝑟𝑟𝑃𝑃𝑠𝑠 −  𝜆𝜆𝑏𝑏𝐹𝐹𝐶𝐶𝑓𝑓𝑃𝑃𝐶𝐶𝑓𝑓𝑐𝑐 −  𝜆𝜆𝐶𝐶ℎ𝐹𝐹𝐹𝐹𝐹𝐹 −  
𝜆𝜆𝑇𝑇𝑇𝑇𝐶𝐶𝑃𝑃

𝜂𝜂𝑇𝑇𝑐𝑐𝑃𝑃𝑇𝑇𝑟𝑟𝐹𝐹𝑃𝑃𝐶𝐶 = 100 − 21.3 − 0.9 − 0.5 − 0

𝜂𝜂𝑇𝑇𝑐𝑐𝑃𝑃𝑇𝑇𝑟𝑟𝐹𝐹𝑃𝑃𝐶𝐶 = 77.3%



Direct (Classic) Efficiency Calculation

This evaluation is also known as direct efficiency 

𝜂𝜂𝑏𝑏𝐶𝐶𝑇𝑇𝐹𝐹𝐹𝐹𝑟𝑟 =
𝑇𝑇𝐶𝐶𝐶𝐶𝐹𝐹𝑟𝑟𝑇𝑇 × ℎ𝐶𝐶𝐶𝐶𝐹𝐹𝑟𝑟𝑇𝑇 − ℎ𝑓𝑓𝐹𝐹𝐹𝐹𝑃𝑃𝑓𝑓𝑟𝑟𝐶𝐶𝐹𝐹𝑟𝑟

𝑇𝑇𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹 × 𝐻𝐻𝐻𝐻𝐻𝐻𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹

𝜂𝜂𝑏𝑏𝐶𝐶𝑇𝑇𝐹𝐹𝐹𝐹𝑟𝑟 =
100,000 × 1362.02 − 211.74

149,000 × 1,000

𝜂𝜂𝑏𝑏𝐶𝐶𝑇𝑇𝐹𝐹𝐹𝐹𝑟𝑟 = 0.772 or 77.2%



Which Method should be used?

Direct Method InDirect Method

Polling Question



Boiler Efficiency Evaluation – Direct Method

 Advantages
 All-in-one 
 Very quick and easy – minimal data required
 Can be done for instantaneous, hourly, daily, monthly, annually or any time 

period
 Trends, dashboards – programmable for operators

 Disadvantages
 Need flow rates (steam and fuel) – maybe difficult to obtain – larger time periods 

needed with totalizers
 Can have significant errors – calibration + human
 No information on how to improve boiler efficiency



Boiler Efficiency Evaluation – InDirect Method

 Advantages
 Can be very accurate since errors in measurements are very minimal
 Provides gap analysis for boiler efficiency improvement
 Stack loss, blowdown can be trended and programmed – main variable losses

 Disadvantages
 Significant data collection (in-situ and portable instruments + human intervention)
 Mostly done instantaneously or over shorter periods of time only
 Boiler shutdown maybe needed to initiate data collection



Example Boiler – US DOE MEASUR

 Boiler fired with natural gas
 HHV is 1,000 Btu/scf  

 Steam conditions: 400 psig, 700°F
 Output: 100,000 lb/hr (steady)
 Fuel cost: $5.00 per MMBtu
 Blowdown: 6%
 Deaerator: 10 psig
 Combustion efficiency: 78.7%
 Shell loss can be added to more accurately reflect the energy flow numbers but it 

is generally not an impact parameter 



Example Boiler – US DOE MEASUR
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Typical Boiler Efficiency Curve

y = 0.0004x3 - 0.0706x2 + 4.1378x + 2.5843
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		Boiler Load		Boiler Load		Boiler Load		Boiler Efficiency

		0.1784375		0.0811079545		0.2949380165		1.4169998844

		0.3203125		0.1455965909		0.5294421488		2.549349948

		0.3829166667		0.1740530303		0.6329201102		3.3274750304

		0.4492708333		0.2042140152		0.7425964187		3.5635600913

		0.5222916667		0.237405303		0.863292011		4.0219833676

		0.5938541667		0.2699337121		0.981577135		4.7518636805

		1.1407291667		0.5185132576		1.8855027548		9.1014510467

		1.2670833333		0.5759469697		2.0943526171		9.3324026335

		1.4025		0.6375		2.3181818182		10.2113649851

		1.9336458333		0.8789299242		3.1961088154		13.2734448532

		2.0471875		0.9305397727		3.3837809917		14.6968627738

		2.6177083333		1.1898674242		4.3267906336		19.5937932571

		3.5929166667		1.6331439394		5.9387052342		24.9105502265

		3.498125		1.5900568182		5.7820247934		27.2041335595

		4.5580208333		2.0718276515		7.5339187328		32.8087885174

		4.8460416667		2.2027462121		8.0099862259		32.955335043

		5.00875		2.2767045455		8.2789256198		33.7256756592

		5.67375		2.5789772727		9.3780991736		34.867501346

		5.2146875		2.3703125		8.6193181818		35.3536229578

		5.7258333333		2.6026515152		9.4641873278		35.6863331812

		5.6934375		2.5879261364		9.4106404959		35.7050379267

		4.9723958333		2.2601799242		8.2188360882		35.9671944266

		5.5166666667		2.5075757576		9.1184573003		37.129364102

		7.1465625		3.2484375		11.8125		37.5341234648

		6.8005208333		3.0911458333		11.240530303		40.3801195813

		7.7714583333		3.5324810606		12.8453856749		41.0015361429

		6.451875		2.9326704545		10.6642561983		41.5889080896

		5.9482291667		2.7037405303		9.8317837466		42.7046918976

		7.5813541667		3.4460700758		12.5311639118		43.2208322171

		6.8730208333		3.1241003788		11.3603650138		43.6994535247

		6.9748958333		3.170407197		11.5287534435		44.3010603324

		6.9811458333		3.1732481061		11.539084022		44.9615448464

		9.23375		4.1971590909		15.2623966942		46.0359947047

		7.3126041667		3.3239109848		12.0869490358		47.7409754362

		10.0816666667		4.5825757576		16.6639118457		48.1311253039

		7.8761458333		3.5800662879		13.018422865		48.8963920067

		9.3095833333		4.2316287879		15.3877410468		49.0240078837

		7.4208333333		3.3731060606		12.2658402204		49.323496798

		8.6895833333		3.9498106061		14.3629476584		49.7505913048

		10.3004166667		4.6820075758		17.0254820937		50.5100055103

		9.186875		4.1758522727		15.1849173554		51.4547684294

		10.2639583333		4.6654356061		16.9652203857		51.9684869688

		10.078125		4.5809659091		16.6580578512		52.8527567817

		11.8603125		5.3910511364		19.603822314		53.303755045

		9.4973958333		4.3169981061		15.6981749311		53.3815578123

		8.54875		3.8857954545		14.1301652893		53.4137302145

		12.9036458333		5.8652935606		21.3283402204		53.6451796991

		11.0686458333		5.0312026515		18.2952823691		54.2129628496

		9.21875		4.1903409091		15.2376033058		55.3380773315

		12.3877083333		5.6307765152		20.4755509642		56.2613608146

		13.3864583333		6.0847537879		22.1263774105		57.9349660429

		16.91625		7.6892045455		27.9607438017		58.3215002206

		14.0026041667		6.3648200758		23.1448002755		59.3174170043

		10.8557291667		4.9344223485		17.9433539945		59.5607299551

		18.9815625		8.6279829545		31.3744834711		60.6265516741

		17.7789583333		8.081344697		29.386707989		62.9937793272

		19.6797916667		8.9453598485		32.5285812672		63.2284660926

		16.8460416667		7.6572916667		27.8446969697		63.3109890205

		13.3713541667		6.0778882576		22.1014118457		64.0892481638

		17.8217708333		8.1008049242		29.4574724518		64.2967362496

		15.1314583333		6.8779356061		25.0106749311		64.3108104954

		13.2658333333		6.0299242424		21.9269972452		64.3573371443

		19.1383333333		8.6992424242		31.6336088154		64.5029330799

		13.8008333333		6.2731060606		22.8112947658		64.5801688632

		11.8825		5.4011363636		19.6404958678		66.642453499

		15.6472916667		7.112405303		25.863292011		66.7343492207

		20.0516666667		9.1143939394		33.1432506887		67.130317504

		21.8675		9.9397727273		36.1446280992		67.2602063199

		16.4730208333		7.4877367424		27.2281336088		67.8279195091

		15.7802083333		7.1728219697		26.0829889807		68.2109334156

		13.6734375		6.2151988636		22.6007231405		68.5714731003

		16.0657291667		7.3026041667		26.5549242424		69.7761202761

		16.7789583333		7.6267992424		27.733815427		70.5866601287

		20.4352083333		9.2887310606		33.7772038567		70.9158411131

		16.2279166667		7.3763257576		26.8230027548		71.9753984932

		31.20625		14.1846590909		51.5805785124		74.0384874608

		28.98125		13.1732954545		47.902892562		74.2381344112

		19.2322916667		8.7419507576		31.7889118457		74.3129600623

		15.4486458333		7.0221117424		25.5349517906		74.4568180094

		23.0983333333		10.4992424242		38.1790633609		74.8307870981

		27.4719791667		12.4872632576		45.4082300275		75.4996763415

		29.6854166667		13.4933712121		49.0668044077		75.674384731

		23.335		10.6068181818		38.5702479339		76.5023218139

		16.8551041667		7.6614109848		27.8596763085		76.5783748195

		28.866875		13.1213068182		47.7138429752		76.6413556175

		24.5364583333		11.1529356061		40.5561294766		77.2409338369

		32.063125		14.5741477273		52.9969008264		77.4323770197

		26.5679166667		12.0763257576		43.9139118457		77.4560097891

		26.6721875		12.1237215909		44.0862603306		77.5441674691

		27.6963541667		12.5892518939		45.7790977961		77.633207749

		19.1095833333		8.6861742424		31.5860881543		78.1060974733

		36.6947916667		16.6794507576		60.6525482094		78.1728291207

		40.3840625		18.3563920455		66.7505165289		78.4292189448

		39.5820833333		17.9918560606		65.4249311295		78.4507550286

		38.7734375		17.6242897727		64.0883264463		78.4648852184

		40.1989583333		18.2722537879		66.4445592287		78.5893476589

		30.5402083333		13.8819128788		50.4796831956		78.6748925778

		32.4048958333		14.7294981061		53.5618112948		78.7688907442

		19.4980208333		8.8627367424		32.2281336088		78.7754931659

		38.4041666667		17.4564393939		63.4779614325		78.8011293691

		41.3435416667		18.7925189394		68.3364325069		78.8172311336

		52.2695833333		23.7589015152		86.3960055096		78.8188987064

		51.9767708333		23.6258049242		85.9120179063		78.8514720877

		40.3698958333		18.3499526515		66.727100551		78.8738672124

		40.1367708333		18.2439867424		66.3417699725		78.8801790547

		39.5808333333		17.9912878788		65.4228650138		78.9060333822

		41.85		19.0227272727		69.173553719		79.1558101315

		38.0441666667		17.2928030303		62.8829201102		79.1827812316

		42.2903125		19.2228693182		69.9013429752		79.24538918

		44.4907291667		20.2230587121		73.5383953168		79.2520485005

		45.7370833333		20.7895833333		75.5984848485		79.4373439333

		39.8046875		18.0930397727		65.7928719008		79.4406804675

		29.4111458333		13.3687026515		48.6134641873		79.5290313395

		39.5130208333		17.9604640152		65.3107782369		79.5618690697

		41.73125		18.96875		68.9772727273		79.5664528443

		21.991875		9.9963068182		36.3502066116		79.5856833627

		35.9035416667		16.3197916667		59.3446969697		79.6633454618

		30.4092708333		13.8223958333		50.2632575758		79.6940238426

		16.8433333333		7.6560606061		27.8402203857		79.7049440672

		35.7884375		16.2674715909		59.1544421488		79.7304348558

		38.9503125		17.7046875		64.3806818182		79.8096456062

		33.4867708333		15.2212594697		55.3500344353		79.8698099434

		40.1591666667		18.2541666667		66.3787878788		79.8837195921

		33.291875		15.1326704545		55.027892562		79.8936039817

		36.7073958333		16.6851799242		60.6733815427		79.9142202352

		35.8289583333		16.2858901515		59.2214187328		79.9278021028

		37.4727083333		17.0330492424		61.9383608815		79.9292904429

		38.5091666667		17.5041666667		63.6515151515		79.9761449047

		38.2752083333		17.3978219697		63.2648071625		79.9822012253

		34.1716666667		15.5325757576		56.4820936639		79.9834141418

		35.3386458333		16.0630208333		58.4109848485		80.013895355

		32.1827083333		14.6285037879		53.1945592287		80.0299673842

		51.5796875		23.4453125		85.2556818182		80.0467905153

		32.7795833333		14.8998106061		54.1811294766		80.0469891499

		27.1341666667		12.3337121212		44.849862259		80.0580462293

		34.0964583333		15.4983901515		56.3577823691		80.0974618997

		38.0610416667		17.3004734848		62.9108126722		80.1042669088

		33.0647916667		15.0294507576		54.6525482094		80.108056522

		36.63		16.65		60.5454545455		80.1100580242

		50.5414583333		22.9733901515		83.539600551		80.1121405852

		41.9373958333		19.0624526515		69.3180096419		80.1141414725

		38.7395833333		17.6089015152		64.032369146		80.1710781387

		36.1860416667		16.4482007576		59.8116391185		80.1858862083

		35.1626041667		15.9830018939		58.1200068871		80.2017672037

		43.3451041667		19.7023200758		71.6448002755		80.239026779

		35.773125		16.2605113636		59.1291322314		80.2499323722

		29.3604166667		13.3456439394		48.5296143251		80.2651212462

		24.5016666667		11.1371212121		40.4986225895		80.2756905221

		29.98		13.6272727273		49.5537190083		80.2783520402

		44.15875		20.0721590909		72.9896694215		80.3588977692

		35.8736458333		16.3062026515		59.2952823691		80.3746250559

		34.1808333333		15.5367424242		56.4972451791		80.3872207081

		39.708125		18.0491477273		65.6332644628		80.4421457858

		32.7295833333		14.8770833333		54.0984848485		80.4471075386

		33.965		15.4386363636		56.1404958678		80.4540627091

		29.045625		13.2025568182		48.0092975207		80.457688468

		43.7094791667		19.8679450758		72.2470730028		80.4718713573

		47.8360416667		21.743655303		79.0678374656		80.4929489801

		20.5288541667		9.3312973485		33.9319903581		80.5136724995

		48.4046875		22.0021306818		80.0077479339		80.5220228152

		30.8015625		14.0007102273		50.9116735537		80.5240418348

		23.5545833333		10.7066287879		38.9331955923		80.544602375

		35.71625		16.2346590909		59.0351239669		80.5854827967

		35.6159375		16.1890625		58.8693181818		80.6262901333

		38.9336458333		17.6971117424		64.3531336088		80.6617710145

		28.015		12.7340909091		46.305785124		80.6729199825

		31.4022916667		14.2737689394		51.9046143251		80.6752146067

		19.7619791667		8.982717803		32.6644283747		80.7146839676

		27.0533333333		12.296969697		44.7162534435		80.8385172824

		47.3421875		21.5191761364		78.2515495868		80.9069824421

		30.3238541667		13.7835700758		50.1220730028		80.949238511

		29.084375		13.2201704545		48.0733471074		80.9510194047

		30.3463541667		13.7937973485		50.1592630854		81.0420395957

		31.9202083333		14.5091856061		52.7606749311		81.1382213775

		38.5713541667		17.5324337121		63.7543044077		81.148205126

		31.384375		14.265625		51.875		81.1657238008

		23.4578125		10.6626420455		38.7732438017		81.2479595154

		33.71875		15.3267045455		55.7334710744		81.2613988343

		27.1276041667		12.3307291667		44.8390151515		81.3306946985

		26.798125		12.1809659091		44.2944214876		81.3334678154

		22.6141666667		10.2791666667		37.3787878788		81.4050559604

		33.49875		15.2267045455		55.3698347107		81.4228642397

		23.0714583333		10.4870265152		38.1346418733		81.4293925795

		26.1071875		11.8669034091		43.1523760331		81.4845598211

		30.8713541667		14.0324337121		51.0270316804		81.4908152832

		32.8407291667		14.9276041667		54.2821969697		81.4983816514

		31.1486458333		14.1584753788		51.4853650138		81.5198540622

		23.72		10.7818181818		39.2066115702		81.5210894697

		31.4892708333		14.3133049242		52.0483815427		81.5741376576

		25.4126041667		11.5511837121		42.0043044077		81.7198587904

		42.7526041667		19.4330018939		70.6654614325		81.8319223461

		21.5247916667		9.7839962121		35.5781680441		81.9452910009

		36.0698901099		16.3954045954		59.6196530742		81.9587505035

		25.835625		11.7434659091		42.7035123967		81.9812150828

		25.7291666667		11.6950757576		42.5275482094		82.1276918322

		19.1938541667		8.7244791667		31.7253787879		82.1490521026

		43.1432291667		19.6105587121		71.3111225895		82.1581599244

		38.4415625		17.4734375		63.5397727273		82.3602187701

		19.6184375		8.9174715909		32.4271694215		82.3943232106

		28.1534375		12.7970170455		46.534607438		82.6403376093

		19.1080208333		8.6854640152		31.5835055096		82.6876956208

		18.5584375		8.4356534091		30.6751033058		82.6962025319

		16.9783333333		7.7174242424		28.0633608815		82.9139004361

		16.9229166667		7.6922348485		27.9717630854		82.9793579273

		22.30875		10.1403409091		36.8739669421		83.0698979037

		20.0947916667		9.1339962121		33.2145316804		83.2902630503

		23.7241666667		10.7837121212		39.2134986226		83.5354690287

		29.4798958333		13.3999526515		48.727100551		83.5552986165

		24.5105208333		11.1411458333		40.5132575758		83.5728987888

		21.6194791667		9.8270359848		35.7346763085		83.6080776996

		24.9867708333		11.3576231061		41.3004476584		84.6518665971

		21.783125		9.9014204545		36.0051652893		84.6537429345

		25.429375		11.5588068182		42.0320247934		84.6589219579

		27.9726041667		12.7148200758		46.2357093664		84.8089308937

		23.0063541667		10.4574337121		38.0270316804		84.9203319263

		23.7928125		10.8149147727		39.3269628099		84.9737869222

		29.6238541667		13.4653882576		48.9650482094		85.3883475605

		41.0886458333		18.676657197		67.9151170799		85.7360718488

		38.679375		17.5815340909		63.9328512397		85.8619254596

		29.4025		13.3647727273		48.5991735537		86.0163849125

		25.4553125		11.5705965909		42.0748966942		86.1601079351

		27.5547916667		12.524905303		45.5451101928		86.4112706575

		28.7129166667		13.0513257576		47.4593663912		86.4472478238

		24.9565625		11.3438920455		41.2505165289		86.4697714887

		20.1390625		9.1541193182		33.2877066116		86.5179098107

		31.0672916667		14.1214962121		51.3508953168		87.0106282684

		26.4803125		12.0365056818		43.7691115702		87.0982645292

		48.34		21.9727272727		79.9008264463		87.1599838164

		33.9392708333		15.4269412879		56.0979683196		87.4282891228

		42.3492708333		19.2496685606		69.9987947658		87.6347572067

		52.9401041667		24.0636837121		87.5043044077		87.6450458535

		25.080625		11.4002840909		41.4555785124		87.6751584595

		23.708125		10.7764204545		39.1869834711		87.7098663388

		25.0217708333		11.373532197		41.3582988981		87.7389831269

		27.0866666667		12.3121212121		44.7713498623		87.7533401144

		34.1564583333		15.5256628788		56.4569559229		87.8252010533

		33.1415625		15.0643465909		54.7794421488		87.9751953698

		39.1679166667		17.8035984848		64.7403581267		88.0849765219

		37.7758333333		17.1708333333		62.4393939394		88.0908460038

		26.2638541667		11.9381155303		43.4113292011		88.2176141818

		28.695		13.0431818182		47.4297520661		88.302905119

		35.1432291667		15.9741950758		58.0879820937		88.3242823476

		48.8113541667		22.1869791667		80.6799242424		88.3563793208

		50.359375		22.890625		83.2386363636		88.3671557529

		38.6511458333		17.5687026515		63.8861914601		88.3772730247

		23.934375		10.8792613636		39.5609504132		88.9045405636

		42.3291666667		19.240530303		69.9655647383		88.968962925

		41.2598958333		18.7544981061		68.1981749311		89.1612417106

		23.7369791667		10.7895359848		39.2346763085		89.2210111828

		42.7016666667		19.4098484848		70.5812672176		89.2904630892

		26.8890625		12.2223011364		44.444731405		89.6729869629

		29.3527083333		13.3421401515		48.5168732782		89.9532873028

		42.0894791667		19.1315814394		69.5693870523		89.9573371468

		45.2432291667		20.5651041667		74.7821969697		90.1184137171
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Boiler Efficiency Curve
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Boiler Efficiency – Key Parameters Monitoring
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What about Boiler Plant Direct Efficiency?

 If the fuel is the same for all boilers and boilers have same steam 
generation conditions and feedwater conditions

 If the fuel is different for boilers and boilers have different steam 
generation conditions and feedwater conditions

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝𝑝𝑝−𝑜𝑜𝑝𝑝𝑜𝑜𝑝𝑝𝑠𝑠 ℎ𝑜𝑜𝑝𝑝𝑜𝑜𝑝𝑝𝑠𝑠 − ℎ𝑓𝑓𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑜𝑜𝑓𝑓

𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝𝑝𝑝−𝑓𝑓𝑓𝑓𝑜𝑜𝑝𝑝 × 𝐻𝐻𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑜𝑜𝑝𝑝
× 100

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
∑1𝑝𝑝𝑇𝑇𝐶𝐶𝐶𝐶𝐹𝐹𝑟𝑟𝑇𝑇 ℎ𝑜𝑜𝑝𝑝𝑜𝑜𝑝𝑝𝑠𝑠 − ℎ𝑓𝑓𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑜𝑜𝑓𝑓  

∑1𝑝𝑝𝑇𝑇𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹 × 𝐻𝐻𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑜𝑜𝑝𝑝  
× 100



Homework #2

 Pay a visit to your boiler plant (generation) area and make a list of all 
the boilers, their design steam flow, pressure, fuel used and heat (input 
or output) rating. 

 Understand how the boiler plant is controlled – how many boilers are 
running, how many are hot standby, etc. How does seasonality and 
production change the operations of these boilers.

 Pick one or more boilers and complete the exercise to calculate direct 
boiler efficiency and indirect boiler efficiency with specific boiler losses. 
You can use 2Q or 3Q 2024 average data or representative operating 
data.

 Calculate your steam cost ($/klb).
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Thank You all for attending today’s webinar.

See you all on Wednesday – October 16, 2024 – 10 am ET

If you have specific questions, please stay online and we 
will try and answer them.

Alternately, you can email questions to me at 
paparra@ornl.gov

mailto:rapapar@c2asustainable.com
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