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ABSTRACT 

Industrial energy assessments are performed primarily to increase energy system 

efficiency and reduce energy costs in industrial facilities.  The most common energy systems are 

lighting, compressed air, steam, process heating, HVAC, pumping, and fan systems, and these 

systems are described in this document.  ASME has produced energy assessment standards for 

four energy systems, and these systems include compressed air, steam, process heating, and 

pumping systems.  ASHRAE has produced an energy assessment standard for HVAC systems.  

Software tools for energy systems were developed for the DOE, and there are software tools for 

almost all of the most common energy systems.  The software tools are AIRMaster+ and 

LogTool for compressed air systems, SSAT and 3E Plus for steam systems, PHAST and 3E Plus 

for process heating systems, eQUEST for HVAC systems, PSAT for pumping systems, and 

FSAT for fan systems.   

The recommended assessment procedures described in this thesis are used to set up an 

energy assessment for an industrial facility, collect energy system data, and analyze the energy 

system data.  The assessment recommendations (ARs) are opportunities to increase efficiency 

and reduce energy consumption for energy systems.  A set of recommended assessment 

procedures and recommended assessment opportunities are presented for each of the most 

common energy systems.  There are many assessment opportunities for industrial facilities, and 

this thesis describes forty-three ARs for the seven different energy systems.  There are seven 

ARs for lighting systems, ten ARs for compressed air systems, eight ARs for boiler and steam 



 

iii 

 

systems, four ARs for process heating systems, six ARs for HVAC systems, and four ARs for 

both pumping and fan systems. 

Based on a history of past assessments, average potential energy savings and typical 

implementation costs are shared in this thesis for most ARs.  Implementing these ARs will 

increase efficiency and reduce energy consumption for energy systems in industrial facilities.  

This thesis does not explain all energy saving ARs that are available, but does describe the most 

common ARs. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

E  average illuminance 

NF number of fixtures in the work-plane area 

NL/F number of lamps per fixture 

L number of lumens in each lamp 

CU coefficient of utilization 

LLF light loss factor 

AWP work-plane area 

EC  annual energy consumption of system 

N number of units 

W wattage of lights 

OH operating hours (week/yr x day/week x hr/day) 

BF ballast factor of ballast for each lamp 

K conversion constant from watts to kilowatts 

HP rated horsepower of units 

η rated motor efficiency 

LF load factor of unit (ratio of current load to full load) 

RI rated input of units 

ηs isentropic efficiency of a steam turbine 

wa actual turbine work 

ws isentropic turbine work 
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h1 enthalpy at inlet state 

h2a  actual enthalpy at outlet state 

h2s isentropic enthalpy at outlet state 
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1 INTRODUCTION 

Industrial energy assessments are part of energy management and conservation 

engineering.  Conducting energy assessments can increase energy system efficiency and reduce 

energy costs for industrial facilities.  Many systems in industrial facilities can benefit from an 

energy assessment, and these systems include lighting, compressed air, steam, process heating, 

HVAC (heating, ventilation, and air-conditioning), pumping, fan, and various facility processes.  

There are many opportunities for reducing energy costs for each system stated above, and these 

opportunities have a varying amount of implementation costs.  Some opportunities require very 

little or no capital to implement, while some opportunities can go as far as replacing an entire 

system that requires a large amount of capital to implement in an industrial facility. 

1.1 Background 

1.1.1 ASME Energy Assessment Standards 

 The American Society of Mechanical Engineers (ASME) has published a set of standards 

for energy assessments for four different energy system types.  These system types include: 

compressed air systems, steam systems, process heating systems, and pumping systems. 

The ASME standard for energy assessments of the four different energy systems offers a 

normalized structure for conducting the assessments.  The assessment standards involve 

collecting and analyzing system data and this data includes energy, performance, operation, and 

design data.  The standards also identify and describe the opportunities for energy performance 

enhancements to improve system efficiency.  A definition of an energy assessment for both 
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providers and users is conveyed by these standards, and the objective of this definition clarifies 

the difference between energy assessments, energy audits, energy studies, and energy surveys.  

Energy systems are analyzed by various measurements, and these measurements are used to 

identify, document, and organize an energy performance improvement recommendations.  The 

requirements for conducting and reporting assessment results for an entire system from energy 

inputs to the work output are explained in this document.  The ASME standards are intended for 

industrial facility energy assessments, but these concepts could also be applied to commercial, 

institutional, and municipal facilities (The American Society of Mechanical Engineers, 2010).   

The ASME standards are summarized in this thesis in each of the respective chapters, 

compressed air, steam, process heating, pumping.  Following the ASME standards, the ASHRAE 

standard for energy assessments of HVAC systems is explained. 

1.1.2 ASHRAE Energy Assessment Standards 

The American Society of Heating, Refrigerating and Air-Conditioning Engineers 

(ASHRAE) have published a standard for energy assessments of HVAC systems.  The goals of 

this standard are to define the different levels of effort for energy assessments, to offer a 

reference guide for facility personnel to understand the best practices for conducting an energy 

assessment for HVAC systems, and to suggest a preliminary guide of best practices for energy 

auditors.  The standard is designed for commercial and institutional facilities, but some of these 

concepts can be used for industrial facility energy assessments also.  The standard describes the 

minimum requirements for a level 1, level 2, and level 3 energy assessments, and this standard 

also summarizes the best practices and recommended procedures for assessments.  The final part 

of this document provides useful resources such as sample data collection forms and templates, 
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unit conversions, and a list of abbreviations and acronyms (American Society of Heating, 

Refrigerating and Air-Conditioning Engineers, Inc., 2011). 

The summary of the ASHRAE standard is discussed in the HVAC chapter of this 

document.  The DOE software tools for energy assessment calculations for various energy 

systems are described in the following section. 

1.1.3 DOE Best Practices Software Tools 

The U.S. Department of Energy (DOE) Industrial Technologies Program (ITP) offers a 

variety of software tools that can be used to help quantify energy saving opportunities of specific 

energy system at industrial facilities.  These software tools include: AIRMaster+ (which also 

includes LogTool), Steam System Assessment Tool (SSAT), 3E Plus, Process Heating 

Assessment and Survey Tool (PHAST), Pumping System Assessment Tool (PSAT), and Fan 

System Assessment Tool (FSAT).  The overview of each software tool is included the chapter 

pertaining to the specific system that each tool relates to. 

AIRMaster+ was designed by Oregon State University’s Industrial Assessment Center 

personnel.  The first version of AIRMaster+ was produced in 1997.  The funds for the 

development of AIRMaster+ were provided by DOE’s office of Industrial Technologies.  Many 

individuals helped with the production of this software (Washington State University, 2000).  

LogTool (AIRMaster’s companion software) was created by SBW Consulting, Inc. and 

Compressed Air Challenge and was funded by Compressed Air Challenge (Compressed Air 

Challenge, 2009).  AIRMaster is described in more detail the compressed air chapter. 

SSAT was developed by Linnhoff March, which is a division of KBC Process 

Technology Ltd. and Spirax Sarco Inc.  Additional support for the creation of this software was 
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given by Dr. Greg Harrell of the University of Tennessee (Linnhoff March, 2008).  The 3E Plus 

Insulation Thickness Computer Program is a software tool that was developed by the North 

American Insulation Manufacturers Association (NAIMA) (North American Insulation 

Manufacturers Association, 2012).  More information about the SSAT and 3E Plus programs are 

found in the steam system chapter.  PHAST was developed by the Oak Ridge National 

Laboratory in cooperation with the Industrial Heating Equipment Association (IHEA), with 

support from E3M, Inc. (Oak Ridge National Laboratory, 2010).  A summary of PHAST is 

explained in the process heating chapter of this thesis. 

PSAT was developed by the Oak Ridge National Laboratory (Casada, 2008).  FSAT was 

mutually developed by the Oak Ridge National Laboratory and the Air Movement and Control 

Association (AMCA) (Jallouk, 2004).  PSAT and FSAT are described in the pumping system 

and fan system chapters, respectively. 

Following the background information on assessment standards and software tools, a 

short summary of the recommended energy assessments steps and procedures are discussed in 

the next section.  This short summary contains the broad aspects from the beginning to the end of 

an energy assessment. 

1.2 Recommended Energy Assessment Procedures 

The following recommended energy assessment procedures are the basis for all energy 

assessments for each energy system. There are also specific procedures for each energy system 

that are explained in the following chapters related to the energy systems.  

Once a client (industrial facility) is established for an energy assessment, organize a team 

of at least five people for the assessment visit; these five members should include a professor, 
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coordinator, one graduate student, and two undergraduate students.  The team members could 

vary on amount and type of students.  Once the team is selected, one team member should be 

chosen to be the team leader.  The center coordinator should ask for the energy bills and send a 

preliminary questionnaire that contains questions about the existing energy systems at the 

industrial facility.  After the client sends the energy bills, the team leader should analyze the bills 

to find the usage rates to be used in the report.  The day before the assessment, the site sheets 

should be organized, along with the preliminary questionnaire from the client.  Also the 

equipment and tools should be organized, and the battery powered equipment should be charged 

on the day before the assessment. 

Once the team arrives to the facility, a kickoff meeting with the team and facility 

personnel should take place to explain the background of the center and the team members.  Also 

in this kickoff meeting, the scope of the assessment should be presented to the facility personnel, 

and the preliminary questionnaire should be reviewed with the team members and the facility 

personnel.  After the kickoff meeting the tour of the facility and energy systems should take 

place to have some familiarity with the facility and systems before the data collection stage 

begins.  Next, the data collection stage begins, and the data collection for each system should be 

divided between the team members.  Once all of the data collection has been executed, then a 

debriefing should occur with the team members and facility personnel before the team members 

leave the facility. 

After the assessment visit, the team leader should have a meeting to divide the data 

analysis and report sections between the team members and also set up a time for a weekly status 

meeting for all of the team members.  The specific energy assessment guidelines for seven 
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different energy systems are described in this thesis in the respective chapters.  The following the 

sections gives a short overview of the following chapters that are contained in this document.  

1.3 Objective 

The objectives of this thesis are to give background information of the seven different 

energy systems, to explain the recommended pre-assessment, on-site assessment, and post-

assessment procedures, and to describe energy saving opportunities for each system. 

1.4 Chapter Overviews 

Chapter 2 discusses lighting systems and components of lighting systems.  High intensity 

discharge, fluorescent, light emitting diode, induction, and incandescent lamps are described and 

a comparison table is made to see the differences in these lamps.  The ballasts that high intensity 

discharge and fluorescent lamps use are described also.  Lighting level requirements along with 

the lumen method calculation for the average illuminance is given in the lighting chapter.  The 

main information of this chapter is the energy assessment procedures that are recommended to be 

completed and the seven recommended assessment opportunities. 

Chapter 3 describes compressed air systems.  Rotary screw, reciprocating, and centrifugal 

compressors are described along with the control strategies for each compressor.  Variable 

frequency drives are defined, and the various sizes with prices are shown.  In the compressed air 

chapter the DOE software tool AIRMaster+ and the ASME standard for energy assessments for 

compressed air systems are discussed.  The most important information of this chapter is the 

assessment procedures that are recommended for completing an energy assessment on 

compressed air systems in industrial facilities.  Also the ten recommended assessment 

opportunities are very important for finishing an energy assessment. 
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Boiler and steam systems are discussed in Chapter 4.  Four different boilers are 

described, and these boilers include fire-tube, water-tube, hot water, and electric boilers.  Along 

with boilers, two heat recovery systems for boilers are also described.  The two heat recovery 

systems are stack economizers and condensing economizers.  The boiler chapter discusses the 

idea of using two different software tools for steam system energy assessments.  These two 

software tools are the DOE’s steam system software tool and the 3E Plus insulation thickness 

computer program.  A summary of the ASME standard for energy assessments for steam systems 

is present.  The most significant information of this chapter is the energy assessment procedures 

that are recommended to be completed, along with the eight recommended assessment 

opportunities for boiler and steam systems. 

Chapter 5 discusses process heating systems and various process heating equipment.  

Batch, continuous, heat treating, and electric ovens, along with drying ovens are described.  Two 

heat recovery systems are described also, and these heat recovery systems are recuperators and 

regenerators.  This chapter describes the DOE’s process heating assessment and survey tool and 

the ASME standard for energy assessments for process heating systems.  The most important 

information of this chapter is the assessment procedures that are recommended for completing an 

energy assessment on process heating systems in industrial facilities.  Also the four 

recommended assessment opportunities are important for finishing an energy assessment.   

Heating, Ventilation, and Air-Conditioning (HVAC) systems are described in Chapter 6.  

Packaged units, air handling units, and split system units are all defined in this chapter.  The 

building model software tool eQUEST is described, along with the ASHRAE standard for energy 

assessments for HVAC systems.  The recommended assessment procedures and the six 
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recommended assessment opportunities are explained in this chapter, and these procedures and 

opportunities are the main information of the HVAC chapter. 

Chapter 7 discusses pumping systems and two different classes of pumps.  These two 

classes of pumps are positive displacement and centrifugal pumps.  This chapter describes the 

application of variable frequency drives for pumps also.  The DOE’s pumping system assessment 

tool and a summary of the ASME standard for energy assessments for pumping system are 

discussed.  The most significant information in this chapter is the recommended assessment 

procedures and the four recommended assessment opportunities. 

Fan systems are discussed in Chapter 8.  Two types of fans and applications of fans are 

described in this chapter.  The two types of fans that are discussed are axial and centrifugal fans, 

along with the HVAC and industrial applications of fans and fan systems.  The application of 

variable frequency drives for fans is described and the DOE’s fan system assessment tool is 

described also.  The main information of the fan chapter is the recommended assessment 

procedures and the four recommended assessment opportunities. 
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2 LIGHTING SYSTEMS 

2.1 Introduction 

In 2010, lighting consumed 700 TWh (terawatt hour) of site energy, which is 18% of the 

total electricity consumption of the United States.  Of the 700 TWh of electricity, industrial 

lighting consumed 26%, while commercial and residential consumed the other 74% (United 

States Department of Energy, 2012).   

This chapter gives background of lighting systems and components, and describes the 

steps to completing an energy assessment for lighting systems in an industrial facility.  Separate 

sections of the chapter give an overview of lighting systems, background information for light 

level requirements, and information about ballasts and their operation.  A comparison of lighting 

types is given, and descriptions of high intensity discharge lighting, fluorescent lighting, light 

emitting diode lighting, induction lighting, and incandescent lighting are given.  An explanation 

of the process for completing an energy assessment on lighting systems in an industrial setting is 

detailed, including pre-assessment procedures, assessment procedures, post-assessment 

procedures, and seven common assessment recommendations that have an opportunity to reduce 

the energy consumption or increase the overall efficiency of lighting systems. 

2.2 Background 

2.2.1 Overview of Lighting Systems 

There are different lamps and lamp fixtures, high intensity discharge lights include metal 

halide, high pressure sodium, low pressure sodium, and mercury vapor, while fluorescent lights 
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include T12, T8, and T5 linear bulbs and compact fluorescent lamps.  High intensity discharge 

and fluorescent lights are the most common lights in industrial facilities. Other lamps include 

light emitting diode, induction, and incandescent lighting. 

High intensity discharge and fluorescent lights require a ballast to start and operate the 

lights.  These ballasts operate with a ballast factor or ballast efficiency that is normally greater 

than one.  Many controls are used to operate lighting systems; these controls include occupancy 

sensors, photosensors, switches, and automatic controls systems that can control lighting systems 

along with other systems in a facility.  Depending on the process or task that is being performed 

in a certain area, the light level requirements can range from five to 500 foot-candles (Harrold & 

Mennie, 2003).   

2.2.2 Lighting Level Requirements 

Usually each task and area in an industrial facility has a certain amount of illuminance 

that is needed for personnel to be able to see.  Table 2.1 below expresses the lighting level 

requirements for different tasks and areas in industrial facilities. 
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Table 2.1. Industrial Lighting Level Requirements. (Illuminating Engineer Society, 2013) 

Task Level Typical Work Type Foot-candles 

Fine 
Fine assembly and inspection, fine bench work, and fine 

machine work 
200 – 500 

Difficult 
Tedious assembly and inspection, color coding, finishing 

operations, and paper manufacturing 
100 – 200 

Moderate 
Moderately challenging assembly and inspection, sorting 

and checking, instrument panels, and medium bench work 
50 – 100 

Casual 
Basic assembly and inspection, rough bench work, 

grinding, wrapping, packing, labeling, control house 
20 – 50 

Easy 
Active storage, warehouses, compressor houses, boiler 

houses 
10 – 20 

Limited Inactive storage and stairways 5 – 10 

 

The lumen method for calculating the average illuminance at the work-plane in an 

interior is shown in Equation 1 below (Harrold & Mennie, 2003). 

 E = NF x NL/F x L x CU x LLF / AWP      (1) 

Where, 

 E  = average illuminance 

 NF = number of fixtures in the work-plane area 

 NL/F = number of lamps per fixture 

 L = number of lumens in each lamp 

 CU = coefficient of utilization 

 LLF = light loss factor 

 AWP = work-plane area 
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The coefficient of utilization (CU) is a ratio of the amount of lumens that reach the work-plane 

from the lamps.  This comes from the source and the reflections from the fixtures and the room.  

The CU uses the luminaire efficiency, luminaire distribution, and the room surfaces in the 

calculation.  The light loss factor (LLF) is the amount of light lost from factors over the period of 

time that the lamp has been burning.  There are two types of light loss factors, non-recoverable 

and recoverable.  Non-recoverable factors include: luminaire ambient temperature, voltage to 

luminaire, ballast factor, and luminaire surface depreciation, and recoverable factor include: 

room surface dirt depreciation, lamp lumen depreciation, lamp burnout factor, and luminaire dirt 

depreciation.  All of these factors can reduce the amount of light that reaches the work-plane 

(Harrold & Mennie, 2003). 

2.2.3 Ballasts  

Ballasts limit the current to the correct amount that a lamp is designed for, and ballasts 

deliver the essential starting and operating voltages to lamps.  High intensity discharge lamps 

and fluorescent lamps require ballasts for operation.  High intensity discharge lights use constant 

wattage autotransformers, constant wattage ballast, lag (reactor) ballasts, magnetic regulator 

(constant-wattage) ballasts, and lead circuit ballasts for operation.  For fluorescent lights, 

magnetic and electronic are the two types of ballasts that are used for operation. 

2.2.4 Lighting Type Comparison 

There are various types and sizes of lamps that are used for lighting in industrial 

facilities.  Table 2.2 below shows the most common types and sizes of lamps that are used in 

industrial facilities.  Table 2.2 also gives the initial output, mean output, color rendering index 

(CRI), life, lumen maintenance, and ballast factor of these common types of lamps.    
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Table 2.2. Lighting Type Comparison. (1000bulbs, 2013), (Grainger, 2013), (Murdoch, 1985) 

Lamp Type 
Power 

(Watts) 

Initial Output 

(Lumens) 

Mean Output 

(Lumens) 

Color Rendering 

Index 

Life 

(Hours) 

Lumen 

Maintenance 

Ballast 

Factor 

Metal Halide, MH 1,000
a 

108,000-114,000
a 

71,000-93,500
a 

65-70
a 

12,000-18,000
a 

65%-85%
a 

1.08-1.1
a 

Metal Halide, MH 400
a 

33,100-39,000
a 

20,500-23,500
a 

65-70
a 

15,000-20,000
a 

60%-65%
a 

1.13-1.18
a 

Metal Halide, MH 250
a
 20,800-22,000

a 
14,100-17,000

a 
65

a 
10,000

a 
68%-77%

a 
1.1-1.2

a 

High Pressure Sodium, HPS 1,000
a
 130,000-145,000

a 
124,000

a 
21-26

a 
24,000

a 
86%-95%

a 
1.1-1.12

a 

High Pressure Sodium, HPS 400
a
 50,000-58,500

a 
45,000

a 
21-25

a 
16,000-30,000

a 
77%-90%

a 
1.15-1.2

a 

High Pressure Sodium, HPS 250
a 

28,500-29,000
a 

26,100
a 

21-25
a 

24,000-30,000
a 

90%-92%
a 

1.18-1.24
a 

Mercury Vapor, MV 1,000
a 

58,000
a 

47,300-48,500
a 

14-50
a 

24,000
a 

82%-84%
a 

1.08
c 

Mercury Vapor, MV 400
a 

20,000-24,000
a 

17,100-18,700
a 

20-50
a 

24,000
a 

78%-86%
a 

1.13
c 

Mercury Vapor, MV 250
a 

11,000-12,500
a 

9,800-10,000
a 

15-45
a 

18,000-24,000
a 

80%-89%
a 

1.16
c 

T5HO Fluorescent, F54T5HO 54
a 

4,750-5,000
a 

4,370-4,850
a 

85-86
a 

20,000-36,000
a 

92%-97%
a 

0.87-1.22
a 

T8 Fluorescent, F32T8 32
a 

2,700-3,150
a 

2,430-2,875
a 

75-86
a 

24,000-46,000
a 

90%-91%
a 

0.77-1.18
a 

T12 Fluorescent, F34T12 34
a 

1,925
a 

1,656
a 

87
a 

28,800
a 

86%
a 

0.85-0.9
a 

Compact Fluorescent, CFL 200
a 

10,000-12,000
a 

– 80-84
a 

8,000-10,000
a 

– – 

Compact Fluorescent, CFL 150
a 

8,200-9,200
a 

– 80-84
a 

10,000
a 

– – 

Light Emitting Diode, LED 293
b 

26,043
b 

– 72
b 

100,000
b 

– – 

Light Emitting Diode, LED 218
b 

19,727
b 

– 72
b 

100,000
b 

– – 

Light Emitting Diode, LED 147
b 

12,971
b 

– 72
b 

100,000
b 

– – 

Incandescent, IC 500
a 

8,900-10,850
a 

– 100
a 

1,000-2,000
a 

– – 

Incandescent, IC 1,000
a 

23,740
a 

– 100
a 

1,500
a 

– – 
a
 Obtained from (1000bulbs, 2013) 

b
 Obtained from (Grainger, 2013) 

c
 Obtained from (Murdoch, 1985) 
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2.2.5 High Intensity Discharge (HID) Lights 

2.2.5.1 Principle of operation 

 High intensity discharge (HID) lamps use a wall-steadied arc discharge that is contained 

by an arc tube inside the bulb.  There are four types of HID lamps including: metal halide, high-

pressure sodium, low-pressure sodium, and mercury vapor.  The arc tube contains a starting gas, 

usually argon or xenon or a mixture of the gases, that is easy to ionize at normal ambient 

temperatures and at a low pressure.  The arc tube also contains two tungsten electrodes, one 

connected at each end, which eliminates the arc at each end of the arc tube keeping the arc inside 

the arc tube.  The arc tube in confined inside a hard or soft glass outer bulb to protect the arc 

tube, the outer bulb absorbs the bulk of the ultraviolent energy from the arc tube while permitting 

the light to pass through the glass.  Some HID lamps have a diffusing coating on the glass, which 

reduces the brightness of the lamp but can be a color-modifying phosphor to improve the lamp’s 

color rendering index.  These lamps are made with screw-type bases, either a medium or mogul 

base is used, and the bases are made of nickel, brass, or special alloys that minimize corrosion 

for the lamp’s lifetime (Rea, 2000).       

HID lamps are required to operate in series with a current regulating device.  This device 

is primarily called a ballast, which is discussed in the next section. 

2.2.5.2 HID Ballasts 

For HID lamps, the ballasts that operate the lights are available in many different types, 

but the section below discusses five of the more common ballasts.  These ballasts include the 

constant wattage autotransformers, constant wattage ballasts, lag (reactor) ballasts, magnetic 

regulator ballasts, and lead circuit ballasts for operation. 
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A constant wattage autotransformer (CWA) is a lead circuit ballast that contains a high-

reactance autotransformer that has a capacitor in series with the lamp.  When the voltage on the 

branch circuit varies, the capacitors help the lamp operate with great wattage stability.  These 

ballasts are used when the line voltage can fluctuate more than five percent.  CWA ballasts have 

other advantages also like high power factor and low line extinguishing voltage. 

A constant wattage (CW) ballast is also called regulated or stabilized ballasts and is 

similar to a CWA.  The CW ballast uses a lead circuit and has the same advantages as the CWA 

encompasses.  This ballast keeps the light output and wattage from varying less than two percent, 

and the line voltage can change up to thirteen percent. 

The lag (reactor) ballast is a reactor that is in series with the lamp and is intended to 

retain the operating characteristics in line.  The starting pulse comes from a starting circuit in the 

ballast.  When the line voltage needs to be matched, step-down or step-up transformers are 

incorporated into the system.  Most of the time, a power factor correcting capacitor is placed 

across a capacitor winding or across the line.  These ballasts usually do not provide good wattage 

regulation for variations in line voltage, but with variations in lamp voltage good wattage 

regulation is provided.  This ballast is the least expensive and has the lowest power loss among 

ballasts for high pressure sodium lamps.  

The magnetic regulator ballast provides good wattage regulation for variations in line and 

lamp voltage.  This ballast consists of a voltage-regulating sector that delivers to a current 

restricting reactor and a pulse starting circuit.  These ballasts usually include a power factor 

correcting capacitor also.  This ballast is the most expensive and has the highest power loss 

among ballasts for high pressure sodium lamps. 
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The lead circuit ballast operates with a combination of capacitance and inductance in 

series with the lamp, and instead of maintaining a constant lamp current, the ballasts decreases 

the current as the lamp voltage increases to keep the operating lamp voltage within the limits.  

This ballast is in the middle of the other two ballast when it comes to cost and power loss for 

high pressure sodium lamps (Rea, 2000).    

2.2.6 Fluorescent Lights 

2.2.6.1 Principle of operation 

 Fluorescent lights are considered low-pressure gas discharge sources.  These lamps use 

ultraviolet energy produced by a mercury arc to initiate the light which is generated by the 

fluorescent powders inside the tubular geometry.  Each end of the tubular geometry contains an 

electrode which is sealed into each end of the cylindrical tube; the inside of the tube supports 

low-pressure mercury vapor and inert gases.  There is a small amount of inert gases used for 

starting of the lamp.  The inner walls of the tubes are covered with fluorescent powders, which 

are phosphors to produce the bright light.   

 Once the correct voltage is applied, the electrodes have current flowing between them 

and this current produces the arc.  A fluorescent lamp is labeled by an alphabetical letter 

indicating the shape of the lamp, followed by a number representing the size (diameter) of the 

lamp in eighths of an inch.  The most common types of fluorescent lamps are T12, T8, T5, and 

compact fluorescent (CFL).  The number after the “T” corresponds to the diameter of the lamp in 

eighths of an inch (Tx equals x/8 inches in diameter).  The T12 lamp is a linear tube that in 

twelve-eighths inches in diameter, or 1.5 inches in diameter.  The T8 lamp is one inch in 

diameter, while the T5 is five-eighths inches in diameter.  Figure 2.1 below shows the 
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differences in T12, T8, and T5 lamps.  CFL’s were created to replace incandescent and HID 

lamps and consist of an endless arc pathway formed by multiple tubes joined together (Rea, 

2000).   

  

Figure 2.1. Size Comparison of Fluorescent Tubes. 

 Fluorescent lamps are also required to operate in series with a current regulating device 

or ballast.  The two fluorescent ballasts are discussed in the following section. 

2.2.6.2 Fluorescent Ballasts  

 For fluorescent lights, the ballasts that operate the lights are available in two different 

types, magnetic and electronic ballasts.  Magnetic ballasts contain components that provide the 

adequate voltage for starting the lamps and regulate the lamp current through their reactance.  

These components include a transformer-type core and coil along with a capacitor in some 

magnetic ballasts.  The average ballast life is about twelve years, as long as the ballast is 

operated in a proper ballast operating temperature and at a 50% duty cycle.  Operating at longer 

duty cycles and higher temperatures, the ballast life will decrease.  Since these ballasts contain 

magnetic components, vibrations can cause noticeable noise, especially in quiet places.  The 

noise level is rated by the manufacturer. An A rating is the quietest and can be used in quiet 

T5 

T8 

T12 
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places like schools and churches.  B rated ballasts refers to the middle rated ballast and is best for 

low level noisy places like businesses, stores, or factories.  The loudest ballasts have a C rating 

and should only be used in noisy factories.   

 Electronic ballasts increase lamp efficacy and are noiseless, compared to the magnetic 

ballasts.  The increase efficacy and noiselessness originates from the higher operating frequency 

of the ballast.  These ballasts also produce a light level output parameter that is unavailable in 

totally passive, magnetic ballasts.  Most electronic ballasts are made as the same shape and size 

of magnetic ballast to make retrofitting easier.  Electronic ballasts can be designed to operate up 

to four lamps each and also can be instant or rapid-start ballasts.  These ballasts are also used in 

vehicles, airplanes, and trailers because they can be operated with low-voltage direct current (dc) 

systems (Rea, 2000). 

2.2.6.2.1 T12 

 The T12, 40 watt lamp was the most common fluorescent linear tube lamp until the 

National Energy policy Act (EPACT) of 1992.  These lamps are one and a half inches in 

diameter and manufactured in lengths of four feet and eight feet.  The 40 watt, four foot T12 was 

the most common fluorescent fixture, but was banned from production in 1995 by the EPACT, 

therefore the 34 watt, 4 foot T12 tube was the most common used fluorescent tube until the T8 

tubes were produced (Rea, 2000). 

2.2.6.2.2 T8 

 The T8 lamp, which is one inch in diameter, is manufactured into the same lengths as 

T12 lamps are.  The T8 lamp is actually interchangeable with the T12 but requires a different 

ballast than the T12 uses in order to realize a reduction in energy usage.  The T8 ballast is either 
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high-frequency electronic ballast or a line-frequency rapid-start ballast the produces 265 mA.  

Since the diameter of the T8 tube is a half inch smaller than a T12 tube, more expensive and 

higher efficient phosphors can be used while keeping them economically sound.  The most 

common four foot type of the T8 lamp is rated at 32 watts and the eight foot version is rated at 

59 watts.  T8 lamps have a higher efficacy than T12 lamps, therefore most T12 lamps have been 

replaced with the more efficient T8 lamps in many applications (Rea, 2000).   

2.2.6.2.3 T5 

 Unlike T8 lamps, T5 lamps are manufactured in metric lengths, therefore these lamps 

will not fit in a T12 fixture.  The T5 lamp is five-eighths in diameter and encompasses a 

triphosphor technology.  These lamps deliver an increased brightness and improved optical 

control compared to the T8 lamps, and all T5 lamps operate with an electronic ballast.  The T5 

high output version of the lamps can produce twice as many lumens at the same length as the 

standard T5.  The most common T5 lamp is the 54 watt T5HO (high output) lamp.  Though the 

T5 lamp is not the most suitable lamp for retrofits, it is overall more efficient than the T12 and 

T8 lamps (Rea, 2000). 

2.2.6.2.4 CFL 

The compact fluorescent lamp (CFL) was created to replace incandescent lights from 25 to 

100 watts, but now these lamps are produced in sizes large enough to replace fluorescent linear 

tube lamps and also HID lamps.  CFLs normally consist of T4 or T5 tubes, and these tubes can 

be bent and connected in many different ways to achieve different sizes and lumen outputs.  The 

lamps contain either a magnetic choke or an electronic ballast that is used for starting and 

operating the lamps.  Smaller CFLs are designed to fit in incandescent sockets, while some are 

designed to fit in HID fixtures, and some other designs use special pin-type bases.  High-
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performance phosphors are used in CFLs to improve brightness, color rendering abilities, and 

lumen maintenance.  CFLs are produced in a huge range of sizes and shapes, from 5 to 200 watts 

(Rea, 2000). 

2.2.7 Light Emitting Diode (LED) Lighting 

Light emitting diode (LED) lighting is a newer form of lighting. The two most common 

types of LED technologies are the indium gallium nitride (InGaN) and the aluminum indium 

gallium phosphide (AlInGaP).  The two different technologies emit two different colors making 

them useful for different applications.  The InGaN LEDs produce colors from green to blue and 

the AlInGaP LEDs produce colors from red to orange and amber.  These light sources are highly 

directional and are identified in terms of their peak intensity.  LEDs operate with a current of 20 

milliamps typically and voltages from 1.5 to 4.0 volts, this represents an input power of about 

0.03 to 0.08 watts.  The luminous efficacy of LEDs is normally called internal efficacy, and it is 

the ratio of emitted luminous flux to emitted radiant power and has units of lumens per watt 

(Rea, 2000). 

2.2.8 Induction Lighting 

 Induction lighting is a type of lamp that does not use electrodes to produce light.  This is 

a light source that uses induction of electromagnetic fields to transfer the power required to 

generate the light.  The principle of induction means to transfer energy by a magnetic field.  This 

is different from a traditional electric lamp because traditional lamps use electrical connections 

within the lamp for power transmission.  Induction lighting is comparable to conventional 

fluorescent lighting, other than the method of transferring power.  Induction lighting uses 

phosphorous to convert ultraviolet light to visible light just like fluorescents (Bloom, 2010).  
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2.2.9 Incandescent Lighting 

Incandescent lamps contain a filament, bulb, fill gas, lead-in wires, and a base.  The 

filament is made of tungsten because of tungsten’s high melting temperature and high resistance, 

and is the part of the light that produces the light.  The bulb is the outer glass part that protects 

the filament and holds the fill gas.  The bulb is made of lead, soda lime (soft), or borosilicate 

(hard) glass; the harder the glass the higher the temperature can be (Rea, 2000).  The fill gas is 

inside the bulb to create a barrier between the filament and the bulb wall, and also keeps water 

vapor away from the filament.  The fill gas is usually made up of argon and nitrogen, but 

sometimes the fill gas will be krypton.  The lead-in wires help support the filament and transport 

the electrical current to and from the filament.  The base is made of aluminum or brass and has 

the lead-in wires connected to it.  One wire is connected to the bottom of the base in the center 

and insulated, and the other lead-in wire is connected to the side of the base (Murdoch, 1985).  

The filament lamp design is the most economical lamp that can produce the specific 

spectral radiation that is needed by an application.  The electrical current runs through the base 

and up the lead-in wire and through the high resistant filament and then back out the other lead-

in wire out of the lamp.  The filament’s high resistance will create a high temperature when the 

electric current is passed through it, and this high temperature produces visible radiation (Rea, 

2000). 

That concludes the background information for lighting systems.  Next, the 

recommended steps and procedures for completing an industrial energy assessment for lighting 

systems are described. 
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2.3 Recommended Pre-Assessment Procedures 

For a lighting system assessment, there are pre-assessment procedures that are required to 

be completed before the assessment.  This section explains the pre-assessment procedures that 

are important for the assessment and should to be completed prior to the assessment.   

Send preliminary questionnaire to client to find information about the lighting systems at 

the facility.  Questions to be answered include: annual energy bill data (electricity cost), the 

number and type of lights in each area of the facility, ballast factor of each type of light, which 

areas are the lights not turned off when vacant, amount of time the areas are vacant, light level 

requirements for processes in each area, and are there occupancy sensors or photosensors present 

in the facility.  A complete preliminary questionnaire can be found in Appendix A.     

Prepare hand tools for the assessment; the hand tools for the assessment should include a 

light level meter and a ballast detector.  Make sure battery powered devices have a strong 

battery, and prepare site sheets for information recording.  These site sheets are included in the 

appendix.  Next, the recommended assessment procedures that should be accomplished at the 

industrial facility for lighting systems are explained.   

2.4 Recommended Assessment Procedures 

After the assessment team arrives at the facility, a kick-off meeting with the team 

members and facility personnel will take place to explain the purpose of the assessment, the 

process of the assessment, and the timeline for completion.  After the kick-off meeting, a tour of 

the lighting systems will take place.  Once the tour is finished, data collection is the next step and 

the required information includes: 

 different types of lighting systems 

o facility lighting, task lighting, and security lighting 
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 different type of lamp in the lighting systems 

o HID (MH, HPS, Mercury Vapor), fluorescent (T12, T8, T5, CFL), LED, 

induction, and incandescent  

 number of each type of lamp in the lighting systems 

 wattage of each type of lamp in the lighting systems 

 ballast factor of each type of lamp in the lighting systems 

 operational hours of each type of lamp in the lighting systems 

 different areas in the plants with lighting systems 

 amount of personnel traffic in each area 

 controls of each of the lighting systems in each area 

o occupancy sensors, photosensors, or switches 

 schedule of each of the lighting systems in each area 

 amount of daylighting in each area 

 light levels in each area 

 

 Each different lighting system needs to be identified, and the each lamp in the lighting 

system needs to be counted and recorded on a data sheet.  All of the different types of lamps 

need to be observed and recorded in the assessment notes.  Once the type of lamp is observed the 

wattage of each lamp and the ballast factor of each fixture needs to be recorded, the plant 

personnel should be able to assist if questions arise, if not maybe replacement lamps and ballasts 

can be found in the maintenance parts storage.  Also, a ballast detector can be used to determine 

the type of ballast in each light, whether it is electronic or magnetic.   
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The operating hours of each lighting system needs to be recorded and this information 

should come from the facility personnel.  If different areas in the plant have different lighting 

systems, then the lighting system and type of lights that are in those areas should be recorded 

while counting the lights, and in each different area the amount of personnel traffic should be 

recorded and along with the amount of vacant time.  The controls and schedule of each lighting 

system should be recorded and this information should be given by the plant personnel.  A 

lighting system can be controlled by occupancy sensors, photosensors, or switches.  Before the 

lighting levels are taken using the light level meter, the daylighting panels or windows should be 

noted.  Finally, the light levels in each area need to be measured and recorded; several 

measurements should be taken per area, especially in areas with critical lighting requirements.  

The activities and processes in each area need to be recorded, to be able to make sure the correct 

amount of light for the activity is reached at the work plane.  Once the assessment visit is 

completed, the post-assessment procedures should be started, and these recommended post-

assessment procedures are discussed in the next section. 

2.5 Recommended Post-Assessment Procedures 

 Once all of this data is gathered then the analysis can begin.  The number of each type of 

light should be gathered together along with the wattage, ballast factor, and operating hours.  

After that, these four numbers can be multiplied together to get the annual energy usage of the 

lighting systems as shown below in Equation 2.  A sample calculation for the energy 

consumption of 100 – 400 watt metal halide lamps that operate 50 weeks per year for 5 days per 

week for 12 hours a day is shown below. 

 EC = N x W x OH x BF x K       (2) 

  = 100 x 400 W x 3,000 hr/yr x 1.14 x 0.001 kW/W 
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  = 136,800 kWh/yr 

Where, 

 EC = annual energy consumption of lighting system 

 N = number of lights in lighting system 

 W = wattage of lights in lighting system 

 OH = operating hours of lighting system (week/yr x day/week x hr/day) 

 BF = ballast factor of ballast for each lamp 

 K = conversion constant from watts to kilowatts   

2.6 Recommended Assessment Opportunities  

There are many assessment recommendations for lighting systems which include: replace 

HID lighting with more efficient lighting, replace T12 fluorescent lamps with T8 fluorescent 

lamps, replace incandescent lamps with CFLs, install occupancy sensors, install photosensors, 

de-lamp and lower light fixtures in high ceiling areas, and turn off lights when facility is vacant.  

Table 2.3 below shows the indication and required data for each AR.   
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Table 2.3. Lighting System Assessment Recommendations. 

Number Indication 
Assessment 

Recommendation (AR) 
Required Data 

1 
HID type lighting (Metal Halide, High 

Pressure Sodium, etc.).   

Replace HID Lighting 

with T-8, T-5, or CFL 

Fluorescent Lighting 

Count of the lights, ballast factor, light levels 

2 T12 fluorescent lamps in the facility.  

Replace T12 Fluorescent 

Lamps with T8 

Fluorescent Lamps 

Count of the lights, ballast factor, light levels 

3 Incandescent type lighting.  
Replace Incandescent 

lamps with CFLs 
Count of the lights, light levels 

4 
Areas in plant are vacant much of the 

time. 

Install Occupancy 

Sensors in Certain Areas 

of the Plant 

Count of the lights per area, ballast factor, count 

of personnel entering the area per hour, 

percentage of time that areas are occupied by 

facility personnel 
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5 
Areas in the plant that have daylighting 

or have the potential for daylighting.  

Install Photocell Sensors 

in Applicable Areas of 

the Plant 

Light levels, count of lights per area, ballast 

factor, direction the outside wall faces, number 

and sizes of daylighting panels. 

6 

Areas of the plant where light levels 

are higher than that area requires 

and/or lights can be lowered without 

hindering the process.  

De-lamp Areas of the 

Facility/Lower Light 

Fixtures in High Ceiling 

Areas 

Light levels, count of lights per area, ballast 

factor, light level requirements for processes in 

each area 

7 
Lights left on when the facility is 

vacant.  

Turn Off Lights When 

Facility is Vacant 

Count of lights per area, ballast factor, which 

areas are the lights not turned off when vacant, 

and amount of time the areas are vacant. 
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2.6.1 AR – Replace HID Lighting with T-8, T-5, or CFL Fluorescent Lighting 

 One of the most common lighting system assessment recommendations (ARs) is 

replacing HID lighting with more efficient lighting.  An indication of the possible AR is a 

facility using a HID type of lighting source to illuminate the plant floor, processes, and 

machines.  Determining the wattage of the lights can be a bit more challenging, the best way is to 

ask facility personnel or by looking at spare parts in the maintenance shop.  If a plant uses HID 

lighting systems then there is an opportunity for energy and cost savings, as long as a more 

efficient lighting system can replace the existing less efficient system.  Fluorescent lighting is a 

more efficient lighting source and can replace HID lighting.  Either linear tube T8 or T5 lighting 

or CFLs are good replacements.  These lights normally have a better lumen maintenance for 

better light as the lamps age, and normally have a higher CRI for a better color of light.   

The required data for this AR from Table 2.3 will be used to calculate the savings.  Once 

the light levels are used to determine the replacement lamp that is needed, then the energy 

savings can be calculated.  The proposed lamp wattage, number, and ballast factor will be used 

to calculate the proposed energy consumption and subtracted from the current energy 

consumption to find the energy savings.  After researching the Alabama Industrial Assessments 

Center’s (AIAC) previous energy assessments, this AR has an energy savings potential of 4% to 

69% with an average of 41%, and can be implemented for about 3,200 to 177,500 dollars per 

system.  These numbers are based on twenty assessments and the numbers in Table B.1.1 in 

Appendix B.  The implementation of this AR requires replacing the HID lamp fixtures with 

fluorescent lamp fixtures for the T8 and T5 replacement.  For the CFL replacement, only the 

HID fixture’s ballast should be disconnected, and the wiring should be wired straight into the 

fixture and the HID lamp replaced with a CFL. 
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2.6.2 AR – Replace T12 Fluorescent Lamps with T8 Fluorescent Lamps 

 Another lighting system AR is replacing T12 fluorescent lamps with T8 fluorescent 

lamps.  An indication of the possible AR is a facility using T12 lamps to illuminate offices or 

even some plant floor.  Replacing T12 lamps with T8 lamps produces an opportunity for energy 

and cost savings.  As seen in Table 2.2 in Section 2.2.4 lighting type comparison, T8 lamps have 

less wattage, but produce more lumens than T12 lamps.  The T8’s life hours and ballast factor 

can be the same, higher, or lower than the T12’s.   

The required data for this AR from Table 2.3 will be used to calculate the savings.  The 

proposed lamp wattage, number, and ballast factor will be used to calculate the proposed energy 

consumption and subtracted from the current energy consumption to find the energy savings.  

After researching the AIAC’s previous energy assessments, this AR has an energy savings 

potential of 1% to 25% with an average of 16%, and can be implemented for about 4,300 to 

82,500 dollars per system.  These numbers are based on five assessments and the numbers in 

Table B.1.2 in Appendix B.  The implementation of this AR requires replacing T12 fixtures with 

T8 fixtures, but a ballast retrofit can also be done since the fixtures are the same size.  The ballast 

retrofit only requires replacing the ballast and lamps in each fixture. 

2.6.3 AR – Replace Incandescent lamps with CFLs 

 Another lighting system AR is replacing incandescent lamps with CFLs.  An indication 

of the possible AR is a facility using incandescent lamps to illuminate offices, storage areas, 

shops, warehouses, or plant floors.  Replacing the incandescent lamps with CFL lamps produces 

an opportunity for energy and cost savings by reducing the wattage for the same amount of 

lumens as an incandescent.  As seen in Table 2.2 in Section 2.2.4 lighting type comparison, 200 
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watt CFL lamps have less wattage, but produce more lumens than 500 watt incandescent lamps.  

Also the CFL has more life hours than the incandescent lamp.   

The required data for this AR from Table 2.3 will be used to calculate the savings.  The 

proposed lamp wattage and number will be used to calculate the proposed energy consumption 

and subtracted from the current energy consumption to find the energy savings.  After 

researching the AIAC’s previous energy assessments, this AR has an energy savings potential of 

58% to 74% with an average of 67%, and can be implemented for about 265 to 1,344 dollars per 

system.  These numbers are based on three assessments and the numbers in Table B.1.3 in 

Appendix B.  The implementation of this AR requires just changing out incandescent lamps with 

CFL lamps and keeping the same fixture. 

2.6.4 AR – Install Occupancy Sensors in Certain Areas of the Plant 

 Installing occupancy sensors (motion sensors) on the rapid start lighting systems in a 

facility is a lighting system AR.  An indication of the possible AR is if there are any areas in the 

plant that are vacant most of the time can have occupancy sensors installed to turn off the lights 

when employees are not in the area for a period of time.  By conversing with facility personnel 

and noticing whether or not lights are turned off after a certain period of time without any 

activity.  Installing occupancy sensors in certain areas of the plant can result in a large energy 

and cost savings by reducing the operating hours of a lighting system.   

Occupancy sensors will turn off the lights when an area is vacant, lights should stay on a 

minimum of thirty minutes after they turn on, so as long as there are gaps in the area’s traffic 

longer than thirty minutes energy savings will be seen.  The only drawback to an occupancy 

sensor AR is the lights have to be rapid start lighting systems or they will not work correctly.   
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The required data for this AR from Table 2.3 will be used to calculate the savings.  The 

energy savings will be calculated by reducing the operating hours of the lighting system.  The 

reduction of operating hours has to be determined by finding the amount of traffic and the 

amount of time this traffic is present in the certain area that is being assessed.  After researching 

the AIAC’s previous energy assessments, this AR has an energy savings potential of 1% to 63% 

with an average of 13%, and can be implemented for about 110 to 13,500 dollars per system.  

These numbers are based on twenty assessments and the numbers in Table B.1.4 in Appendix B.  

The implementation of this AR requires installing occupancy sensors in the lighting electrical 

components, but this AR requires quick starting lights like fluorescent or LED, not HID lamps. 

2.6.5 AR – Install Photocell Sensors in Applicable Areas of the Plant 

 Another lighting system AR is installing photosensors to lights in areas where adequate 

daylighting is available during daytime hours or in areas where daylighting panels can be 

installed.  An indication of the possible AR is if areas around the perimeter of the plant have 

adequate daylighting available to help with illuminating the plant floor or warehouse.  By 

discovering daylighting panels in the plant, and measuring the light levels in the areas that have 

daylighting panels, the photosensors AR can be decided upon.  The light levels need to be 

compared to the light level requirements for the specific processes in the area, the light level 

requirements for different processes are shown in Table 2.1 of Section 2.2.2 Light Level 

Requirements.  Installing photosensors in areas around the perimeter of the plant where 

daylighting is adequate for the lights to be shutoff, then this AR will result in energy and cost 

savings.  Also, if areas in the facility can support daylighting panels, then daylighting panels can 

be installed along with the daylighting panels.  Photosensors will turn off the lights when the 

daylighting is adequate to provide light to certain areas of the plant.   
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The required data for this AR from Table 2.3 will be used to calculate the savings.  The 

energy savings will be calculated by reducing the operating hours of the lighting system.  The 

reduction of operating hours has to be determined by finding the amount of time the lights can be 

turned off by the photosensors.  Unfortunately there is a tradeoff from this AR, if the sun shines 

directly in the building through the daylighting panels, then the facility’s space conditioning will 

be affected.  After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1% to 46% with an average of 12%, and can be implemented for about 250 

to 1,030 dollars per system.  These numbers are based on six assessments and the numbers in 

Table B.1.5 in Appendix B.  The implementation of this AR requires installing photosensors on 

the lights in areas of the plant that have daylighting opportunities or installing transparent panels 

or glass on the perimeter walls of the facility to let in sunlight. 

2.6.6 AR – De-lamp Areas of the Facility/Lower Light Fixtures in High Ceiling Areas 

 De-lamping (reducing the amount of lights) in the facility is a possible energy saving AR.  

An indication of this AR is areas of the plant where light levels exceed the requirements of that 

area and/or have hay bay lights that can be lowered to increase light levels without hindering the 

processes.  By conversing with the facility personnel, making light level measurements, and 

looking at the heights of lights will help determine if there is too many lumens in a certain area 

or if the lights can be lowered.  De-lamping areas of the facility will reduce the energy for the 

lighting system by using the actual required amount of light for each area.  Lowering the lights 

down from the ceiling can also make de-lamping available by having more lumens at the work-

plane.  Light level requirements for different processes is portrayed in Table 2.1 of Section 2.2.2 

Light Level Requirements, and this table can help determine whether or not too many lumens are 

presented in that certain area.  The required data for this AR from Table 2.3 will be used to 
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calculate the savings.  The energy savings will be calculated by reducing the wattage of the 

lighting system.  The reduction of wattage has to be determined by figuring out the amount of 

lumens needed for the certain processes.  After researching the AIAC’s previous energy 

assessments, this AR has an energy savings potential of 3% to 69% with an average of 36%, and 

can be implemented for about 240 to 8,100 dollars per system.  These numbers are based on five 

assessments and the numbers in Table B.1.6 in Appendix B.  The implementation of this AR 

requires removing lamps or fixtures to reduce the amount of lights in a certain area. 

2.6.7 AR – Turn Off Lights When Facility is Vacant 

 Turning off the lights while the facility is vacant is a possible energy saving AR.  An 

indication of this AR is lights being left on when certain areas of the facility or the entire facility 

is vacant.  By conversing with the facility personnel will help determine if the lights are turned 

off when the facility is vacant.  Turning off the lights when areas of the facility or the entire 

facility is vacant, will save energy for the lighting systems by reducing the operating hours of the 

lights.  This AR will also allow the lights to last longer and reduce replacement costs.  The 

required data for this AR from Table 2.3 will be used to calculate the savings.  The energy 

savings will be calculated by reducing the operating hours of the lighting system.  The reduction 

of operating hours has to be determined by figuring out the amount of time the lights can be 

turned off.  After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 29%, and can be implemented for about 1 dollar per system.  These numbers 

are based on one assessment and the numbers in Table B.1.7 in Appendix B.  The 

implementation of this AR requires turning off the lights during times when the facility or areas 

are vacant. 
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2.7 Summary 

 In this chapter, lighting systems were discussed.  The background of lighting systems was 

described, and this background information includes light level requirements, ballasts, lighting 

type comparison, HID lights, fluorescent lights, LED lights, induction lighting, and incandescent 

lighting.  The recommended pre-assessment, assessment, and post-assessment procedures were 

discussed, along with the seven assessment opportunities.  

Figure 2.2 below is a graph of the average energy savings for most of the lighting ARs.  

This graph was created from the data from previous energy assessments conducted by the 

Alabama Industrial Assessment Center in the past two and a half years.  Each energy system 

contains a graph with most the ARs and the asterisks next to the name represent the most 

commonly recommended ARs.  This figure shows that HID to fluorescent lighting and installing 

occupancy sensors are the most commonly recommended opportunities, while HID to 

fluorescent and incandescent to CFL create the most energy savings percentage, but incandescent 

to CFL is normally not available to recommend.  The next chapter describes air compressors and 

compressed air systems in an industrial facility. 
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Figure 2.2. Lighting AR Average Energy Savings. 
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3 COMPRESSED AIR SYSTEMS 

3.1 Introduction 

Compressed air is frequently considered the “fourth utility” in industrial settings.  Nearly 

all industrial facilities have compressed air systems, and most could not operate without it.  Plant 

air systems can vary between 5 and 50,000 horsepower, depending on the need of compressed air 

at the facility.  Inefficiencies in compressed air systems can be very significant, and energy 

saving projects can range from 20 to 50 percent of electricity consumption (United States 

Department of Energy, 2003).   

This chapter gives background of compressed air systems and components, and describes 

the steps to completing an energy assessment for compressed air systems in an industrial facility.  

Sections included in this chapter are on an overview of compressed air systems, background 

information for variable frequency drives, air compressor control strategies, rotary screw 

compressors, reciprocating compressors, and centrifugal compressors.  A description of the 

compressed air system assessment tool, AIRMaster+ and a summary of the ASME energy 

assessment standard for compressed air systems are presented.  Also contained in this chapter is 

an explanation of  the process for completing an energy assessment on compressed air systems in 

an industrial setting, and this process includes pre-assessment procedures, assessment 

procedures, post-assessment procedures, and ten common assessment recommendations that 

have an opportunity to reduce the energy consumption or increase the overall efficiency of 

compressed air systems. 
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3.2 Background 

3.2.1 Overview of air compressor systems 

Compressed air systems are split into two different sides: supply side and demand side.  

The supply side consists of the air compressors, cleanup equipment, and storage, while the 

demand side contains the distribution system, dedicated storage, and end uses. 

The supply side of a compressed air system is comprised of the compressor, the prime 

mover, control system, air dryer, air filter, and storage.  The compressor, prime mover (motor), 

and control system is all contained in the unit’s package. Also the compressor package contains a 

cooling system, which can be either air-cooled or water-cooled.  Then the air that is discharged 

from the compressor will normally flow through an air dryer and air filter before going to the air 

storage before the demand side. 

The demand side of a compressed air system encompasses the piping distribution system, 

dedicated air receivers, pressure/flow controllers, filters, regulators, lubricators, and end uses.  

Normally the air receiver is close to the compressors or right before the end use, and the filters, 

lubricators, and regulators are right before the end uses (United States Department of Energy, 

2003).   

3.2.2 Variable Frequency Drives (VFDs) 

A variable frequency drive is a device that changes the speed of a motor by converting 

three-phase alternating current (AC) power to direct current (DC) power and then inverting it 

back to a variable frequency AC power.  VFDs use transistors and thyristors to switch the output 

at the required frequency.  The inverters are either current source or voltage source, or the 

inverter can be pulse width-modulated (PWM).  The PWM inverters are available to motors up 



 

38 

 

to 500 horsepower and are quite maintenance-free and usually are less complex than current or 

voltage source inverters.  The current source is the most commonly used inverter except on small 

motors.  Inverters produce the output wave with pulses, rather than outputting a pure sine wave.  

Since the inverters use pulses, higher power losses occur from the harmonics that are presented 

to the motor.  Most systems are either 6-pulse or 12-pulse, and the number of pulses mimics the 

form of the output wave.  A 12-pulse system reduces the losses from the harmonics but also has 

a higher cost than the 6-pulse (Brown, 2005).  VFDs are used for three main reasons, to match 

the speed of the drive to the requirements of the process, match the torque of a drive to the 

requirements of the process, or improve efficiency and reduce energy consumption (Barnes, 

2003). 

VFDs are available in a variety of sizes from 0.25 horsepower to above 10,000 

horsepower.  Table 3.1 below shows the sizes and costs of VFDs from 10 horsepower to 11,000 

horsepower.  The significant information from this table is that as the motor horsepower 

increases, the costs increases, especially for medium voltage (3,000 – 11,000 volts) motors. 

  



 

39 

 

Table 3.1. VFD Sizes and Costs. (Grainger, 2013), (Zhuhai Wanlida Electric Co., 2013) 

Horsepower Nominal Voltage Cost ($) 

10
d 

460
d 

1,058 – 3,695
d 

25
d 

460
d 

2,170 – 5,191
d 

50
d 

460
d 

3,350 – 7,344
d 

75
d 

460
d 

4,938 – 9,603
d 

100
d 

460
d 

5,526 – 12,113
d 

200
d 

460
d 

10,677 – 20,903
d 

300
d 

460
d 

18,284 – 21,199
d 

400
d 

460
d 

16,970 – 24,341
d 

500
d 

460
d 

24,447 – 38,277
d 

600
d 

460
d 

32,737 – 46,557
d 

700
d 

460
d 

45,563 – 55,728
d 

800
d 

460
d 

63,482 – 65,192
d 

900
d 

460
d 

65,854 – 80,138
d 

1000
d 

460
d 

86,474
d 

300 – 11,000
e 

3,000 – 11,000
e 

50,000 – 1,000,000
e 

d
 Obtained from www.grainger.com 

e
 Obtained from www.alibaba.com 

3.2.3 Air Compressor Control Strategies 

Compressor control strategies have evolved over the years to operate compressors in the 

most efficient ways for the type of uses for each compressor.  There are many control strategies 

for air compressors and these include: start/stop, load/unload, modulating, dual control/auto dual, 

variable displacement, variable speed drives, multi-step unloading, inlet guide vanes, and inlet 

butterfly valve. 

Start/Stop controls are the simplest type of controls and is usually only used on 

compressors less than 30 horsepower.  These controls turn off the compressor motor when the 

discharge pressure reaches the desired set point on the top side of the pressure control band and 

then turns back on the motor when the discharge pressure falls beneath the bottom side of the 
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control band.  There is a pressure switch on the compressor’s discharge that delivers the signal 

for the motor to shut off or on. 

Load/Unload controls are basically the same concept as start/stop but the compressor 

never shuts off unless an automatic shutdown timer is present.  For the compressor to unload, a 

blow off valve is located in the discharge.  The controls unload the compressor (when the 

compressor operates but does not produce pressure or airflow) when the discharge pressure 

reaches the desired set point on the top side of the pressure control band and then loads when the 

discharge pressure falls below the bottom side set point.  Like the start/stop, a pressure switch 

produces a signal for when the compressor loads and unloads.  The pressure switch sends a 

signal for the blow off valve to close, meanwhile, a blow-down valve in the discharge end opens.  

Blow-down is the rate at which the pressure of the sump of a lubricated-injected rotary screw 

compressor is relieved after a compressor unloads, and this normally takes about forty seconds to 

avoid the lubricant from foaming.  

Modulating inlet controls change the intake flow of the compressor to control the output 

flow.  A butterfly type valve is located in the compressor inlet to modulate the flow.  As less air 

is required for the end uses the inlet valve closes and less air is produced.  The modulation 

without unloading controls will modulate the compressor down to zero flow where the inlet 

valve is completely closed and the intake flow is zero.  The modulation with unloading controls 

is limited to modulating the compressor down from 100 percent to 40 percent of rated capacity 

but does not always modulate down to 40 percent; it could only go to 50 or 60 percent depending 

on the unit.  After the compressor has modulated down to its set percentage (60, 50, or 40 

percent in most cases) and the end-uses continue to need less air, the compressor will unload as if 

it had load/unload controls.   
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Manual dual control is a selector switch used to choose between modulation controls and 

load/unload controls.  Automatic dual controls are analogous to the manual switch, except for an 

automatic shut-off timer starts when the compressor unloads.  If the end-uses do not need more 

air pressure before the timer expires the compressor stops, then will re-start automatically when 

the pressure is too low for the end-uses. 

Variable displacement controls use spiral or turn valves that are built into the compressor 

casing.  These valves can be gradually adjusted to change the effective length of the rotors when 

the compressor discharge pressure increases.  This allows the start of compression to be 

postponed because some of the air is bypassed at the inlet.  Poppet valves can also be used as 

variable displacement controls, but poppet valves cannot be adjusted is as many positions as 

spiral or turn valves, they have to be adjusted to certain points or steps instead of infinite 

adjustment steps.       

Variable frequency drives (VFDs) change the speed of the motor to increase or decrease 

the amount of power consumed, which is proportional to the output flow capacity.  These drives 

can control the output flow capacity of a compressor from 15 percent to 100 percent of full flow.  

Anything below 15 percent of full flow can result in the compressor being unloaded or shut-off.  

The power factor of the motor while using a VSD is normally better than other conventional 

controls, and VSDs can yield a constant pressure band, usually less than +/- 2 psig.  Typically 

compressors that are originally designed for VSDs have a higher benefit while using VSDs than 

compressors that have been retrofitted with VSDs (Compressed Air Challenge, 1999). 

Multi-step unloading controls include two-step, which is basically start/stop or 

load/unload controls.  Others include three-step unloading, which is 100 percent to 50 percent to 
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0 percent, and five-step unloading, which is 100 percent to 75 percent to 50 percent to 25 percent 

to 0 percent.  A compressor will operate at the unload point that best matches the flow rate of the 

end-usage (Compressed Air Challenge, 1999).    

Inlet butterfly valve controls for centrifugal compressors works in a similar way but are 

less efficient than the guide vane controls.  The further closed the butterfly valve, the lower the 

discharge pressure will be.  Changing the valve will change the suction pressure and also the 

density of the fluid.  When the valve closes the density of the fluid is reduced and therefore the 

horsepower requirement of the compressor is reduced (McMillan, 2010).       

Inlet guide vane controls for centrifugal compressors are more efficient than inlet 

butterfly valve controls.  The guide vanes are opened and closed to change the discharge pressure 

of the compressor.  The further closed the guide vane, the lower the discharge pressure will 

become.  A change in the vanes produces a change in the suction pressure, inlet fluid density, 

and a change in pre-rotation of the fluid.  As the guide vanes close the inlet fluid density is 

reduced.  Fully open guide vanes will give the maximum counter-rotation of the fluid, and the 

minimum closed position will give the maximum pre-rotation of the fluid.  The efficiency is 

increased at low loads because of the pre-rotation of the gas (McMillan, 2010).   

Table 3.2 below lists the all of the control strategies described above, and the 

corresponding compressor that uses each control strategy. 
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Table 3.2. Control Strategies for Three Different Air Compressors. 

Compressor Type 

Control Type 
Rotary Screw Reciprocating Centrifugal 

Start/Stop X X  

Load/Unload X X  

Modulation X   

Dual Control/Auto Dual X X  

Variable Displacement X   

Variable Speed Drive X   

Multi-step Unloading  X  

Inlet Guide Vane   X 

Inlet Butterfly Valve   X 

 

Figure 3.1 below represents typical load versus capacity graphs for compressor control 

strategies. The control strategies in the graph include: start/stop, load/unload, modulation without 

unloading, modulation with unloading, variable displacement, and variable speed drive.  The 

dashed lines represent controls that can only operate at two points, either the fully loaded 

capacity or the no flow capacity, and the average power can be used to find the average capacity 

on the graphs.  The solid lines represent controls that can operate at any point on the line from 

zero to 100% capacity.  From this graph the efficiency of each control strategy can be seen by 

using the power.  For example, if the compressor is operating at 80% load then the modulating 

controls will only produce about 33% capacity, where the load/unload and VSD controls will 

produce about 75% capacity.  Therefore, load/unload and VSD controls are more efficient than 

modulating controls.   
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Figure 3.1. Load versus Capacity for Control Strategies. (Compressed Air Challenge, 1999) 

3.2.4 Rotary Screw Compressors 

3.2.4.1 Principle of operations 

Rotary screw air compressors operate on the positive-displacement standard using a 

rotary motion.  Some types of rotary screw air compressors have lower maintenance 

requirements than reciprocating compressors do, but these machines are limited to relatively low 

discharge pressure and low power levels.  The rotary screw compressor achieves compression by 

the intermeshing of two rotors, a male rotor with convex lobes and a female rotor with concave 

flutes.  A gas is drawn into the flutes of the female rotor through the inlet valve, and as the rotors 

turn, a male rotor lobe gradually enters the female rotor flute cavity and decreases the volume of 
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the cavity, which increases the pressure of the confined gas.  This process is repeated for each 

successive interlobal space.  The discharge end is confined by the compressor end plate and the 

desired pressure is achieved at the point in the rotation cycle where the end plate becomes 

uncovered.  The female and male rotors are guided by timing gears to avoid contact with each 

other.  The compression ratio and volumetric capacity are determined by rotor length, angles of 

the lobes, and the shape and position of the discharge port (Cheremisinoff & Cheremisinoff, 

1992).  

3.2.4.2 Control strategies 

Rotary screw compressors can use many control strategies, and load/unload, modulating, 

and VSD are the three most commonly used control strategies for these compressors.  Table 3.2 

in Section 3.2.3 shows all of the control strategies for rotary screw compressors.  Section 3.2.3 

has the descriptions of each control strategy, and Figure 3.1 represents the load versus capacity 

graphs for each rotary screw compressor control strategy. 

3.2.4.3 Advantages 

Rotary screw compressors have the potential to have a longer continuous run-time than 

reciprocating compressors, and have a lower cost for machines using a moderate pressure in the 

0 to 1,500 kilowatt range.  Since no reciprocating forces are present, the foundation does not 

have to be as large or strong as the one for a reciprocating compressor.  These compressors have 

a higher mechanical efficiency and lower maintenance costs.  Finally, these compressors do not 

require internal lubrication even though most have it (Cheremisinoff & Cheremisinoff, 1992). 
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3.2.4.4 Disadvantages 

Rotary screw air compressors have lower compression efficiency than reciprocating 

compressors due to the slip in the machine, and this lower compression efficiency results into a 

lower overall efficiency.  These machines have lower discharge pressure restrictions, and the 

flow control is less flexible and is restricted to the speed of the rotors.  Rotary screw compressors 

are less versatile for non-design pressure ratios because they are normally matched very closely 

to the design conditions.  Finally, these machines are very noisy and performance is sensitive to 

casing and rotor corrosion, which makes them sensitive to dust (Cheremisinoff & Cheremisinoff, 

1992). 

3.2.5 Reciprocating Compressors 

3.2.5.1 Principle of operations 

The reciprocating air compressor is the oldest type of compressor developed for industrial 

gas and air compression and remains the most useful.  Reciprocating compressors are positive-

displacement machines; they operate by a reciprocating movement of a piston in a cylinder 

which produces a positive reduction of the gas volume confined in the cylinder.  Pressure 

differential valves in the cylinder operate automatically, like check valves, to intake and 

discharge gas.  When the movement of the piston has depressed the cylinder pressure below the 

inlet line pressure the inlet valve opens to fill the cylinder with air.  Then the volume reduction 

causes an increase in pressure until the discharge system pressure is reached, where it then 

discharges through the cylinder discharge valve (Cheremisinoff & Cheremisinoff, 1992). 
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3.2.5.2 Control strategies 

There are many types of control strategies for reciprocating compressors.  The two main 

control strategies are load/unload and multi-step unloading.  Table 3.2 in Section 3.2.3 shows all 

of the control strategies for reciprocating compressors, and Section 3.2.3 has the descriptions of 

each control strategy. 

3.2.5.3 Advantages 

Reciprocating air compressors are developed to produce capacities below the proficient 

flow range of centrifugal compressors.  These compressors are available for extremely high 

pressures, and are efficient for particularly high heads.  A reciprocating compressor is not as 

sensitive to gas composition and property changes as dynamic air compressors.  For pressure 

ratios above 2, these compressors have a much higher efficiency than the efficiency of 

centrifugal compressors.  Finally, reciprocating compressors have a lower discharge temperature 

than centrifugal compressors because of the jacket cooling and higher efficiencies 

(Cheremisinoff & Cheremisinoff, 1992). 

3.2.5.4 Disadvantages 

Due to the reciprocating forces of the compressors, large foundations have to be designed 

with high mass to evade the high vibrations of the machine.  Reciprocating compressors have a 

lower reliability than centrifugal compressors, due to valve failures, which creates a much 

shorter continuous run-time.  This being said, to avoid production outages for compressor 

maintenance, multiple units are essential.  These units also have maintenance costs that can be 

two to three times higher than the maintenance costs for a centrifugal.  Reciprocating 

compressors can have contamination in the process gas; these contaminations include solids from 

parts rubbing together and liquids from lubrication film that has broken down.  Since the valves 



 

48 

 

are susceptible to failure and low reliability, these machines require frequent operator inspection 

than other types of compressors (Cheremisinoff & Cheremisinoff, 1992).   

3.2.6 Centrifugal Compressors 

3.2.6.1 Principle of operations 

Centrifugal air compressors are used in more modern petrochemical and hydrocarbon 

processing plants than all other air compressor types combined, and where a continuous high rate 

of delivery of compressed air is needed.  These compressors use a centrifugal impeller that 

generates high gas velocity to produce head for the system and converts a portion of this velocity 

to pressure in the impeller and then finishes the conversion by channeling the gas through a 

diffuser.  Centrifugal compressors generate this high velocity in a plane that is perpendicular to 

the axis of the shaft.  The exterior speed of the impeller blades restricts the amount of energy the 

impeller is able to produce to each mass unit of gas.  Therefore, the maximum head capacity is 

restricted by the rotor rotational speed, which is restricted by the allowable stresses on the 

impeller (Cheremisinoff & Cheremisinoff, 1992).   

3.2.6.2 Control strategies 

There are two types of control strategies for centrifugal compressors: inlet guide vane and 

inlet butterfly valve.  The descriptions for each control strategy are in Section 3.2.3 of this 

chapter.   

3.2.6.3 Advantages 

Centrifugal air compressors can operate continuously for long periods of time 

(approximately three years) with high reliability, which eliminates the need for multiple 

compressors.  With respect to the flow rate capacity, these machines are relatively small and 
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lightweight, which means less area is needed for installation.  These compressors are often 

desired for high volume applications.  Centrifugal compressors have a lower total maintenance 

cost than reciprocating air compressors.  Controlling the flow of these compressors is efficient, 

simple, and continuous over moderately reasonable flow range.  Finally, centrifugal compressors 

has no lube or oil contamination of the process gas and smooth flow characteristics 

(Cheremisinoff & Cheremisinoff, 1992). 

3.2.6.4 Disadvantages 

Centrifugal air compressors have a lower efficiency than most positive-displacement type 

of air compressors for the same pressure ratios and flow rates.  Since recycling is necessary when 

the compressor is operating at point below the surge point, it is not efficient.  Centrifugal 

compressors have a low pressure ratio capability per stage, this tends to increase the number of 

stages in the system and increase the size of the machine and increase complexity of the 

machine.  Finally, most standard models are normally not available with discharge flow rates 

below 320 CFM (Cheremisinoff & Cheremisinoff, 1992). 

3.3 Software Tools and Energy Assessment Standards 

3.3.1 AIRMaster+ 

AIRMaster+ is a DOE ITP software tool that analyzes energy saving assessment 

opportunities for compressed air systems.  AIRMaster analyzes the supply-side performance of 

compressed air systems by utilizing system and facility specific data.  The software tool 

calculates operational costs of compressed air systems of various system profiles and system 

configurations using seasonal electrical charges, which include electrical usage rates and 

electrical demand rates.  It also proposes potential energy saving opportunities from selected 

energy efficiency measures and calculates simple payback periods in years.  AIRMaster stores a 
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database of generic air compressors and creates an inventory of the actual compressors that a 

facility possesses.  The tool can model systems as simple as a system with two compressors with 

the same operational schedule and same control strategies, and it can model complicated systems 

that include all three main types of compressors at the same time with different control strategies 

and different operating schedules.  AIRMaster develops a 24-hour power or airflow data load 

profile for each compressor, calculates life cycle costs, and tracks maintenance histories.  

AIRMaster also includes companion software called LogTool.  

 LogTool is software that assists with importing and analyzing data for AIRMaster.  

LogTool receives data from datalogger software of different brands and changes the format so 

AIRMaster can read it.  It also displays trend plots with one or two axes, scatter plots, and 

daytype plots of the data that has been logged (United States Department of Energy, 2010).  

AIRMaster includes 8 energy efficiency measures that are evaluated if selected.  Each measure 

will show the savings pertaining to that measure (United States Department of Energy, 2010).  

The 8 energy efficiency measures include: 

 Reduce Air Leaks 

 Improve End Use Efficiency 

 Reduce System Air Pressure 

 Use Unloading Controls 

 Adjust Cascading Set Points 

 Use Automatic Sequencer 

 Reduce Run Time 

 Add Primary Receiver Volume 
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3.3.2 ASME Compressed Air Standard 

All four of the ASME energy assessment standards (compressed air, steam, process heat, 

and pumping) for energy assessments contain four steps to completing an energy assessment.  

These four steps include: organizing the assessment, conducting the assessment, analyzing the 

data from the assessment, and documenting and reporting of the assessment data.   

Organizing the assessment comes first and is the same for all four of the energy 

assessment guides.  This includes identifying a set of knowledgeable personnel to be team 

members of the assessment team.  Each member will have a responsibility and should carry out 

their duties.  Obtain facility management support; the facility management that is helping with 

assessment should know the process of the assessment and support the purpose of the 

assessment.  The assessment team needs access to information, resources, and equipment at the 

facility.  Any information sources that log data from the system along with historical utility bill 

data and calibration records of data logging equipment will help with organizing the assessment.  

Plant personnel (maintenance, engineering, operations, etc.) are great resources for equipment 

and process information, along with vendors and contractors.  Access to the system components 

for data measurements is essential to the assessment.  The assessment goals and scope should be 

agreed on by the team members.  The goals of the assessment should include identifying 

performance improvement opportunities for the systems, and the scope of the assessment should 

outline the parts of the facility to be evaluated.   

Collecting initial data and evaluating this data is another procedure to accomplish in the 

organizing the assessment step.  This initial data can include, but not limited to, review of energy 

costs and utility bills, review of previous assessments, baselines, or benchmarking, 

measurements of key system operating variables, and identification of initiated/approved 
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projects.  The assessment team should interview facility specialists to accumulate information of 

the operating practices of the system.  Assessment goals that are specific to the particular facility 

should be determined after the initial data and facility specialist interviews have been evaluated.  

Once the energy efficiency goals, scope, initial data, and site-specific goals are determined and 

found, then the assessment plan of action can be created.  Once the assessment plan of action is 

created, all that is left is scheduling the assessment. 

The second step in the compressed air standard is conducting the assessment.  First, a 

plan to take measurements of the compressed air system according to the plan of action should 

be established.  The measurement plan should follow principles of accuracy and reliability.  

Procedures for site access should be finalized to make sure the facility guidelines are followed, 

which can include: signing in, badging, escort, personal safety equipment, and the allowance of 

photos.  Next the assessment kick-off meeting should take place to familiarize participants with 

the site-specific plan of action, and the team members should be given the responsibility and 

authority to schedule, plan, and investigate the specific objectives of the assessment.  Also the 

team should schedule times for measurement and investigation of plant areas and equipment that 

may not be operating continuously or equipment that may have restricted availability to install 

measurement instruments.   

After the kick-off meeting the team should install power and airflow data collection 

equipment and also retrieve power and airflow data from the data systems that are permanently 

installed into the compressed air systems.  While the data is being collected or before the end of 

the assessment visit, the collected should be validated to assure all the data is accurate and 

accounted for.  Production process operating data and plant functions should be gathered to 

establish a functional baseline for the plant.  While conducting the assessment, a comprehensive 
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plan to observe and measure the supply side performance of the compressed air system should be 

completed.  Once the supply side is observed and measured then the transmission from the 

supply side to the demand side should observed and any required measurements should be taken.  

Finally, the end-use applications (demand side) should be observed and measured.  After all of 

the data is collected a wrap-up meeting should take place with all personnel that are involved in 

the assessment.  This meeting should communicate the information and data that was collected to 

each member, along with evaluating the knowledge gained and any additional questions that 

arise. 

The next step in the ASME protocol is the analysis of the assessment data.  First, using 

the collected data and information from the assessment trip, a baseline profile of the compressed 

air system should be created.  The baseline profile should include power and energy profiles, air 

demand profiles, supply efficiency, identify the different operating period types, and should 

include annual air demand and energy consumption.  The system volume (effective volume) 

should also be calculated, along with a pressure profile of the system.  The high-pressure 

demands on the system should be validated to be sure that the high pressure is required.  Along 

with the pressure profile, an air demand profile should also be created.  The critical air demands 

and the wasted compressed air should be analyzed.  Critical air demands have to be met to assure 

high product quality is being repeated, and the compressed air waste is leaks, inappropriate uses, 

and artificial demand that can decrease the efficiency of the system.  The air treatment equipment 

should be examined for optimization.  The team should establish a target pressure for the system 

to increase the efficiency of the compressed air system.  Balancing the supply and demand is 

another recommendation that should be investigated for an increase in energy efficiency for the 
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compressed air system.  Assessing the maintenance opportunities and evaluating the heat 

recovery opportunities are the final analyses. 

At the conclusion of the assessment trip and after the data analysis is completed, a final 

report needs to written.  The final report should include an executive summary, facility 

information, the assessment goals and scope, each system’s description with the significant 

issues of each system, measurements and collected data, analysis of the data, the annual baseline 

of the energy consumption, the performance improvement recommendations, opportunities for 

implementation of the recommendations, and the appendices.  The report should include all of 

the raw data that would be needed for a third party to confirm the proceedings of the assessment 

team.  Finally, the final report should be reviewed by all of the team members before being sent 

to the client.  The final report guidelines are the same for all four systems (compressed air, 

steam, process heat, and pumping) (The American Society of Mechanical Engineers, 2010).     

That concludes the ASME standard for compressed air system energy audits.  Next, the 

steps and procedures for completing an industrial energy assessment for compressed air systems 

are described. 

3.4 Recommended Pre-Assessment Procedures 

There are pre-assessment procedures that are required to be completed before the 

compressed air assessment, and this section explains the pre-assessment procedures that are 

important for the assessment.   

Send preliminary questionnaire to client to find information about the compressed air 

systems at the facility.  Questions to be answered include: annual energy bill data (electricity 

cost), the number of systems, the number and size of each air compressor, control strategy of 
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each compressor (load/unload, modulating, VSD), operational schedule of each system, the area 

that each unit is located, whether or not a sequencer is used, low-friction synthetic lubricant 

being used, outside air being used for compressor intake, system operating pressure, waste heat 

being recovered, and information about the uses of each compressed air system.  A complete 

preliminary questionnaire can be found in Appendix A.  This initial data collection is also a 

protocol from the ASME energy assessment guide.   

Prepare hand tools and data logging devices for the assessment.  Hand tools for the 

assessment should include: power meter or amperage clamp, leak detector, and pressure gauges.  

Data loggers and current transducers should be ready in case some power data needs to be 

recorded for a period of time longer than a few hours.  Make sure battery powered devices have a 

strong battery, and prepare site sheets for information recording.  These site sheets are included 

in the appendix.  Next, the recommended assessment procedures that should be executed at the 

industrial facility for compressed air systems are described.   

3.5 Recommended Assessment Procedures 

Once the assessment team arrives at the facility, a kick-off meeting will take place to 

explain the purpose of the assessment and the process of the assessment and the timeline for 

completion.  After the kick-off meeting, a tour of the compressed air systems will take place.  

This tour is like the walk-through explained in the ASME standards.  Once the tour is finished, 

data collection data is the next step and the needed information includes: 

 nameplate data of each compressor in the system 

 cut in and cut out pressures for each compressor 

 pressures upstream and downstream of the compressed air clean-up equipment 
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o These pressures can be determined by reading gauges that are already in place or 

use a pressure gauge and tap into the air line upstream and downstream of the 

clean-up equipment. 

 system operating pressure and the plant floor pressures 

o These pressures can be determined by using a gauge to measuring the air pressure 

on the plant floor at various points, including the closest point to the compressor 

and the furthest point. 

 controls of each compressor 

o The controls on the compressor can be determined from the electronic panel on 

the compressor or by looking up the control strategies by the compressor’s 

manufacturer. 

 schedule of operation for each compressor 

 compressor schedule control 

o How the air compressor’s schedule is controlled, whether it is by a maintenance 

person or a sequencer.  When does each compressor in the system operate and 

how often are the compressor alternated into operation. 

 cooling method of each compressor 

 capacity of the air storage and piping system 

 number of compression stages 

 lubrication type 

 compressor characteristics 

o Characteristics include: full load shaft horsepower, rated capacity (ACFM) at full 

load operating pressure, full load operating pressure (psig), maximum full flow 
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operating pressure (psig), total package power input (kW) at rated conditions, and 

specific package power input (kW/100 ACFM) at rated conditions. 

 Compressed Air and Gas Institute (CAGI) data sheets 

 performance map for centrifugal compressors 

 input power or airflow data 

 end uses 

 

The nameplate data is located on the side of the compressor and should be recorded in the 

assessment notes, and a picture should be taken of the nameplate if available.  The cut in and cut 

out pressure should be recorded in the notes and these pressure can be found on the compressor’s 

display screen or plant personnel may know.  The air pressure upstream and downstream of the 

cleanup equipment (i.e. filters, dryers, and etc.) should be measured with a reliable gauge and 

recorded if the pressures are available to be measured.  The operating pressure is assumed to be 

the midpoint between the cut in and cut out pressures or this pressure can be measured.  The 

plant floor pressures should be measured with a reliable gauge at many different places on the 

plant floor.  Next the controls of the compressor should be identified from the control panel or 

from plant personnel.  Plant personnel should also be able to explain how the schedule of the 

compressed air system is setup, the operating hours along with the non-operating hours is critical 

to assessing the energy usage.  Also knowing how the schedule is controlled is also critical, 

whether the schedule is controlled by plant personnel or a sequencer is valuable information.  

ASME standard agrees with collecting this data.   

Next the cooling method of compressors needs to be recorded, whether it is air or water.  

The air storage should be determined by finding the sizes and number of air receivers from the 
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plant personnel or from the tank, and the diameter and length of the header pipes should be 

measured.  Number of compression stages and lubrication type information should be given by 

plant personnel or can be found on the Compressed Air and Gas Institute (CAGI) data sheets.  

CAGI data sheets may be produced by the manufacturer that develops the air compressors and 

can be found on the manufacturer’s website using the model number of the compressor, which is 

found on the nameplate.  For centrifugal compressors, a performance map that is created by the 

manufacturer is needed for the analysis of centrifugal compressors.   

The last and most important information that is needed for the analysis of compressed air 

systems is the input power or airflow data.  Collecting this data is also a protocol of the ASME 

compressed air energy assessment standard.  This data can be given by the plant personnel if the 

plant has a recording system that properly records data that will work for AIRMaster.  Amperage 

data from each compressor is needed and should be measured on a 1 to 30 second basis daily and 

each measured value is needed, not just an hourly, daily, or weekly average for AIRMaster.   

If the plant does not have a data logging system in place, current transducers with data 

loggers connected to them can be put on the input power lines in the power cabinet on the 

compressors or at the power disconnect, as long as the voltage is 480 volts or less, to measure the 

amperage draw of each compressor in the system.  Plant safety rules have to be taken into 

account before opening the power cabinet or disconnect box for each compressor.  Also the 

voltage should be measured across each leg of the three phase power with a voltmeter.  At least a 

week’s worth of data needs to be measured, more is better, to be able to model the compressed 

air system accurately.   

Once the assessment visit is completed, the post-assessment procedures should be started, 

and these recommended post-assessment procedures are discussed in the next section.        
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3.6 Recommended Post-Assessment Procedures 

 After all of this data is gathered then the analysis can begin, and AIRMaster can be used 

to calculate the annual energy consumption of the compressed air systems.  The air compressor 

nameplate data can be used to pick the correct compressor for AIRMaster along with the cut in 

and cut out pressures for each compressor, control strategies, cooling method, and the number of 

compression stages.  Once the compressor is selected the default compressor characteristics can 

be changed to suit the current compressor.  The electricity costs, daytypes, schedule of operation, 

compressor schedule control, capacity of the air storage and piping system, and input power or 

airflow data are needed by AIRMaster to complete an estimated annual energy consumption 

calculation.   

After the power or airflow data is retrieved from the data loggers, LogTool can be used to 

analyze this data by splitting up the values into hourly averages for each hour per day.  These 

hourly averaged values will be used to determine the average power for each hour and each day.  

LogTool will also create the different daytypes for the power data (Washington State University, 

2000).  Analyzing the collected data is a protocol of the ASME standard for compressed air 

systems.   

The annual energy consumption can also be estimated by using the number of each type 

of compressor, the motor horsepower, the motor efficiency, the load factor, and operating hours.  

After that, these numbers can be multiplied together to get the annual energy consumption of the 

compressed air systems as shown below in Equation 3 (United States Department of Energy, 

2003).  A sample calculation for the energy consumption of 2 – 100 horsepower compressors 

that operate 50 weeks per year for 5 days per week for 12 hours a day is shown below. 

 EC = N x HP/η x OH x LF x K       (3) 

  = 2 x (100 hp / 0.94) x 3,000 hr/yr x 0.9 x 0.746 kW/hp 
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  = 428,553 kWh/yr 

Where, 

 EC = annual energy consumption of compressed air system 

 N = number of air compressors in the compressed air system 

 HP = rated horsepower of air compressors in the compressed air system 

 η = rated motor efficiency 

OH = operating hours of compressed air system (week/yr x day/week x hr/day) 

 LF = load factor of air compressors in the compressed air system 

 K = conversion constant from horsepower to kilowatts 

3.7 Recommended Assessment Opportunities  

There are many assessment recommendations for compressed air systems which include: 

lower overall system air pressure, reduce the number of air leaks and implement a maintenance 

program, reduce/eliminate inappropriate uses of compressed air, install/utilize an automatic 

sequencer/operation control strategy, recover the waste heat from the air compressors, use an 

optimum sized compressor, use a dedicated compressor, install a variable speed drive (VSD) 

compressor, reduce the run time of the air compressor, and install compressor intakes in the 

coolest location possible.  Table 3.3 below shows the indication and required data for each AR.   
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Table 3.3. Compressed Air System Assessment Recommendations. 

Number Indication 
Assessment 

Recommendation (AR) 
Required Data 

1 

If the plant air pressure is higher than 

90 psi then there is a potential for a 

recommendation. 

Lower Overall System 

Air Pressure 
Standard compressed air system data* 

2 

Significant leak load verified by a leak 

survey and/or operational data during 

non-production hours. 

Reduce the Number of 

Air Leaks and Implement 

a Maintenance Program 

Standard compressed air system data*, non-

working hours power data, and a count of leaks 

and sizes of leaks (CFM) in the system 

3 
Inappropriate usage of compressed air 

like tank sparging, part cleaning, etc. 

Reduce/Eliminate 

Inappropriate Uses of 

Compressed Air 

Standard compressed air system data*, non-

working hours power data, count of 

inappropriate uses and sizes (CFM) of these 

uses in the system, and schedule of the 

inappropriate uses 

4 

Multiple compressors (three or more) 

operating with overlapping pressure 

bands and no coordinated control. 

Install/Utilize an 

Automatic 

Sequencer/Operation 

Control Strategy 

Standard compressed air system data* and the 

operation schedule of the compressed air system 

(like when each compressor operates) 
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5 

Air-cooled compressors venting air to 

atmosphere in close proximity to 

heated space. 

Recover Waste Heat from 

the Air Compressors 

Standard compressed air system data*, flow-rate 

of exhaust, and the temperature of exhaust 

6 
A compressor operating at the low end 

of its operational range. 

Use an Optimum Sized 

Compressor 

 

Standard compressed air system data*, count of 

end uses in and sizes (CFM) of these uses in the 

system, required pressure of these end uses, and 

the total amount of airflow (CFM) needed for 

the entire system 

7 

An end use far away from the 

compressors or having an end use that 

requires a higher pressure than the rest 

of the end users. 

Use a Dedicated 

Compressor 

Standard compressed air system data*, count of 

end uses in particular area and sizes (CFM) of 

these uses in the system, and the required 

pressure of these end uses 

8 
A variable load in a compressed air 

system. 

Install a Variable Speed 

Drive (VSD) Compressor 

Standard compressed air system data*, count of 

end uses in and sizes (CFM) of these uses in the 

system, required pressure of these end uses, and 

the total amount of airflow (CFM) needed for 

the entire system 
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9 
Running compressor during non-

production hours. 

Reduce the Run Time of 

the Air Compressor 

Standard compressed air system data* and the 

schedule of the compressed air system 

10 
The compressor air intake in hot 

locations. 

Install Compressor 

Intakes in the Coolest 

Location Possible 

Standard compressed air system data*, ambient 

air temperature around compressor, and the 

ambient temperature of new air intake location 

 

* Standard compressed air system data:  Weeks’ worth of power or airflow data, cut in and cut out pressures, control strategy, 

nameplate data, and plant floor pressure.
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3.7.1 AR – Lower Overall System Air Pressure 

 The first and most common recommendation is lowering the overall system pressure in 

the compressed air system.  A system pressure higher than 80 to 90 psi is an indication for this 

recommendation, and this recommendation can be achieved by reducing the discharge pressure 

at the compressor using the compressor controls or by using a flow controller to equal out the 

system pressure at the required set point for the plant.   

After discussing with facility personnel about the highest needed pressure for the process 

equipment, the lowest operating pressure can be determined.  By looking at the gauges on the 

compressor, the display screen on the compressor, and the flow control system that is in place, 

the operating pressure can be determined and can be compared with the needed pressure of the 

process equipment.  The required data for this AR from Table 3.6 will be used to calculate the 

savings.  The required data will be entered into AIRMaster, and AIRMaster will calculate the 

savings for lowering the system operating pressure in the compressed air system.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 3% to 32% with an average of 13%, and can be implemented for about 80 to 

2,000 dollars per system.  These numbers are based on twenty-nine assessments and the numbers 

in Table B.2.1 in Appendix B.  The implementation of this AR requires a person to turn down 

the pressure at the compressor and check the system for end use failures to find the lowest 

pressure that can be used.  

3.7.2 AR – Reduce the Number of Air Leaks and Implement a Maintenance Program 

 The next most common recommendation is reducing the amount of leaks in the 

compressed air system.  Significant leak load verified by a leak survey and/or operational data 



 

65 

 

during non-production hours are the indications of this energy saving AR.  An air leak survey 

should be executed using an ultrasonic air leak detector, and the decibels of each leak should be 

recorded.  Also, if power or airflow data can be recorded for times without any production in the 

facility, then a leak load can be found from this power or airflow data during the time without 

production.  This assessment recommendation can be completed by implementing a maintenance 

program to check for compressed air leaks on a regular basis to keep the percentage of leaks 

down.  Completely reducing the leaks in a compressed air system to zero is nearly impossible, 

especially for large systems, but with a well implemented leak program, leaks in the system can 

be reduced to 10 percent of the average air flow of the system (United States Department of 

Energy, 2003).   

The required data for this AR from Table 3.6 will be used to calculate the savings.  The 

sizes and number of leaks are the main data that is needed to determine the energy savings for 

decreasing the amount of leaks in a compressed air system.  The required data will be entered 

into AIRMaster, and AIRMaster will calculate the savings for reducing the amount of air leaks in 

the compressed air system.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 2% to 29% with an average of 11%, and can be implemented for about 700 

to 35,400 dollars per system.  These numbers are based on thirty-seven assessments and the 

numbers in Table B.2.2 in Appendix B.  The implementation of this AR requires a person to find 

a fix the leaks in the plant and assigning personnel to implement a maintenance program 

periodically throughout the year.    
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3.7.3 AR – Reduce/Eliminate Inappropriate Uses of Compressed Air 

 Reducing/eliminating inappropriate uses of compressed air system is another potential 

AR.  An indication of the possible AR is having inappropriate usages of compressed air like tank 

sparging, part cleaning and drying.  Deciding whether or not a compressed air end use is 

inappropriate will take some research and brainstorming to find better alternatives.  Conversing 

with facility personnel can help to find some inappropriate uses that can be performed more 

efficiently with another energy source.  For example, using compressed air for tank sparging just 

to mix up liquid is very inefficient compared to using a pump or stirrer.  Also using compressed 

air for part cleaning or drying is very inefficient compared to using some type of blower system.   

The required data for this AR from Table 3.6 will be used to calculate the savings.  The 

most important information that is needed is the airflow and pressure of the inappropriate uses, 

so this airflow can be removed from the model to find the energy savings of this AR.  The 

required data will be entered into AIRMaster, and AIRMaster calculates the savings of reducing 

the amount of airflow needed by the system.  This AR will also make the lower system pressure 

AR viable if the system pressure is high because of the inappropriate uses.  The energy 

consumption of the new systems that replaced the inappropriate uses can also be entered into 

AIRMaster to offset the savings because of the energy consumption from the new systems.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 4% to 28% with an average of 13%, and can be implemented for about 60 to 

14,000 dollars per system.  These numbers are based on four assessments and the numbers in 

Table B.2.3 in Appendix B.  The implementation of this AR requires the end use to be changed, 

whether the end use is eliminated or just reduced by size (CFM) or the time of operation is 

reduced. 
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3.7.4 AR – Install/Utilize an Automatic Sequencer/Operation Control Strategy 

 Using an automatic sequencer is another potential energy saving AR.  An indication of 

the possible AR is having multiple compressors on a system without any automatic control to 

change the schedule that each compressor operates, and only having manual control by facility 

personnel.  By discussing with facility personnel the system control strategy, whether or not an 

automatic sequencer is in place can be established.  Automatic operation controls will rotate 

compressors in and out of the system as needed and will alternate the back-up compressors into 

the system. The required data for this AR from Table 3.6 will be used to calculate the savings.  

The most important information that is needed is whether or not a sequencer is used, and if there 

are compressors in the system that can be rotated in and out of the system to increase the overall 

efficiency of the compressed air system.  The required data will be entered into AIRMaster, and 

AIRMaster calculates the savings of installing an automatic sequencer into the system.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 6% to 24% with an average of 13%, and can be implemented for about 2,000 

to 30,000 dollars per system.  These numbers are based on five assessments and the numbers in 

Table B.2.4 in Appendix B.  The implementation of this AR requires an automatic sequencer to 

be installed, and a technician has to set up the sequencer to operate with the best method for the 

compressed air system.   

3.7.5 AR – Recover Waste Heat from the Air Compressors 

 Recovering waste heat from the compressor is another potential energy saving AR.  An 

indication of the possible AR is having air-cooled compressors venting air to atmosphere.  Also a 

need for heat recovery in some process or space conditioning in the plant is required.  Deciding 

whether or not a heat recovery system is needed should be determined after discussing with 
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facility personnel to see if there is a need for heat in a process in the facility that is near the 

compressors.  Recovering waste heat can improve the efficiency of a system that requires heat, 

but this AR does not increase the efficiency or reduce the energy consumption of a compressed 

air system.   If the compressors are air-cooled and are located inside a conditioned space venting 

the heat out of conditioned space during the summer months and into the conditioned space 

during the winter months will help out the HVAC system.     

The required data for this AR from Table 3.6 will be used to calculate the savings.  

Measuring the flow rate and temperature of the exhaust from the air-cooled compressors and the 

flow rate and temperature of the cooling water leaving the compressor will help determine the 

amount of heat available from the compressors that can be recovered.  The energy savings will 

be realized by reducing the energy consumption of the system that the recovered heat is used.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 2% to 45% with an average of 20%, and can be implemented for about 500 

to 15,600 dollars per system.  These numbers are based on seven assessments and the numbers in 

Table B.2.5 in Appendix B.  The implementation of this AR requires a ductwork system to be 

installed for air-cooled compressors, and a heat exchanger and piping network to be installed for 

water-cooled compressors.  

3.7.6 AR – Use an Optimum Sized Compressor 

Using an optimum sized compressor is another potential energy saving AR.  A 

compressor operating at the low end of its operational range is an indication of this possible 

energy saving AR.  An oversized compressor in a compressed air system can be found by 

measuring the amps and comparing them to the motor nameplate data or motor curves.  The 
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power should be plotted on the motor curve to check to see if the motor is operating at a high 

efficiency point.  Using an oversized compressor motor at part load will not be operating near its 

highest efficiency point and therefore will be using more power than needed to produce the 

compressed air.  The required data for this AR from Table 3.6 will be used to calculate the 

savings.  To calculate the optimal size compressor, the required pressure and flow rate are 

needed to compare to other compressor characteristics and then the right-sized compressor can 

be determined.  The energy savings will be found by using less horsepower to produce the 

required pressure and flow rate.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 33%, and can be implemented for about 312,000 dollars per system.  These 

numbers are based on one assessment and the numbers in Table B.2.6 in Appendix B.  The 

implementation of this AR requires installing an air compressor and could also include buying an 

air compressor.    

3.7.7 AR – Use a Dedicated Compressor 

 Another possible energy saving AR is using a dedicated air compressor.  An indication of 

this AR is having an end use far away from the compressors or having an end use that requires a 

higher pressure than the rest of the end users.  Deciding whether or not a dedicated compressor is 

needed should be determined after conversing with facility personnel to see if there are only a 

few processes in an industrial facility that require high compressed air pressure.  Using a 

dedicated compressor for end uses with high pressure requirements will reduce the cost to 

produce compressed air by making the lower system pressure AR viable.  The required data for 

this AR from Table 3.6 will be used to calculate the savings.  The required data will be entered 

into AIRMaster, and AIRMaster calculates the savings of reducing the amount of airflow needed 
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by the system.    The required airflow and pressure of the process that needs the dedicated 

compressor are needed to size the compressor properly, and the energy consumption of the 

dedicated compressor can also be entered into AIRMaster to offset the savings because of the 

energy consumption from the dedicated compressor.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 8% to 30% with an average of 17%, and can be implemented for about 1,700 

to 187,000 dollars per system.  These numbers are based on five assessments and the numbers in 

Table B.2.7 in Appendix B.  The implementation of this AR requires installing an air compressor 

and could also include buying an air compressor.  Also the dedicated compressor will need some 

extra piping to tie into the existing network.  

3.7.8 AR – Install a Variable Speed Drive (VSD) Compressor 

 Installing a VSD compressor is another potential energy saving AR.  An indication of this 

AR is having a variable load from the end users in a compressed air system or a compressed air 

system that needs a trim compressor.  By conversing with the facility personnel and looking at 

the power and flow data and existing compressor controls, the AR for installing a VSD 

compressor can be determined whether or not it will be feasible.  Using a VSD compressor will 

use less power more efficiently if the compressed air system has a variable load when the load is 

less than the full load of the compressor. The required data for this AR from Table 3.6 will be 

used to calculate the savings.  Variable speed compressor curves are needed for the compressor 

to help determine the energy savings of a VSD.   

The required data will be entered into AIRMaster, and AIRMaster can be used to model a 

VSD compressor from the performance points from the variable speed compressor curves.  The 
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energy savings will come from the reduction in power that is needed to perform the duties of the 

compressed air system.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 2% to 13% with an average of 6%, and can be implemented for about 26,100 

to 70,000 dollars per system.  These numbers are based on three assessments and the numbers in 

Table B.2.8 in Appendix B.  The implementation of this AR requires installing an air compressor 

and could also include buying an air compressor. 

3.7.9 AR – Reduce the Run Time of the Air Compressor 

 Another possible energy saving AR is reducing the run time of the air compressor.  

Running the compressor during non-production hours is an indication of this potential AR.  

Setting the compressor controls to turn off when the compressed air system is not needed will 

save energy.  The required data for this AR from Table 3.6 will be used to calculate the savings.  

The amount of time that the compressor can be shut off is the main data that is needed to 

determine the energy savings for reducing the run time.  The required data will be entered into 

AIRMaster, and AIRMaster will calculate the savings for reducing the run time of the 

compressor.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 6%, and can be implemented for about 80 dollars per system.  These 

numbers are based on one assessment and the numbers in Table B.2.9 in Appendix B.  The 

implementation of this AR requires setting up automatic controls to shut-off the compressor and 

a person shutting the compressor off when compressed air is not needed. 
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3.7.10 AR – Install Compressor Intakes in the Coolest Location Possible 

 Another possible AR is installing compressor intakes in the coolest location possible.  An 

indication of this AR is having the compressor intakes in locations where the ambient air 

temperature is high.  By conversing with the facility personnel and looking at the compressors, 

the location of the air intakes can be found.  The most important information that is needed is 

whether or not the air intake is in the coolest location possible.  If the compressor is drawing air 

from an air conditioned plant, then a savings can be found by using outside air to reduce the load 

on the HVAC system.  However, the energy savings or efficiency increase for compressors using 

cooler intake air is not easily calculated and is being researched by AIAC personnel at this time.   

3.8 Summary 

In this chapter, air compressors and compressed air systems were discussed.  The 

background of air compressors was described, and this background information includes VFDs, 

control strategies, rotary screw compressors, reciprocating compressors, and centrifugal 

compressors.  The DOE software AIRMaster was also discussed, and the ASME standard for 

energy assessments for compressed systems was summarized.  The recommended pre-

assessment, assessment, and post-assessment procedures were discussed, along with the ten 

assessment opportunities.   

Figure 3.2 below is a graph of the average energy savings for most of the compressed air 

ARs.  As shown of the graph, lowering pressure and reducing leaks are the most commonly 

recommended opportunities.  Waste heat recovery and installing a dedicated compressor 

represent the most energy savings percentage, but as stated earlier waste heat recovery does not 

save energy for compressed air systems.  The next chapter describes boiler and steam systems in 

an industrial facility. 
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Figure 3.2. Compressed Air AR Average Energy Savings. 
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4 BOILERS AND STEAM SYSTEMS 

4.1 Introduction 

Steam, along with electricity and direct-fired heat, is one of the three principle forms of 

energy that is used in industrial processes.  Steam can range from 28% to 76% of the total onsite 

energy depending on the type of industry (United States Department of Energy, 2012).   

This chapter gives background of boiler systems and components, and describes the steps 

to completing an energy assessment for steam systems in an industrial facility.  The boilers 

chapter includes sections on an overview of boiler systems, background information for fire-tube 

boilers, water-tube boilers, hot water boilers, electric boilers, and heat recovery methods.  This 

chapter also includes the steam system assessment tool, and a summary of the ASME energy 

assessment standard for steam systems.  An explanation of the process for completing an energy 

assessment on boiler systems in an industrial setting is given, and this process includes pre-

assessment procedures, assessment procedures, post-assessment procedures, and eight common 

assessment recommendations that have an opportunity to reduce energy consumption or increase 

the overall efficiency of boiler systems. 

4.2 Background 

4.2.1 Overview of Boiler Systems 

Boiler systems are divided into four different subsystems categories that include many 

components.  These four subsystems include the generation, distribution, end uses, and recovery 

of steam.  The steam is created with the generation components, which include boilers, pumps, 
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and economizers.  Once the steam leaves the boiler, it flows through the distribution system, 

which contains pipes, valves, and backpressure turbines.  An efficient distribution system 

provides the appropriate amount of steam at the right temperatures and pressures to each end use.  

Steam can be used for numerous different processes and applications.  Some end uses of steam 

are for process heating, mechanical drive, chemical reactions, and separation of hydrocarbon 

components.  End use components include heat exchangers, turbines, strippers, chemical reaction 

vessels, and fractionating towers.  Finally, after the steam is used by the end uses, the condensate 

return system captures the condensate and sends it back to the boiler.  The condensate is sent to a 

collection tank or to a deaerator tank to mix with the makeup water before the feedwater is 

pumped into the boiler.  A deaerator tank is a vessel that is used to reduce the oxygen content in 

the boiler’s feedwater.  Deaerator tanks pressurize the feedwater, and the temperature is 

increased to the point of saturation, along with removing oxygen and other non-condensable 

gases (United States Department of Energy, 2012).  Figure 4.1 shows a schematic of a steam 

system with a boiler, economizer, end uses, condensate return system, and deaerator tank. 

 

Figure 4.1. Steam System Schematic. 
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4.2.2 Fire-tube Boilers 

 Fire-tube boilers are normally used for industrial process steam, heating systems, and as 

transportable boilers.  These boilers can be built to produce a maximum of 15,000 pounds of 

steam per hour, and these boilers are used in places where the steam demand is reasonably small.  

The low-pressure water heating boiler is restricted to 15-psig steam pressure and 30-psig for hot 

water, while a power boiler can produce 250-psig steam pressure.  An advantage of fire-tube 

boilers is the ability of storing a large amount of water and reducing the effect of abrupt and 

wide-ranging fluctuations in steam demand.  With this large water storage a disadvantage occurs, 

the startup time to reach operating pressure from a cold start is much longer that the startup time 

of a water-tube boiler.  Fire-tube boilers come in many types, the horizontal return tubular 

(HRT), short firebox, and compact are external furnace types.  The internal furnace types include 

the horizontal tubular, vertical tubular, and residential (Sheilds, 1961). 

4.2.3 Water-tube Boilers 

Water-tube boilers are used for nearly all applications needing 15,000 pounds of steam 

per hour and more with pressures larger than 150-psig.  Unlike fire-tube boilers, water-tube 

boilers are more applicable for higher pressures and larger capacities due to the high safety 

design.  These boilers are composed of tubes and drums, the tubes are outside of the drums and 

are used to connect the drums to each other.  The drums store water and steam and do not have to 

have large heating surfaces and therefore can be smaller and hold higher pressure steam.  The 

first cost of a water-tube boiler is higher than that of a fire-tube boiler but water-tube boilers are 

more efficient, therefore offsetting the higher cost.  Horizontal straight tube and bent-tube are the 

two types of water-tube boilers (Sheilds, 1961).   
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4.2.4 Hot Water Boilers 

Hot water boilers are normally available in standard sizes from 35,000 Btu per hour to 

100 million Btu per hour.  These boilers can be either fuel-fired or electric boilers, and most hot 

water boilers are used mainly in HVAC systems for space heating.  The maximum working 

pressure is determined by the applicable boiler code under which it is constructed and tested, and 

this is for all hot water and steam boilers.  These codes also mandate that pressure and 

temperature relief valves be equipped on boilers.  The hot water from the boilers is circulated 

through air-handling units to produce heat for facilities and processes (Owen, 2004).   

4.2.5 Electrode Boilers 

Electrode boilers are electric boilers, and they can be either steam or hot water boilers.  

These boilers use the principle where water provides the required resistance to create heat.  

Electrode boilers pass an electric current through the water from a positive electrode to a 

negative electrode, and the electrodes heats up the water.  Since the electrodes are fixed inside 

the boiler at a certain height, a steam pressure controller controls the feedwater valve for the 

boiler to deliver the water at the same rate as the water evaporates.  The boiler’s evaporating 

capability is proportional to the submergence depth of the electrodes; the deeper the electrodes 

are in the water, the greater the output of the boiler.  The boiler pressure is controlled by an 

automatic valve that is located in the circulating pump’s discharge. 

The advantages of the electrode boiler include the availability of large capacity boilers, 

low cost per kilowatt, no transformer for high voltage, minimum number of components and 

maintenance, relatively small in size, almost silent and unattended operation, rapid heat-up, 

impossibility of a burnout, and an efficiency of nearly 100 percent (Wallace & Spielvogel, 

1974).        
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4.2.6 Heat Recovery  

Heat recovery from the flue gases of natural gas or fuel oil boilers can increase the 

efficiency of boilers by preheating the feedwater before it goes into the boiler.  This heat can be 

recovered by heat exchangers in the exhaust stack of the boiler, and these heat exchangers are 

called economizers.  In general, boiler efficiencies can be increased by approximately 1% for 

every 72 F decrease in the temperature of the flue gases.  Economizers usually can reduce fuel 

requirements by 5% to 10% (Reddy, Naidu, & Rangaiah, 2013).      

4.2.6.1 Stack Economizer 

Stack economizers are gas-to-liquid heat exchangers that are installed into the exhaust 

stack of the boiler, to recover sensible heat from the flue gases of natural gas or fuel oil boilers.  

Stack economizers can only recover sensible heat from the flue gases and can reduce the flue gas 

temperature down only to about 250 F.  If the flue gases are reduced to a temperature below 

250 F then condensation can develop in the exhaust and this can decrease the life of the 

economizer.  Stack economizers can contain bare carbon-steel tubes or finned tubes depending 

on heat recovery targets and the composition of the flue gases (Reddy, Naidu, & Rangaiah, 

2013).  Stack economizers can be either cylindrical or rectangular in shape (Cleaver-Brooks, 

2011). 

4.2.6.2 Condensing Economizer 

Condensing economizers can be used on large or small boilers and can be an attractive 

energy efficiency measure when stack economizers are not.  Condensing economizers are heat 

exchangers that can recover sensible and latent heat from the flue gases of a natural gas boiler.  

Unlike the stack economizer, where only sensible heat can be recovered and the flue gas can 

only be lowered down to 250 F, condensing economizers can lower flue gases down to 140 F.  
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Therefore, more heat can be recovered using a condensing economizer than a stack economizer 

(DeFrees, Stuckey, & Foote, 2007).  The condensing economizer coils are constructed of 

stainless steel along with all gas side surfaces and the condensate drain and pan.  Condensing 

economizers have removable panels to allow complete cleaning of the economizer, and also the 

tube core assemblies are individually removable for complete cleaning.  The heat exchanger 

tubes are uniform finned tubing, where the tubes are stainless, and the fins are aluminum 

(Cleaver-Brooks, 2011).      

4.3 Software Tools and Energy Assessment Standards 

4.3.1 SSAT 

Steam System Assessment Tool (SSAT) is a software program that evaluates energy 

efficiency opportunities of steam systems.  This program offers energy bill evaluations and 

models numerous improvement opportunities.  These models can include all of the main steam 

system components which are boilers, condensing turbines, backpressure turbines, deaerators, 

flash vessels, letdowns, and feedwater heat exchangers (United States Department of Energy, 

2010).  SSAT will calculate the amount of energy and cost savings along with emissions 

reductions with each potential assessment recommendation (United States Department of 

Energy, 2010).  While running the software, SSAT considers boiler efficiency, steam cost, 

condensate recovery, heat recovery boiler blow-down, cogeneration, heat recover, alternative 

fuels, steam quality, steam leaks, and steam traps (United States Department of Energy, 2010).   

The software will create an existing model of the steam system in a diagram and then the 

recommended model once all of the projects are entered (United States Department of Energy, 

2010).  SSAT recognizes fifteen energy saving opportunities that can increase the overall 

efficiency of the steam system.  The opportunities include: 
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 Steam Demand Savings 

 Using an Alternative Fuel 

 Change Boiler Efficiency 

 Change Boiler Blow-down Rate 

 Blow-down Flash to Low Pressure 

 Change Steam Generation Conditions 

 High Pressure to Low Pressure Steam Turbines 

 High Pressure to Condensing Steam Turbines 

 Feedwater Heat Recovery Exchanger using Condensate Tank Vent 

 Feedwater Heat Recovery Exchanger using Boiler Blow-down 

 Condensate Recovery 

 Condensate Flash to Low Pressure 

 Steam Trap Losses 

 Steam Leaks 

 Improve Insulation 

SSAT also has a stack loss calculator that uses the stack gas temperature, ambient temperature, 

and the stack gas oxygen content to calculate the stack losses for four different fuel types, natural 

gas, fuel oil, coal, and wood (United States Department of Energy, 2010).   

4.3.2 3E Plus 

The 3E Plus Insulation Thickness Computer Program is an industrial management 

software tool that is used to determine the amount of insulation that is needed to reduce energy 

and emissions and increase system efficiency of process heating systems.  This program can 



 

81 

 

determine the heat gain and surface temperature of individual insulation, calculates the heat loss 

efficiency of insulated and bare piping, ducts, and flat surfaces, and can calculate the heat 

gain/loss and outside insulated surface temperature for any insulation material, as long as the 

temperature limit, thermal conductivity, and the mean temperatures are entered into the program.  

3E Plus can perform energy calculations which include the thermal performance of both 

uninsulated and insulated piping, ducts, and equipment.  The current energy being saved by the 

existing insulation can be found, along with the potential savings of adding more insulation.  3E 

Plus provides calculations for most types of insulation materials, many different fuel types, and 

five different surface orientations.  This program can also provide simple payback calculations 

(North American Insulation Manufacturers Association, 2012).         

4.3.3 ASME Steam System Standard 

As discussed in the ASME compressed air standard Section 3.3.2, organizing the 

assessment is the first step and is the same for all of the systems.  This includes identifying an 

assessment team, obtaining facility management support, generating the assessment goals and 

scope, collecting initial data and evaluating this data, interviewing facility specialists, creating an 

assessment plan of action, and scheduling the assessment. 

The next step in the steam system energy assessment guide is conducting the assessment.  

An overall assessment method should be identified; this examination procedure should assess the 

operating characteristics of the overall system, each of the different components, and each 

subsystem.  A kick-off meeting should take place and explain the nature of the assessment by 

sharing the objectives and focus, the assessment team members, procedures used for the 

assessment, the initial schedule, and the obligation of an exit meeting.  After the explanation of 
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the assessment procedures, a working period should occur during the kick-off meeting to review 

past assessment results and the available data from the systems.  Also in this working session the 

standard operating conditions of the systems will be established and a conversation about the 

needed tools and equipment along with the methods for data collection should occur.   

Once the kick-off meeting is over a facility walk-through should be conducted to be more 

familiar with the steam systems.  After that the areas of the systems that seem to have the most 

potential for energy savings needs to be evaluated.  Interviews of facility personnel should be 

scheduled and carried out, and these facility personnel should be the area managers, system 

specialists, and the operators.  The target equipment and components should be evaluated by 

measurement equipment, and identification and collection of essential data for the systems 

should recorded.  This essential data includes temperature measurements of boiler makeup water, 

feedwater, shell, ambient air, stack gases, steam headers, and the distribution piping.  The 

required data for pressure measurements includes steam headers and branch lines, condensate 

return tank, deaerator, and points of usage before pressure reduction valves.  The flow 

measurements data that is required is the boiler fuel input rate, steam output rate, makeup water, 

blow-down, and the consumption of the end uses.  Finally the last set of data that is needed is the 

chemical measurements (conductivity), which include the chemical concentrations (dissolved 

solids, chloride, and silica) for the makeup water, internal boiler water, condensate, , and 

feedwater.  Once all of the data is measured and recorded, then a system baseline can be 

established.  This data can be measured by using equipment that has already been installed by the 

facility personnel or with reliable portable equipment.  Also if some of the essential data is 

inaccessible, then estimations can be made.  Mass and energy balances around the unattainable 

point of measurement should be used to make these estimations.   
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The last part of conducting an energy assessment of steam systems is the wrap-up 

meeting.  In this meeting the team members will present the initial findings and energy saving 

opportunities that were noted.  Any questions by team members or facility personnel should be 

addressed, and these findings should be taken as preliminary data that may need further analysis.   

Finally, a target date for a draft report and final reports should be mentioned to facility personnel.               

The third step is analyzing the assessment data.  During this period a final steam system 

baseline should be created using the collected data from the assessment visit.   The data can be 

analyzed using manual calculations or with software.  Once the baseline is created, then the 

identification of the energy saving recommendations should be made.  These recommendations 

can include boiler operations like using alternative fuels, reducing operating pressure, reducing 

stack losses, reducing shell losses, improvement of boiler water quality, reducing blow-down 

rate, and recovering energy from blow-down.  Some more recommendations can be adding or 

removing turbines, reducing pressure drops and leaks in the distribution system, repairing steam 

traps, and adding insulation.  There can also be energy saving recommendations at the end uses, 

by reducing steam demand, modifying process parameters, or even changing the primary source 

of heat from steam to direct-fired heating.  Lastly, condensate recovery can be increased and 

recovering flash steam could also be some potential assessment recommendations.  Finally, these 

energy saving recommendations need to be analyzed to know which will help with the overall 

efficiency of the steam systems.   

The last step in the ASME steam system energy assessment guide is the final report, 

which is explained in the ASME compressed air standard Section 3.3.2.  This includes writing a 

final report and having the team members review the report before being sent to the client (The 

American Society of Mechanical Engineers, 2010).  
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That concludes the ASME standard for steam system energy audits.  Next, the steps and 

procedures for completing an industrial energy assessment for steam systems are described. 

4.4 Recommended Pre-Assessment Procedures 

During the days prior to the assessment day, some pre-assessment procedures need to be 

performed.  This section explains the pre-assessment procedures that are essential for the 

assessment.   

A preliminary questionnaire should be sent to the client to find information about the 

boilers systems at the facility.  Questions to be answered include: energy bill data, the number of 

systems, the number and size of each unit, the type of each unit (steam or hot water), the area 

that each unit is located, source of heat used (fuel-fired, electric, or wood), operational schedule 

of boiler systems, the boiler pressure, heat recovery, combustion efficiencies checked, levels of 

pressure headers and pressure at each level, and the applications or end uses of the boiler 

systems.  A complete preliminary questionnaire can be found in Appendix A. 

Prepare hand tools and data logging devices for the assessment.  Hand tools for the 

assessment should include: exhaust gas analyzer, thermocouple probe, thermometer, and data 

loggers for power measurements.  The battery powered devices need to be checked to make sure 

each instrument has a strong battery.  Site sheets should be prepared to record information, and 

these site sheets are included in the appendix.  The recommended assessment procedures that 

should be accomplished at the industrial facility for boiler and steam systems are explained in the 

following section.    
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4.5 Recommended Assessment Procedures 

A kick-off meeting will take place to explain the purpose of the assessment and the 

process of the assessment and the timeline for completion, once the assessment team arrives at 

the facility.  After the kick-off meeting, a tour of the steam systems will take place.  This tour is 

like the walk-through explained in the ASME standards.  Once the tour is finished, collecting 

data is the next step and the needed information includes: 

 nameplate data of each boiler in the system 

 number of different pressure headers 

 steam pressure at each header  

 pressure change process of each header 

o throttle process or steam turbine 

 schedule of operation for each boiler 

 fuel type 

o fuel-fired, electric, or wood 

 fuel consumption 

 feedwater usage 

 condensate return 

o amount of condensate from the system that is returned to the boiler 

 makeup water usage 

 blow-down rate 

 deaerator tank vent percentage and pressure 

 feedwater pump size 

 combustion fan size for each boiler 
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 combustion air and fuel controls 

 firing rate of the boilers 

 boiler efficiency 

 exhaust temperature 

 oxygen content in exhaust 

 economizer type if present 

o before and after exhaust temperatures 

 steam turbines 

o Isentropic efficiency  

 number of steam traps on each header 

 number of leaks in the distribution system 

 insulation heat losses 

 end uses 

 

The nameplate data is located on the boiler and should be recorded in the assessment 

notes, and a picture should be taken of the nameplate if available.  The number of different 

headers and the steam pressure at each header should be recorded in the notes, along with the 

process of each pressure reduction whether is throttled or runs through a turbine.  Plant personnel 

should be able to explain how the schedule of the boilers is setup, the operating hours along with 

the non-operating hours is critical to assessing the energy consumption of the boilers.  The fuel 

consumption is prized information and can be found on a meter or from plant personnel. The 

feedwater usage from a meter or from plant personnel is valuable information that is needed.   
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The percentage of condensate return, makeup water usage, the blow-down rate, and the 

deaerator tank vent percentage and pressure are also needed for the analysis.  Along with the 

feedwater usage, the feedwater pump information should be recorded.  The nameplate data and 

the load factor of the pump is essential information, plus the head in the system is also important.  

The nameplate data of the combustion fan is needed also with a usage and load factor.  While 

looking at the boiler, the controls for the combustion air and fuel should be noted whether they 

are manual or electronic controls.  The firing rate of the boiler is essential information and 

should be noted while using the combustion analyzer to measure the exhaust temperature and 

oxygen content in the exhaust stack.  The combustion analyzer will also determine the 

combustion efficiency of the boiler.   

There can be many variations in operation of boilers if the steam system has variations of 

use in the system that changes rapidly.  These operating variations can normally be found by 

looking at the operator logs.  The operator logs can contain different data, but the amount of 

steam used per day or per week and the amount of fuel used per day or per week to produce this 

amount of steam needs to be obtained.  Sometimes operators do not record all of the data and 

may only have one or the other.  The feedwater can be used to determine the amount of steam 

made but most of the time only the make-up water usage is recorded and if so, the percentage of 

condensate needs to be known to figure the feedwater usage.  Facility personnel may or may not 

know the amount of condensate that is returned to the boiler.  Therefore determining the changes 

in steam production can be challenging if some information is missing or irretrievable.    

If there is an economizer present in the system it should be noted, along with the 

application that it is used for, and the exhaust temperatures before and after the economizer 

should be measured.  The isentropic efficiencies of the steam turbines should be estimated, if a 
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steam turbine is present in the system.  The isentropic efficiency of a steam turbine can be 

calculated by dividing the actual turbine work by the isentropic turbine work.  The inlet and 

outlet pressures and temperatures of the steam should be measured, and then using the steam 

tables the enthalpy at each state can be found.  Once the enthalpy at each state is found, the 

actual and isentropic turbine work can be found.  Cengel and Boles, 2002, show that the 

Equation 4 below represents the isentropic efficiency. 

 ηs  = wa / ws = (h1 – h2a) / (h1 – h2s)      (4) 

Where, 

 ηs = isentropic efficiency of a steam turbine 

 wa = actual turbine work 

ws =isentropic turbine work 

h1 = enthalpy at inlet state 

h2a  = actual enthalpy at outlet state 

h2s = isentropic enthalpy at outlet state 

If the pressure and temperature cannot be measured, then the isentropic efficiency can be 

assumed to be between 70 and 90 percent.  Where the larger turbines are closer to 90 percent and 

the smaller turbines are closer to 70 percent.  Occasionally well-designed, large turbines can 

have an isentropic efficiency above 90 percent, and small turbines can be less than 70 percent if 

the turbine is not designed well (Cengel & Boles, 2002).   

Finally, the total number of steam traps on each header should be known, and the number 

of failed steam traps on each header, along the number and size of leaks in the distribution 

system and the heat losses from the distribution system.  Once the assessment visit is completed, 
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the post-assessment procedures should be started, and these recommended post-assessment 

procedures are discussed in the next section.         

4.6 Recommended Post-Assessment Procedures 

 Once all of this data is found and recorded, the analysis of the boilers can begin.  SSAT 

should be used to model the boiler system properly with all the information found.  The number 

of different pressure headers is needed to start SSAT, and then the pressure of each header 

should be inputted into SSAT.  The process of each pressure change is valuable information that 

SSAT takes into account.  The operational hours, fuel type, feedwater usage, condensate return 

percentage and temperature, blow-down percentage and the deaerator vent percentage and 

pressure should all be entered into SSAT.  The boiler efficiency can be calculated using the 

efficiency calculator and the exhaust temperature and oxygen content percentage of the exhaust 

gases.  The isentropic efficiency of the steam turbines should be inputted into SSAT.  The 

number of steam traps and number of leaks is also needed for SSAT.     

The annual energy consumption can also be estimated by using the number of boilers in 

each system, nameplate data (the rated input), the load factor, and operating hours of the boilers.  

After that, these numbers can be multiplied together to get the annual energy consumption of the 

boilers as shown below in Equation 5.  A sample calculation for the energy consumption of 2 – 

14,000,000 Btu per hour boilers that operates 50 weeks per year for 5 days per week for 24 hours 

a day is shown below. 

 EC = N x RI x OH x LF        (5) 

  = 2 x 14 MMBtu/hr x 6,000 hr/yr x 0.9 

  = 151,200 MMBtu/yr 

Where, 
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 EC = annual energy consumption of boilers 

 N = number of boilers in the steam system 

 RI = rated input of boilers 

OH = operating hours of boilers (week/yr x day/week x hr/day) 

 LF = load factor of boilers 

4.7 Recommended Assessment Opportunities 

There are many assessment recommendations for steam systems which include: recover 

waste heat in the boiler stack, reduce the amount of steam leaks and implement a maintenance 

program, replace failed steam traps and implement a maintenance program, reduce oxygen 

content in stack gases, insulate steam piping, valves, and fittings in the steam system, insulate 

hot spots on the boiler, reduce boiler pressure, and install a steam turbine into the steam system.  

Table 4.1 below shows the indication and required data for each AR. 
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Table 4.1. Boilers and Steam System Assessment Recommendations. 

Number Indication 
Assessment 

Recommendation (AR) 
Required Data 

1 
Exhaust gas temperature 

higher than 250 F. 

Recover Waste Heat in 

Boiler Stack for Use 

Standard boiler and steam system data* and exhaust 

gas sample. 

2 
Steam leaks observed in steam 

system distribution network. 

Reduce the Amount of 

Steam Leaks and Implement 

a Maintenance Program 

Standard boiler and steam system data* and count of 

leaks and sizes of leaks (lbm/hr) in the system. 

3 
Oxygen content in the exhaust 

gases higher than 3%. 

Reduce Oxygen Content in 

Stack Gases 

Standard boiler and steam system data* and exhaust 

gas sample. 

4 

Exposed piping, valves, and 

fittings in a steam system’s 

piping network. 

Insulate Steam Piping, 

Valves, and Fittings in the 

Steam System 

Standard boiler and steam system data*, and 

temperature of piping, valves, and fittings, length 

and diameter of bare pipe, and number and size of 

bare valves and fittings. 
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5 Hot spots on the boiler. Insulate Hot Spots on Boiler 

Standard boiler and steam system data*, and 

temperature of hot spots, and the size of the hot 

spots. 

6 

Steam produced at higher 

pressure and throttled for all 

end uses. 

Reduce Boiler Pressure 

Standard boiler and steam system data*, current 

boiler pressure, steam pressure needed by the 

processes, and process of pressure drop between the 

headers. 

7 

Steam produced at higher 

pressure and throttled for all 

end uses. 

Install a Steam Turbine 

Standard boiler and steam system data*, current 

boiler pressure, steam pressure needed by the 

processes, and process of pressure drop between the 

headers. 

8 
Failed steam traps blowing 

steam. 

Replace Failed Steam Traps 

and Implement a 

Maintenance Program 

Standard boiler and steam system data*, count of 

steam traps, and count of failed steam traps. 

 

* Standard boiler and steam system data: boiler operation schedule, amount of steam used by processes from each header, make-up 

water temperature, header pressures for each header, boiler efficiency, fuel type, percentage of condensate return, blow-down rate, and 

isentropic efficiency from high pressure to lower pressures.
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4.7.1 AR – Recover Waste Heat in Boiler Stack for Use 

 Recovering waste heat in the stack of the boiler is another possible energy saving AR.  

An indication of this potential AR is the exhaust gas temperature being higher than 250 F and 

does not have a heat recovery system in place.  The exhaust gas analyzer should be used to take a 

measurement from the flue gases in the exhaust to figure out the flue gas temperature.  The 

higher the exhaust temperature the more heat can be recovered. This recovered heat can increase 

the efficiency of a boiler system, process heat system, or HVAC systems.  The heat is most 

commonly recovered by a stack or condensing economizer and is used for preheating boiler 

feedwater.   

The required data for this AR from Table 4.1 will be used to calculate the savings.  The 

exhaust gas temperature will be used to determine the type of economizer to be used.  As 

explained in Section 4.2.6, the stack economizer can reduce the exhaust temperature down to 

about 250 F, while the condensing economizer can reduce the exhaust temperature down to 

about 140 F.  Then the energy savings will be calculated by finding the amount of heat that can 

be recovered by the economizer from the exhaust temperature.  Once the amount of recovered 

heat is calculated then the increase in boiler efficiency can be found.  This new efficiency can be 

entered into SSAT, and SSAT will calculate the savings for installing an economizer in the 

exhaust stack of the boiler.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 4% to 15% with an average of 8%, and can be implemented for about 64,000 

to 195,000 dollars per system.  These numbers are based on five assessments and the numbers in 

Table B.3.1 in Appendix B.  The implementation of this AR requires an economizer or heat 

exchanger to be purchased and installed in the boiler’s exhaust stack. 
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4.7.2 AR – Reduce the Amount of Steam Leaks and Implement a Maintenance Program 

 Reducing the amount of leaks in the steam system and implementing a maintenance 

program is a potential energy saving AR.  Steam leaks observed in steam system distribution 

network is an indication of a possible energy saving AR, because steam leaks should be very 

noticeable while observing the steam system.  With normal circumstances, leaks can be 

minimized to a small amount if a well implemented maintenance program is being used.  The 

required data for this AR from Table 4.1 will be used to calculate the savings.  The sizes and 

number of leaks are the main data that is needed to determine the energy savings for decreasing 

the amount of leaks in a steam system.  The required data will be entered into SSAT, and SSAT 

will calculate the savings for reducing the amount of steam leaks in the steam system.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1% to 2% with an average of 2%, and can be implemented for about 600 to 

4,060 dollars per system.  These numbers are based on four assessments and the numbers in 

Table B.3.2 in Appendix B.  The implementation of this AR requires a person to find a fix the 

leaks in the plant.    

4.7.3 AR – Reduce Oxygen Content in Stack Gases 

 Another potential energy saving AR is reducing the oxygen content in stack gases.  An 

indication of this AR is having an oxygen content in the exhaust gases is higher than 3%.  The 

exhaust gas analyzer should be used to take a measurement from the flue gases in the exhaust to 

determine the oxygen content in the flue gas.  Reducing the oxygen content in the exhaust gases 

will increase the efficiency of the boiler.  The required data for this AR from Table 4.1 will be 

used to calculate the savings.  The exhaust gas sample will be used to determine how much the 

oxygen content can be reduced, and then the oxygen content calculator in SSAT can calculate the 
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new boiler efficiency from the oxygen content reduction.  This new efficiency can be entered 

into SSAT, and SSAT will calculate the savings for installing an electronic oxygen trim control 

system on the boiler.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1% to 4% with an average of 3%, and can be implemented for about 54,000 

to 90,000 dollars per system.  These numbers are based on two assessments and the numbers in 

Table B.3.3 in Appendix B.  The implementation of this AR requires an electronic oxygen trim 

control system. 

4.7.4 AR – Insulate Steam Piping, Valves, and Fittings in the Steam System 

 Another potential energy saving AR is insulating piping, valves, and fittings in the steam 

system.  An indication of this possible AR is exposed piping, valves, and fittings in a steam 

system’s piping network.  Taking thermal images with a thermal imager will show the hot spots 

in the steam distribution system and will show the temperature of the hot spot.  Insulating the 

piping, valves, and fittings will decrease the heat loss of the steam system, therefore, increasing 

the efficiency of the steam system.   

The required data for this AR from Table 4.1 will be used to calculate the savings.  The 

main required data for this AR is the size and length of the piping, valves, and fittings and the 

temperature of the piping, valves, and fittings, which can be found with the thermal imager.  The 

required data will be entered into 3EPlus, and 3EPlus will calculate the savings for insulating the 

piping, valves, and fittings with different insulation thicknesses.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1% to 9% with an average of 3%, and can be implemented for about 380 to 
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57,000 dollars per system.  These numbers are based on five assessments and the numbers in 

Table B.3.4 in Appendix B.  The implementation of this AR requires the purchasing and 

installation of insulation and insulation jackets on the piping network which includes valves and 

fittings. 

4.7.5 AR – Insulate Hot Spots on Boiler 

 Insulating the hot spots on the boiler is another potential energy saving AR.  An 

indication of this possible AR is a boiler having hot spots because of the bare surfaces or 

inadequate insulated surfaces.  Taking thermal images with a thermal imager will show the hot 

spots on the boiler and will show the temperature of the hot spot.  Insulating hot spots on the 

boiler will decrease the heat loss of the boiler, therefore, increase the boiler’s efficiency.   

The required data for this AR from Table 4.1 will be used to calculate the savings.  The 

main required data for this AR is the size of the hot spots and the temperature of the hot spots, 

which can be found with the thermal imager.  The required data will be entered into 3EPlus, and 

3EPlus will calculate the savings for insulating the hot spots on the boiler with different 

insulation thicknesses.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1%, and can be implemented for about 40 to 2,400 dollars per system.  These 

numbers are based on four assessments and the numbers in Table B.3.5 in Appendix B.  The 

implementation of this AR requires the purchasing and installation of insulation on the boilers. 

4.7.6 AR – Reduce Boiler Pressure 

 Reducing the boiler pressure is another possible energy saving AR.  Steam produced at 

higher pressure and throttled for all end uses is an indication of this potential energy savings AR.  
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The facility personnel can give the boiler pressure, and the highest pressure that is used by the 

processes.  Reducing the boiler pressure will decrease the amount of work needed to produce the 

steam.   

The required data for this AR from Table 4.1 will be used to calculate the savings.  The 

required data will be entered into SSAT, and SSAT will calculate the current energy 

consumption of the boiler at the current pressure.  To find the energy savings for reducing the 

boiler pressure, SSAT should be ran again using the proposed boiler pressure to find the 

proposed energy consumption of the boiler.  Once both of the energy consumptions are found 

then subtracting the proposed energy consumption from the current energy consumption will 

show the energy savings for reducing boiler pressure.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1%, and can be implemented for about 800 dollars per system.  These 

numbers are based on one assessment and the numbers in Table B.3.6 in Appendix B.  The 

implementation of this AR requires a person to turn down the pressure and check the system for 

end use failures to find the lowest pressure that can be used.  This AR can have some impacts on 

other boiler and steam system components and ARs.  Issues with boiler carryover, boiler 

circulation, flue gas temperature reduction, steam traps, and condensate lift should all be 

considered with implementing this AR.      

4.7.7 AR – Install a Steam Turbine 

 Another potential energy saving AR is installing a steam turbine into the steam system.  

An indication of this possible AR is steam produced at higher pressure and throttled for all end 

uses.  By conversing with facility personnel about the pressure change process and determining 
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the boiler pressure, this information can help with whether or not a steam turbine is valuable.  A 

steam turbine will produce electricity while replacing the throttling valve and decreasing the 

steam pressure in the system for the processes.  The required data for this AR from Table 4.1 will 

be used to calculate the savings.  The main required data is the current boiler pressure, steam 

pressure needed by the process, and the process of pressure change between the boiler and the 

next level header.  The required data will be entered into SSAT, and SSAT will calculate the 

savings for installing a steam turbine in the steam system.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1%, and can be implemented for about 215,000 dollars per system.  These 

numbers are based on one assessment and the numbers in Table B.3.7 in Appendix B.  The 

implementation of this AR requires the purchasing and installation of a steam turbine into the 

steam system. 

4.7.8 AR – Replace Failed Steam Traps and Implement a Maintenance Program 

 Replacing the failed steam traps and implementing a maintenance program is another 

possible energy saving AR.  An indication of this AR is failed steam traps blowing steam.  

Taking thermal images with a thermal imager will show which traps are working and which have 

failed.  Failed steam traps don’t let the steam bypass back to the steam system.  Replacing failed 

steam traps will increase the amount condensate returned to the boiler.   

The required data for this AR from Table 4.1 will be used to calculate the savings.  The 

number of failed steam traps is the main data that is needed to determine the energy savings for 

replacing the failed steam traps in a steam system.  The required data will be entered into SSAT, 

and SSAT will calculate the savings for replacing the failed steam traps in the steam system.   
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After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1%, and can be implemented for about 3,800 dollars per system.  These 

numbers are based on one assessment and the numbers in Table B.3.8 in Appendix B.  The 

implementation of this AR requires a person to find and fix the failed steam traps in the plant. 

4.8 Summary 

In this chapter, boiler and steam systems were discussed.  The background of boilers was 

described, and this background information includes fire-tube boilers, water-tube boilers, hot 

water boilers, electric boilers, and heat recovery.  The DOE software SSAT was also discussed, 

and the ASME standard for energy assessments for steam systems was summarized.  The 

recommended pre-assessment, assessment, and post-assessment procedures were discussed, 

along with the eight assessment opportunities.   

Figure 4.2 below is a graph of the average energy savings for most of the boiler and 

steam ARs.  As shown of the graph, waste heat recovery and insulation opportunities are the 

most commonly recommended opportunities, while waste heat recovery represents the most 

energy savings percentage.  The next chapter describes process heating systems in an industrial 

facility. 
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Figure 4.2. Boiler and Steam AR Average Energy Savings. 
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5 PROCESS HEATING SYSTEMS 

5.1 Introduction 

Process heating is essential in the manufacture of most industrial and consumer products.  

Process heating equipment is either fuel-fired, electric-based, or steam equipment.  In the United 

States, fuel-fired process heating equipment consumes approximately 17% of the total industrial 

energy consumption (United States Department of Energy, 2007). 

This chapter gives background of process heating systems and components, and describes 

the steps to completing an energy assessment for process heating systems in an industrial facility.  

The sections of this chapter include an overview of process heating systems, background 

information for batch furnaces, continuous furnaces, drying ovens, holding ovens, heat treating 

furnaces, electric furnaces, and heat recovery.  A description of the process heating assessment 

and survey tool, and a summary of the ASME energy assessment standard for process heating 

systems are included in this chapter.  Explanations of the recommended procedures for 

completing an energy assessment for process heating systems in an industrial setting are also 

included, and this process includes pre-assessment procedures, assessment procedures, post-

assessment procedures, and four common assessment recommendations that have an opportunity 

to reduce the energy consumption or increase the overall efficiency of process heating systems. 
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5.2 Background  

5.2.1 Overview of process heating systems 

Process heating systems have either direct or indirect methods to transfer heat to the 

material or load.  Most process heating equipment includes an enclosure to separate the heating 

process from the environment.  The enclosure keeps in radiation or combustion gases, while 

controlling this heat before it leaves the furnace.  Some equipment contains a conveying system 

that carries the load in and out of the furnace.  Process heating equipment has many different 

names, which include furnaces, kilns, heaters, ovens, lehrs, incinerators, melters, and dryers, but 

all basically operate under the same rules as just heating a load to complete a task (United States 

Department of Energy, 2007). 

5.2.2 Batch Furnaces 

Batch furnaces operate periodically, unlike a continuous furnace.  The load is placed into 

the oven, and the load and oven is brought up to the temperature set-point together.  These 

furnaces have one temperature set-point but have three different control zones.  The heat in the 

furnace has to be uniform, therefore, the heat in the ends or near the doors will have to be higher 

than the middle to have uniformity.  Batch furnaces can be loaded manually or by equipment like 

a robot.  These furnaces may be cooled before the furnace doors are opened or the load is 

removed, but this is not always the case.  Some batch furnaces may be unloaded before all the 

heat is gone (Trinks, Mawhinney, Shannon, Reed, & Garvey, 2004).       

5.2.3 Continuous Furnaces 

Continuous furnaces operate continuously, which is opposite of a batch furnace.  The 

load is moved through the furnace via a conveying system, and the conveying system moves the 

load over the stationary hearth.  The conveying system can be moved over skids or rollers, 
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moved by mechanical pushers, or by wire belt conveyors.  Since the conveyor moves through the 

furnace constantly, there is no need to cool and reheat the furnace.  Therefore, the continuous 

furnace saves more energy than a batch furnace (Trinks, Mawhinney, Shannon, Reed, & Garvey, 

2004).   

5.2.4 Heat treating furnaces 

Heat treating furnaces are used to create mechanical properties of metals, which includes 

strength, hardness, and flexibility.  These properties are achieved by heating and cooling material 

with a heat treating furnace.  Numerous heat treating processes need precise temperature controls 

to keep the correct temperature of the heating cycle for the material.  Heat treating furnaces are 

used in the metal production industry mostly, but also in industries that anneal and temper 

ceramics and glass (United States Department of Energy, 2007).      

5.2.5 Drying Ovens 

Drying ovens are used for water removal through direct or indirect heating.  These ovens 

are used in industries that need dry raw materials or finished product that contains water.  Drying 

ovens are common in glass, clay, food processing, textile, and chemical industries (United States 

Department of Energy, 2007). 

5.2.6 Electric furnaces 

There are two types of electric furnaces: resistance and induction heating.  There is no 

exhaust from electric heating; therefore, no flue gas losses occur in electric furnaces.  Resistance 

and induction heating is explained in the following sections (Trinks, Mawhinney, Shannon, 

Reed, & Garvey, 2004).     
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5.2.6.1 Resistance Furnaces 

Resistance furnaces use various materials for the resistors (heating element).  Most are 

nickel-chromium alloy in the form of strips or zig-zag grids.  Other materials are molten glass, 

carbon, graphite, or silicon carbide.  Sometimes even the load can be used as the resistor.  These 

furnaces normally use circulating fans to move air across the resistors to guarantee uniform heat 

throughout the furnace (Trinks, Mawhinney, Shannon, Reed, & Garvey, 2004).  

5.2.6.2 Induction Furnaces 

Induction furnaces use induction coils to heat the load that the coils surround.  A current 

passes through the induction coils while the load is inside the coils, and the current will heat the 

load.  The mass of the load is used to determine the frequency of the electric current in the coils.  

Even though induction furnaces are more energy efficient than resistance furnaces, the induction 

coils have to be cooled off by water to keep them from overheating.  Therefore, heat losses occur 

from the water cooling.  Induction heating has many applications and can be easily adapted to 

heating either entire lengths of loads or local points of loads (Trinks, Mawhinney, Shannon, 

Reed, & Garvey, 2004).    

5.2.7 Heat Recovery  

Heat recovery from the flue gases of fuel-fired process heating equipment can increase 

the efficiency of furnaces by preheating the combustion air before it goes into the burner.  This 

heat can be recovered by heat exchangers in the exhaust stack of the boiler, and these heat 

exchangers are called air pre-heaters.  In general, furnace efficiencies can be increased by 

approximately 20 to 30% for fuel-fired furnaces.   
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There are two types of air pre-heaters, recuperators and regenerators.  A recuperator is 

fixed heat exchanger in the exhaust stack of a furnace.  This air-to-flue gas heat exchanger is 

used to preheat combustion air using the flue gases.  A regenerator is a container that is insulated 

and filled with metal or ceramic shapes that absorb thermal energy.  Regenerators can store a 

moderately large amount of this thermal energy and then release that energy subsequently to 

preheat the combustion air of a furnace (Reddy, Naidu, & Rangaiah, 2013).       

5.3 Software Tools and Energy Assessment Standards 

5.3.1 PHAST 

The Process Heating Assessment and Survey Tool (PHAST) is a software program that 

assesses energy efficiency opportunities of process heating systems.  This program also helps 

users survey the process heating equipment in a given plant.  Once the surveys are finished for 

all of the process heating equipment in a facility, PHAST can be used to determine which 

equipment uses the most energy and which equipment has the most potential for an increase in 

energy efficiency increases.  PHAST can model different process heating equipment, and this 

equipment includes furnaces, ovens, kilns, heaters, lehrs, incinerators, melters and boilers.  Also 

PHAST can model both electrical and fuel-fired equipment (this is limited only to 3.0 version of 

PHAST).  The software will produce annual energy costs and create an energy balance for each 

piece of equipment.  The energy balance shows the input energy and the different places for 

output energy, like openings atmosphere, wall losses, fixture losses, flue gas losses, water 

cooling losses, and the heat to load (useful heat).  Figure 5.1 below shows the energy balance 

screen from PHAST of a furnace. 
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Figure 5.1. PHAST Energy Balance Screen. (E3M, Inc., 2010) 

PHAST incorporates three calculators, which include an energy equivalency, efficiency 

improvement, and an oxygen enrichment calculator.  The energy equivalency calculator 

determines the heat requirement of changing from fuel-fired to electric heating and vice versa.  

The efficiency improvement calculator calculates the improved available heat of a fuel-fired 

furnace when the operating conditions are improved.  The oxygen enrichment calculator 

determines the improved available heat of a fuel-fired furnace when the oxygen in combustion 

air is increased from the normal value of 21%.   

PHAST can be used to implement a “what-if” analysis for different potential energy 

reduction opportunities through changes in maintenance, operation, and changes in components.  
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These opportunities can include radiation shields in the furnace to reduce wall losses, preheat 

treatment of the load, reducing the size of the openings, diminishing the heat in the flue gases, 

reducing the size of the conveyor and fixtures, and decreasing the losses to the atmosphere 

(United States Department of Energy, 2010).   

5.3.2 ASME Process Heat System Standard 

The first step of the process heating system energy assessment guide is organizing the 

assessment.  This is the same for all of the systems as explained in the ASME compressed air 

standard Section 3.3.2.  This includes identifying an assessment team, obtaining facility 

management support, generating the assessment goals and scope, collecting initial data and 

evaluating this data, interviewing facility specialists, creating an assessment plan of action, and 

scheduling the assessment. 

The second step in the process heating system energy assessment guide is conducting the 

assessment.  First, the priorities of collecting data should be established.  Once the data 

collection is prioritized, then the practical requirements of each process heating system need to 

be determined.  These requirements include the energy usage and emissions, production output, 

and the quality of the products.  If there are meters that measure the flow rate of the fuel and flue 

gas oxygen content then this data should be recorded, also if any electrical power meters are 

installed on any equipment this information should be recorded.  Some facilities may have data 

recording systems that can produce data that is needed for the energy assessment.  The control 

systems and control strategies should be determined for each process heating system.  These can 

include the control of the heat input, temperature, and the air-to-fuel ratio.   
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Next the operational and maintenance requirements need to be identified by the 

assessment team members.  If some of the data cannot be found by facility meters, then a 

measurement plan should be formulated and executed.  This plan should confirm that the data 

collecting practices are accurate, reliable, and repeatable.  The data to determine the heat balance 

of each system should be determined.  Once the needed data is determined, then the method of 

collecting this data should be decided on by the team members.  The data should be collected by 

splitting it up between the team members, and then the data should be reviewed by the team 

members and should include a cross-checking method to ensure accurate data in the data review.  

Once all of the data is gathered, then a system baseline should be created.   

Finally, a wrap-up meeting should take place.  This meeting should include a presentation 

from the team members, and this presentation should include the processes used to complete the 

assessment, an evaluation of present status of the energy efficiency of process heating systems, 

and the assessment recommendations with approximate energy and cost savings if applicable.  At 

the end of the meeting an approximate date of delivery of the assessment report should be given 

to the facility personnel.       

The next step is analyzing the assessment data.  Each process heating system requires an 

energy balance.  This heat balance should be created using the data collected during the on-site 

assessment, and either with hand calculations or computer software.  Next the assessment 

recommendations should be identified.  These recommendations can include maintenance 

improvements, operation enhancements, control strategy upgrades, process improvement 

changes, and equipment replacements.  An energy baseline for each system should be created.  

This baseline should be portrayed in units of energy per production unit or energy per unit of 

time for each process heating system.   
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Finally, a technical and financial analysis should be produced for each assessment 

recommendation, and the calculations for each recommendation can be calculated by hand or 

software.  The technical analysis needs to contain considerations for the performance, 

availability, and acceptability issues, and this analysis should include the reasons why each 

recommendation was selected or not selected.  The financial analysis should include the energy 

savings and cost savings, along with the implementation cost of each recommendation.                

The final step in the ASME process heating system energy assessment guide is the 

writing the final report, which is discussed earlier in Section 3.3.2 the ASME compressed air 

standard.  This includes writing a final report and having the team members review the report 

before being sent to the client (The American Society of Mechanical Engineers, 2010).  

That concludes the ASME standard for process heating system energy audits.  Next, the 

steps and procedures for completing an industrial energy assessment for process heating systems 

are described. 

5.4 Recommended Pre-Assessment Procedures 

For a process heating system assessment, there are pre-assessment procedures that are 

required to be completed before the assessment.  This section explains the pre-assessment 

procedures that are essential for the assessment.   

A preliminary questionnaire should be sent to the client to find information about the 

process heating systems at the facility.  Questions to be answered include: energy bill data, the 

number of systems, the number and size of each unit, the type of each unit (oven, furnace, 

melter, etc.), the area that each unit is located, source of heat used (fuel-fired or electric), 

operating temperature, heat recovery, combustion efficiencies checked, operational schedule of 
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each system, and the applications or end uses of the process heat systems.  ASME standards 

agree with needing the above preliminary information at this point in the energy assessment.  A 

complete preliminary questionnaire can be found in Appendix A. 

Prepare hand tools and data logging devices for the assessment.  Hand tools for the 

assessment should include: exhaust gas analyzer, thermocouple probe, thermal imager, and a 

thermometer.  Data loggers and current transducers should be ready in case some power data 

needs to be recorded for a period of time longer than a few hours.  Make sure battery powered 

devices have a strong battery, and prepare site sheets for information recording.  These site 

sheets are included in the appendix.  Next, the recommended assessment procedures that should 

be performed at the industrial facility for process heating systems are defined.   

5.5 Recommended Assessment Procedures 

Once the assessment team arrives at the facility, the kick-off meeting should take place to 

explain the purpose and process of the assessment and the timeline for completion.  After the 

kick-off meeting, a tour of the process heating systems will take place.  This tour is like the 

walk-through explained in the ASME standards.  Once the tour is finished, collecting data is the 

next step and the needed information includes: 

 furnace and fuel type  

 number of burners in each furnace 

 nameplate data  

 furnace operation schedule  

 load/charge material  
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o type of material, feed rate of charge, initial charge temperature, discharge 

temperature, charge liquid vaporized charge reacted, heat of reaction, additional 

heat required   

 exhaust gas sample 

o furnace flue gas temperature, oxygen content of flue gas, excess air, combustion 

air temperature  

 fixture losses  

o fixture type (material), fixture weight, initial temperature, final temperature 

 wall losses  

o surface area, average surface temperature, ambient temperature 

 atmosphere losses 

o type of gases, initial temperature, final temperature, flow rate 

 opening losses  

o type (fixed or variable), shape (round or rectangular), furnace wall thickness, 

opening size (diameter or height and width), total opening area, inside 

temperature, outside or ambient temperature, percent of time open 

 water cooling losses  

o water flow rate, inlet temperature, outlet temperature 

 heat storage 

o furnace shape (rectangular or cylindrical), furnace size (height or diameter), 

furnace temperature, ambient temperature, starting wall temperature  

 end uses 
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The furnace type and fuel type of the furnace will need to be recorded, along with the 

number of burners for each furnace in each system.  The nameplate data of the furnaces is 

located on the furnace or burners and should be recorded in the assessment notes, and a picture 

should be taken of the nameplate if available.  If a nameplate is missing or cannot be found, 

facility personnel may be able to help with the information.  The data collection is also a protocol 

of the ASME energy assessment standard.  Plant personnel should be able to explain how the 

schedule of the process heating system is setup, the operating hours along with the non-operating 

hours are critical to assessing the energy usage.  ASME standards agree with needing this 

information.   

The material of the load or charge is very important for a process heating system energy 

assessment, along with the type of material, the feed rate of the load, initial charge temperature, 

and discharge temperature are also needed.  Next, an exhaust gas sample needs to be measured 

using a flue gas analyzer.  This measurement instrument has a probe that needs to be inserted 

into the exhaust stack as close to the top of the furnace as possible, and should make a complete 

seal with the port on the exhaust to avoid dilution air in the exhaust.  The gas analyzer measures 

the exhaust gas temperature, ambient air temperature, and oxygen content of the exhaust gas, and 

then calculates the excess air, combustion efficiency, and carbon dioxide content of the exhaust 

gas. 

After the load and exhaust gas information is found, and then the losses in the furnaces 

need to be found and recorded.  To find the fixture losses, the fixture material, weight, initial 

temperature, and final temperature should to be measured and recorded.  The information that 

needs to be measured to find the losses in the walls includes surface area of the walls, average 

surface temperature, and the ambient temperature.  For furnaces with special atmospheres inside 
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the furnace for certain processes, the type of gas needs to be determined.  Along with the type of 

gas, the initial temperature, final temperature, and flow rate of the special atmosphere gases 

needs to be determined.  Opening losses are one of the most common losses with a high 

magnitude.  To determine the losses through openings in the furnace, the type, shape, and size of 

the openings is needed along with the furnace wall thickness, inside temperature, ambient 

temperature, and percent of time open.  For furnaces that use water for cooling, some losses will 

arise from this.  To find the water cooling losses, the water flow rate, inlet temperature, and 

outlet temperature are needed.  Finally, the heat storage of each furnace should be assessed and 

recorded.  The furnace shape (rectangular or cylindrical), furnace size (height or diameter), 

furnace temperature, ambient temperature, and starting wall temperature are all needed to find 

the heat storage of the furnaces.  Once the assessment visit is completed, the post-assessment 

procedures should be started, and these recommended post-assessment procedures are discussed 

in the next section. 

5.6 Recommended Post-Assessment Procedures 

Once all of this data is gathered then the analysis can begin, and PHAST can be used to 

analyze the process heating systems.  The furnace and fuel type, nameplate data, and furnace 

operation schedule can be entered into PHAST along with the load/charge material, exhaust gas 

sample, fixture losses, wall losses, atmosphere losses, opening losses, water-cooling losses, and 

heat storage.  Once all of these inputs are in PHAST, then the baseline annual energy 

consumption will be calculated.  ASME standards agree with calculating the system baseline this 

way.   

The annual energy consumption can also be estimated by using the number of furnaces in 

each process heating system, the rated input for the burner, the load factor, and operating hours 
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of the furnaces.  After that, these numbers can be multiplied together to get the annual energy 

consumption of the furnaces as shown below in Equation 6 (United States Department of 

Energy, 2007).  A sample calculation for the energy consumption of 2 – 4,000,000 Btu per hour 

furnaces that operates 50 weeks per year for 5 days per week for 12 hours a day is shown below. 

 EC = N x RI x OH x LF        (6) 

  = 2 x 4 MMBtu/hr x 3,000 hr/yr x 0.9 

  = 21,600 MMBtu/yr 

Where, 

 EC = annual energy consumption of furnaces 

 N = number of furnaces in the process heating system 

 RI = rated input of burners in the furnaces 

OH = operating hours of furnaces (week/yr x day/week x hr/day) 

 LF = load factor of burners in the furnaces 

5.7 Recommended Assessment Opportunities 

There are many assessment recommendations for process heating systems which include: 

recovering waste heat in the exhaust stack, reducing oxygen content in stack gases, insulating hot 

spots on the furnace walls, and reducing the amount/size of openings to atmosphere in the 

furnaces.  Table 5.1 below shows the indication and required data for each AR. 
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Table 5.1. Process Heating System Assessment Recommendations. 

Number Indication 
Assessment 

Recommendation (AR) 
Required Data 

1 
Exhaust gas temperature is 

higher than 250 F. 

Recover Waste Heat in 

Exhaust Stack for Use 

Standard process heating system data* and exhaust gas 

sample. 

2 
Oxygen content in the exhaust 

gases higher than 3%. 

Reduce Oxygen Content in 

Stack Gases 

Standard process heating system data* and exhaust gas 

sample. 

3 
Hot spots on the furnace 

walls. 

Insulate Hot Spots on 

Furnace Walls 

Standard process heating system data*, temperature of hot 

spots, and size/area of the hot spots. 

4 
Unnecessary openings to 

atmosphere in the furnace. 

Reduce the Amount/Size of 

Openings to Atmosphere in 

the Furnaces 

Standard process heating system data*, amount of 

openings, and size of openings. 

 

* Standard process heating system data:  furnace operation schedule, furnace and fuel type, nameplate data, load/charge material, feed 

rate of charge, initial charge temperature, discharge temperature, fixture losses, wall losses, atmosphere losses, opening losses, water-

cooling losses, and heat storage.
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5.7.1 AR – Recover Waste Heat in Exhaust Stack for Use 

 Recovering waste heat in the stack of the furnace is another possible energy saving AR.  

An indication of this potential AR is the exhaust gas temperature being higher than 250 F and 

does not have a heat recovery system in place.  The exhaust gas analyzer should be used to take a 

measurement from the flue gases in the exhaust to determine the flue gas temperature.  The 

higher the exhaust temperature the more heat can be recovered.  This recovered heat can increase 

the efficiency of a process heat system, boiler system, or HVAC systems.  Heat is most 

commonly recovered by a recuperator or regenerator and is used for preheating combustion air 

for process heating furnaces, except for boilers where preheating feedwater is ideal.   

The required data for this AR from Table 5.1 will be used to calculate the savings.  The 

exhaust gas sample, preferably the exhaust temperature, will be used to determine the type of 

heat recovery method to be used, and then the energy savings will be calculated by finding the 

amount of heat that can be recovered from the exhaust temperature.  Once the amount of 

recovered heat is calculated, then the increase in combustion efficiency can be found.  This new 

efficiency can be entered into PHAST, and PHAST will calculate the savings for installing a 

waste heat recovery system in the exhaust stack of the furnace.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1% to 69% with an average of 26%, and can be implemented for about 2,600 

to 150,000 dollars per system.  These numbers are based on eight assessments and the numbers 

in Table B.4.1 in Appendix B.  The implementation of this AR requires a heat exchanger to be 

purchased and installed in the furnace’s exhaust stack. 
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5.7.2 AR – Reduce Oxygen Content in Stack Gases 

 Another potential energy saving AR is reducing the oxygen content in stack gases.  An 

indication of this AR is having an oxygen content in the exhaust gases is higher than 3%.  The 

exhaust gas analyzer should be used to take a measurement from the flue gases in the exhaust to 

figure out the oxygen content in the flue gas.  Reducing the oxygen content in the exhaust gases 

will increase the efficiency of the furnace.   

The required data for this AR from Table 5.1 will be used to calculate the savings.  The 

exhaust gas sample will be used to determine how much the oxygen content can be reduced, and 

then the oxygen content calculator in PHAST can calculate the new combustion efficiency from 

the oxygen content reduction.  This new efficiency can be entered into PHAST, and PHAST will 

calculate the savings for installing an electronic oxygen trim control system on the furnace.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 12% to 40% with an average of 26%, and can be implemented for about 

1,000 to 78,000 dollars per system.  These numbers are based on two assessments and the 

numbers in Table B.4.2 in Appendix B.  The implementation of this AR requires an electronic 

oxygen trim control system, or for the linkage controls to be tuned periodically. 

5.7.3 AR – Insulate Hot Spots on Furnace Walls 

 Insulating the hot spots on the furnace walls is another potential energy saving AR.  An 

indication of this possible AR is a furnace having hot spots on the walls because of the bare 

surfaces or inadequate insulated surfaces.  Taking thermal images with a thermal imager will 

show the hot spots on furnace walls and will show the temperature of the hot spot.  Insulating hot 
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spots on the furnace walls will decrease the heat loss of the furnace, therefore, increase the 

furnace’s efficiency.   

The required data for this AR from Table 5.1 will be used to calculate the savings.  The 

main required data for this AR is the size of the hot spots and the temperature of the hot spots, 

which can be found with the thermal imager.  The required data will be entered into 3EPlus, and 

3EPlus will calculate the savings for insulating the furnace walls with different insulation 

thicknesses.  A description of 3E Plus can be found in the steam systems chapter in Section 

4.3.2.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1% to 11% with an average of 7%, and can be implemented for about 400 to 

12,500 dollars per system.  These numbers are based on five assessments and the numbers in 

Table B.4.3 in Appendix B.  The implementation of this AR requires the purchasing and 

installation of insulation on the furnace walls. 

5.7.4 AR – Reduce the Amount/Size of Openings to Atmosphere in the Furnaces 

Reducing the amount/size of openings to atmosphere in the furnaces is another possible 

energy saving AR.  An indication of this possible AR is a furnace having unnecessary openings 

to atmosphere in the furnace.  These opening should be seen while examining the process heating 

equipment.  Reducing the area of the openings in a furnace will lead to less heat loss, therefore, 

increase the furnace’s efficiency.   

The required data for this AR from Table 5.1 will be used to calculate the savings.  The 

required data will be entered into PHAST, and PHAST will calculate the savings for reducing the 

amount and size of the openings in the furnaces.   
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After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1% to 17% with an average of 9%, and can be implemented for about 1,080 

to 1,400 dollars per system.  These numbers are based on two assessments and the numbers in 

Table B.4.4 in Appendix B.  The implementation of this AR requires the purchasing and 

installing insulation on the furnace walls. 

5.8 Summary 

In this chapter, process heating systems were discussed.  The background of process 

heating systems was described, and this background information includes batch furnaces, 

continuous furnaces, drying ovens, heat treating furnaces, electric furnaces, and heat recovery.  

The DOE software PHAST was also discussed, and the ASME standard for energy assessments 

for process heating systems was summarized.  The recommended pre-assessment, assessment, 

and post-assessment procedures were discussed, along with the four assessment opportunities. 

Figure 5.2 below is a graph of the average energy savings for the process heating ARs.  

As shown of the graph, waste heat recovery and insulation opportunities are the most commonly 

recommended opportunities, and waste heat recovery and reducing oxygen content represent the 

most energy savings percentage with an average of 26% each.  The next chapter describes 

HVAC systems in an industrial facility.      
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Figure 5.2. Process Heating AR Average Energy Savings. 
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6 HVAC SYSTEMS 

6.1 Introduction 

In 2003, HVAC systems consumed about 30% of the energy consumption for 

commercial buildings.  Space cooling represented about 44% of the 30% consumed by HVAC 

systems, while space heating and ventilation represented about 16% and 40%, respectively 

(United States Energy Information Administration, 2012). 

This chapter gives background of HVAC systems and components, and describes the 

steps to completing an energy assessment for HVAC systems in an industrial facility.  The 

HVAC chapter includes sections on an overview of HVAC systems, background information for 

packaged units, air handling units, split system air-conditioning units with gas furnaces, and split 

system heat pumps with auxiliary electric heat.  This chapter also contains a description of the 

building model software tool eQUEST and a summary of the ASHRAE energy assessment 

standard for HVAC systems.  The procedure for completing an energy assessment on HVAC 

systems in an industrial setting is also given, including pre-assessment procedures, assessment 

procedures, post-assessment procedures, and six common assessment recommendations that 

have an opportunity to reduce the energy consumption or increase the overall efficiency of 

HVAC systems. 
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6.2 Background 

6.2.1 Overview of HVAC systems 

HVAC systems typically have one or more of four basic types of units to produce 

conditioned air, along with a duct system for the air distribution to the facility or a particular area 

in a facility.  These four types of units are packaged units, air handling units, split system air 

conditioning units with gas furnaces, and split system heat pump units with auxiliary heat.  All 

HVAC units contain fans, filters, and coils.  HVAC systems are used for cooling and heating of 

facilities, and keeping the humidity of an area or facility to a required level.  Some processes 

have certain humidity or temperature requirements in a facility.   

6.2.2 Packaged Units 

 Packaged units are commonly used as heating and cooling options for industrial plants 

because they are fairly easy to install, relatively inexpensive, and can be placed on roof tops or 

outside the building which does not take up valuable space indoors.  Packaged units consist of a 

condenser, compressor, evaporator, filter, furnace, partition dividing the condensing side from 

the evaporating side, condenser fan, and a supply fan.  The package has a duct system connected 

to it from the supply outlet to the plant and then a small duct system on the return inlet 

(Kavanaugh, 2006).  Figure 6.1 below represents a schematic of a packaged unit.   
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Figure 6.1. Schematic of Packaged Unit. (Kavanaugh, 2006) 

 The compressor raises the pressure of the refrigerant, and then it flows through the 

condenser where the condenser fan pulls air through the coils to cool off the refrigerant before it 

flows to the evaporator.  The supply fan pulls air from the air return duct through the evaporator 

to cool it off more and then back to the conditioned space.  In heating mode, the same duct 

system is used, and the supply fan draws air from the return duct and blows the air across the 

heat exchanger where the furnace’s combustion occurs.  The air is heated by the heat exchanger 

and then sent to the supply duct system to be distributed to the building.  The furnace draws in 

combustion air from outside of the unit and exhausts to the outdoors.  If the unit has electric strip 
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heat instead of a gas furnace, then the air is heated when the air is blown across the strip heaters 

in the unit (Kavanaugh, 2006). 

6.2.3 Air Handling Units  

Air-handling units (AHUs) are units in HVAC systems that move air through a single 

zone or multiple zone duct system.  AHUs consist of cooling coils, heating coils, air filters, air 

blending systems, return fan, supply fan, outside air dampers, return air dampers, and then are 

connected to duct systems of various sizes depending on number of zones and area of zones.  

Figure 6.2 below represents a schematic of an AHU.   

 

Figure 6.2. Schematic of AHU. (Kavanaugh, 2006) 

 AHUs are designed to supply either variable or constant air volume throughout a duct 

system at low, medium, or high speeds.  For an AHU to disperse cooled air through the duct 

system chilled water is driven through the cooling coil from a chiller or cooling tower, and the 

air is cooled as is passes the cooling coil and is then distributed through the duct system to each 
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zone.  Distributing heated air through the duct system works in a similar way as cooled air, 

except that hot water or steam is pumped through the heating coil and heats the air as it passes 

through the heating coil before the air goes to the duct system. 

6.2.4 Split System Air-Conditioning Unit with Gas Furnace 

Split system air conditioning units with gas furnaces (SSACs) are HVAC systems that are 

split into two pieces, with one part outside of the building and the other part inside the building.  

The outdoor unit (condensing unit) typically consists of a compressor, condenser, and a 

condenser fan.  The indoor unit consists of an evaporator coil, expansion device, supply fan, 

return air filter, and a gas furnace.  The supply air is forced through the duct system, that is 

connected to the unit, by the supply fan, which also pulls the in from the return duct (Kavanaugh, 

2006).  Figure 6.3 below represents a schematic of a SSAC unit.   

 

Figure 6.3. Schematic of SSAC Unit. (Kavanaugh, 2006) 
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SSACs are designed to cool and heat residential and commercial buildings.  These units 

work basically just like the packaged units except for the condenser is outside of the building and 

the evaporator and furnace are inside the building (Kavanaugh, 2006).      

6.2.5 Split System Heat Pump with Auxiliary Electric Heat 

Split system heat pump units with auxiliary heat (SSHPs) are HVAC systems that are 

split into two pieces like the SSAC, with one part outside of the building and the other part inside 

the building.  The outdoor unit (condensing unit) typically consists of a compressor, reversing 

valve, condenser coil, and a condenser fan.  The indoor unit consists of an evaporator coil, 

expansion device, supply fan, return air filter, and an electric furnace.  The duct system is 

connected to the unit and is distributed throughout the plant or zone (Kavanaugh, 2006).  Figure 

6.4 below represents a schematic of a SSHP unit.   

 

Figure 6.4. Schematic of SSHP Unit. (Kavanaugh, 2006) 
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SSHPs are designed to cool and heat residential and commercial buildings just like the SSACs.  

The cooling part of the SSHPs operates very similar to the SSACs, where the compressor 

compresses the refrigerant then as the refrigerant flows through the condenser coil; the condenser 

fan pulls outside air across the coil to cool off the refrigerant before it goes to the evaporator coil.  

Then the supply fan pulls air through the return air duct then across the evaporator to cool off the 

air before the air is supplied to the duct system to cool the building, like the SSAC.  For heating 

purposes, the SSHP is different than the SSAC.  The reversing valve in the heat pump changes to 

heating mode where the refrigerant from the compressor discharge goes straight to the indoor 

evaporator coil instead of the outdoor condenser coil to get heat.  The supply fan pulls air across 

the indoor coil to gain heat and then the heat is sent to the duct system.  If extra heat needed, then 

the auxiliary heat electric furnaces kicks on and the heat is supplemented by this furnace which is 

located in the supply side duct in the indoor part of the unit (Kavanaugh, 2006).      

6.3 Software Tools and Energy Assessment Standards 

6.3.1 eQUEST 

The QUick Energy Simulation Tool (eQUEST) is a software program that estimates the 

heating and cooling and total energy requirements for new or existing buildings, but eQUEST 

also can be used to evaluate energy efficiency opportunities of HVAC systems.  This program is 

used to create a model of a building with specific dimensions (height, length, and width), 

building type, construction materials, floor layout plan, area usage and occupancy, lighting 

equipment, and HVAC equipment.  eQUEST will produce a detailed simulation of the building 

using hourly weather data and estimate the energy consumption of the building components.  An 

hourly simulation, which calculates the cooling and heating loads for each hour, is executed by 

eQUEST for a one-year period.  These heating and cooling loads are calculated based on the 
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walls, windows, glass, ventilation, plug loads, and people.  eQUEST also simulates pump, fan, 

boiler, and chiller performances, and also presents the building’s estimated energy of the end 

uses (Energy Design Resources, 2010). 

eQUEST uses two wizards for guidance during the process of creating the building 

model; these two wizards are the Schematic Design Wizard and the Design Development 

Wizard.  The Schematic Design Wizard is made for simpler building designs, and allows the user 

to describe the architectural features of the buildings along with the HVAC equipment for the 

building.  The Design Development Wizard is designed for the more detailed design of the 

building when supplementary information is available for a more in-depth design.  This wizard 

should be used when the building structures are complex and for buildings that have very 

detailed internal loads and schedules.  The Design Development Wizard should also be used 

when the HVAC system has a wide variety of assignments to complete.  Users can begin 

building the model with either wizard.  If the Schematic Design Wizard is used at first then the 

Design Development Wizard can be used later to include more details, but the Schematic Design 

Wizard cannot be used after the Design Development Wizard (Energy Design Resources, 2010). 

eQUEST uses a wizard for applying the energy efficiency measures.  The Energy 

Efficiency Measures Wizard helps the user to rapidly, easily, and consistently explore the new 

energy performance of the building after the new energy efficiency scenarios have been 

established.  The wizard can show many alternatives to increasing the efficiency to your baseline 

design.  Using eQUEST, an advanced, yet easy-to-use building energy analysis tool, can deliver 

expert level results with a practical amount of effort (Energy Design Resources, 2010).  
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6.3.2 ASHRAE Energy Assessment Standard 

The ASHRAE energy audit standard has three levels of effort: level 1–walk-through 

analysis, level 2–energy survey analysis, and level 3–detailed analysis of capital intensive 

modifications.  There is also a Preliminary Energy-Use Analysis (PEA), which should be 

completed before any level of audits. 

The PEA provides the essential background information for energy assessments of any 

level.  This analysis should be completed before the energy assessment has taken place.  For the 

PEA, the utility use, peak demand, and costs should be analyzed, along with developing the 

Energy Cost Index (ECI) of the building, which should be conveyed in dollars per floor area per 

year ($/ft
2
/yr).  Also the Energy Utilization Index (EUI) should be developed during the PEA, 

which should be expressed in kBtu/ft
2
 per year (kBtu/ft

2
/yr).  Once the EUI is established, then it 

can be compared to previous similar buildings’ EUIs to see potential energy savings that can be 

established. 

The PEA includes the following steps, defining the floor area of the facilities’ 

conditioned space and recording the floor area.  The next step is to collect at least a year’s worth 

of utility bill data, and this data should be summarized to look at opportunities to change the rate 

schedule, if applicable.  After that, the energy performance summary should be completed to 

develop the ECI and EUI for each energy (fuel) type and demand type.  Once the ECI and EUI 

are developed, then these indexes should be compared to similar buildings that contain 

comparable characteristics.  After the comparison is made, then the new energy, demand, and 

cost goals should be established, and then using the new values, calculate the energy and cost 

savings for each fuel type.  Once the target savings are found, then the level of assessment that 

needs to be completed can be determined. 
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A level 1–walk-through analysis of HVAC systems consists of the following steps.  

Performing a brief walk–through survey of the facility to become familiar with the building’s 

construction, operation, equipment, and maintenance is the first step of the level 1 assessment 

process.  The next step is having a meeting with facility personnel to learn of special problems or 

scheduled improvements and any maintenance issues that affect the overall efficiency of the 

HVAC systems.  After that, a space function analysis should be completed to determine whether 

or not the HVAC system efficiency has decreased due to different functions in the building.  If 

the current functions in the facility are different than the old functions, then the HVAC system 

may not be designed correctly.  Finally, the energy reduction opportunities should be identified.  

These opportunities should be split into two categories, the low-cost or not-cost opportunities 

and the capital investment opportunities.  An initial rough estimate of energy and cost savings 

should be made for the opportunities. 

After the level 1 assessment is completed a report should be written, and this report 

should contain the EUIs of similar building that was used for comparisons.  Also this report 

should contain the target EUI that was created and the methods used to create the target EUI.  

Next the report should consist of the total energy and demand costs for each fuel type.  A 

discussion of any irregularities in the utility bills should be made along with any potential 

savings by changing rate structures.  The percentage of the saved costs needs to be reported, if 

the target EUI can be reached.  Also a summary of any problems with the HVAC system, or any 

needs of the HVAC system should be reported.  Finally, the low-cost/no-cost and capital 

investment assessment opportunities should be defined and the savings of each opportunity 

should be shown.  
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A level 2–energy survey analysis of HVAC systems entails the steps of the level 1 audit 

and the following steps.  A review of the designs of the electrical and mechanical systems should 

be completed; also the installed conditions, operational methods, and maintenance practices 

should be noted.  The energy consuming systems in the facility should be analyzed using 

measurements and engineering calculations.  These systems include the building envelope, 

lighting, plug loads, HVAC, domestic hot water, refrigeration, conveying, and process loads.  A 

review of existing problems and planned building improvements should be completed, along 

with cost estimation for these improvements.  Next the key operating parameters should be 

measured, and these measurements should be compared to the design parameters.  These 

parameters include operating schedules, task lighting levels, ventilation amounts, heating and 

cooling water temperatures, supply air temperature, and the temperature and humidity of the 

conditioned space.  The measurements can be taken as a spot check or can be logged manually or 

electronically.  Create an end-point energy analysis for the different energy system components 

that will equal the total annual energy consumption of the facility.  Next a list of potential 

alterations to operations and equipment that will save energy should be produced, along with the 

initial cost and savings estimations.  This list should be presented to facility personnel, so the 

personnel can select the alterations that need to be analyzed further.   

Bundles of energy efficiency measures should be created, to show the different ways to 

save energy.  Having different bundles will show different levels of whole-building energy 

reductions.  For each energy efficient measure, the potential energy and cost savings should be 

calculated along with the building EUI.  Also for each measure, the implementation cost should 

be estimated, along with the impact that each measure has on the building operations, non-energy 

operating costs, and the overall maintenance.  Estimate the integrated energy savings from the 
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implementation of the bundles of measures that are recommended, and compare the results to the 

results from the level 1 energy assessment.  Organize a financial evaluation of the estimated 

implementation costs for the energy efficiency measures; these evaluations can be performed for 

each measure or each bundle of measures.   

Once all of the steps for the level 2 energy assessment have been completed, then a report 

should be written for the client.  The report should include a section that summarizes the current 

energy consumption and cost associated with each end use, and make sure that the calculations 

are shown or show the input and output data of the software tool that was used.  A facility or 

building description should be contained in the report; this description should include the typical 

floor plans along with the list of main energy consuming equipment.   

The section on energy efficiency measures should include an observation of the existing 

situation and how the excess energy is being used, a description of the efficiency measure, a 

description of the maintenance repairs that are needed for the measure, and the impact of the 

measure on personnel service capabilities.  Also, a summary of how each measure will affect the 

operating and maintenance procedures.  Next, the life expectancy of the new equipment will 

need to be explained, along with the impact that the new equipment will have on the current 

equipment.  After that, an outline of the new required skills that the operators will have to learn 

should be presented.  Finally, the calculations should be shown or the input and output data of 

the software tools used, along with the non-energy benefits of the energy efficiency measures.  

These non-energy benefits can include reduced labor hours and runtime, also the health, safety, 

and environment improvements.  There should be a table that lists all of the estimated 

implementation costs for the efficiency measures, the savings, and a simple payback period.  

This table should basically show the order that the measures should be implemented also. 
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Next there should be a list of measures that were deemed to be impractical and the reason 

for the measure to be excluded.  After that an evaluation of overall project economics should be 

included, along with the recommended verification and validations methods that should be used 

to determine the usefulness of the implemented measures.  Finally, a discussion should be 

written up of the capital-intensive measures that might require further analysis with the level 3 

assessment. 

A level 3–detailed analysis of capital intensive modifications for HVAC systems is 

directed by the level 1 and level 2 assessments, but contains additional steps.  These additional 

steps include expanding the explanations of all assessment opportunities that require further 

investigation.  Next, the measurement procedures should be reviewed, along with some 

additional testing or measurements of energy systems.  After that, the proposed 

recommendations need to be modeled, and this model should have a high accuracy.  Then a 

schematic layout of the proposed modifications should be created, along with calculating the cost 

and energy savings of the modifications.  Finally, these recommendations should be discussed 

with facility personnel to figure the best fit for the company.   

The report for the level 3 audit should contain all of the information for the proposed 

equipment to be installed into the facility, and this includes the schematics, equipment lists, and 

manufacturer’s specification sheets.  Also the costs of this equipment and the installation cost 

should be included in the report.  Next, the report should include an explanation of the system 

interactions and the reason why certain modifications should be bundled together.  Finally, a 

financial evaluation of the projected capital investments and the savings should be incorporated 

into this report for facility personnel to know exactly what they are attaining (American Society 

of Heating, Refrigerating and Air-Conditioning Engineers, Inc., 2011).     
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That concludes the ASHRAE standard for HVAC system energy audits.  Next, the steps 

and procedures for completing an industrial energy assessment for HVAC systems are described.              

6.4 Recommended Pre-Assessment Procedures 

As the time of assessment day approaches, some pre-assessment procedures need to be 

performed.  This section explains the pre-assessment procedures that are essential for the 

assessment and should to be completed prior to the assessment.   

Send a preliminary questionnaire to the client to find information about the HVAC 

systems at the facility.  Questions to be answered include: energy bill data, the number of 

systems, the number and size of each unit, the type of each unit (heat pump, packaged unit, etc.), 

the area or zone that each unit is located, type of heat used (gas or electric), the thermostat setting 

in the summer and winter months, whether or not programmable thermostats are being used, the 

special temperature and humidity requirements for the processes in each area or zone, and 

whether or not an energy management system is installed for the facility.  A complete 

preliminary questionnaire can be found in Appendix A. 

Prepare hand tools and data logging devices for the assessment.  Hand tools for the 

assessment should include: a pitot tube, vane anemometer, thermocouple probe, thermometer, 

humidity meter, data loggers that measure temperature and relative humidity, and data loggers 

for power measurements.  The battery powered devices need to be checked to make sure each 

instrument has a strong battery.  Site sheets should be prepared to record information, and these 

site sheets are included in the appendix.  The recommended assessment procedures that should 

be executed at the industrial facility for HVAC systems are described in the following section.    
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6.5 Recommended Assessment Procedures 

Once the assessment team arrives at the facility, a kick-off meeting will take place to 

explain the purpose of the assessment and the process of the assessment and the timeline for 

completion.  After the kick-off meeting, a tour of the HVAC systems will take place.  This tour 

is like the walk-through explained in the ASHRAE standards.  The next step in the process is 

collecting the needed data to assess the system and the needed information includes: 

 HVAC unit type and manufacturer of each unit 

 nameplate data of HVAC unit in each system 

 thermostat set points 

 approximate locations of conditioning zones and mapping of HVAC units to zones 

 type of control system for each HVAC system 

o How the HVAC system’s schedule is controlled, whether it is by separate 

thermostats, separate programmable thermostats, or an automatic control system. 

 schedule of operations for each system 

 fan sizes 

 power data 

 flow rate in duct system data 

 facility duct system layout and duct sizes 

 losses in duct system 

o Losses come from fittings, filters, dampers, and foreign objects along with 

frictional losses from the duct itself.  These losses can be hard to find but 

measuring the pressure across fittings, filters, dampers, and foreign objects can 

help with determining the losses in the duct network. 
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 HVAC system uses 

 annual weather data for the region 

o The annual weather data averages can be found from the national weather service.  

The bin weather data spreadsheet can be used for cooling and heating hours and 

cooling and heating degree days at certain thermostat set points.  

 building construction materials 

 building dimensions 

 sources of heat inside the facility 

o processes, machinery, furnaces, boilers, lighting, facility personnel, HVAC 

systems, air compressors, building envelop, infiltration, and plug loads 

 

 The HVAC unit type and manufacturer should be recorded in the assessment notes along 

with the nameplate data of each unit, and a picture should be taken of the nameplate, if possible.  

The nameplate should be on the side of the outside panels of the unit.  The thermostat set points 

should be recorded, facility personnel should be able to tell what these set points are, but it is 

good practice to double check by looking at the thermostats.  Also the types of thermostats that 

are used are important, whether it is a basic thermostat or a programmable thermostat needs to be 

recorded.  The plant could have a building management system that can control the set points 

automatically.  Plant personnel should be able to explain how the schedule of the HVAC systems 

are setup, most of the time the operation only has to do with the set points and outdoor 

temperature.  The operating hours for the HVAC systems can be found by using bin weather data 

for the region that the facility is located.   
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The fan sizes should be recorded if not on the nameplate data.  The most important 

information that is needed for the analysis of the HVAC systems is the input power data for each 

HVAC unit.  This data can be given by the plant personnel if the plant has a recording system 

that properly records data.  Amperage data from each unit is needed and should be measured on a 

1 to 30 second basis daily and each measured value is needed, not just an hourly, daily, or 

weekly average.  If the plant does not have a data logging system in place, current transducers 

with data loggers connected to them can be put on at the power disconnect, as long as the voltage 

is 480 volts or less, to measure the amperage draw of each unit in the systems.  Plant safety rules 

have to be taken into account before opening the disconnect box for each unit.  Also the voltage 

should be measured across each leg of the three phase power with a voltmeter.  At least a few 

days of data needs to be measured, a week’s worth of data or more would be better, to be able to 

model the HVAC system accurately.  If data logging is unavailable then using a handheld amp 

clamp or a power quality meter can be used to measure the power for a small amount of time, but 

the more data that can be recorded the better.  The power data will be used to calculate the 

energy usage of the HVAC systems.   

The flow rate data should be measured in the duct system different place to determine if 

any major losses are affecting the airflow.  The flow rate can be measured by a pitot tube in the 

duct or a vane anemometer at an outlet of a duct if the facility personnel cannot give this data to 

the team members.  According to the Air Movement and Control Association International, 

(2007)  measuring the flow rate using pitot tube has a specific technique and is similar but not 

exactly the same for circular ducts and square ducts. For circular ducts, the number of traverse 

measuring points in the duct is eight points for ducts eight feet in diameter or less, twelve points 

for ducts between eight and twelve feet, and sixteen points for ducts greater than twelve feet in 
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diameter.  These points should be measured in a straight line from the top of the duct to the 

bottom, or in a straight line through the duct sixty degrees from the vertical in either direction.   

For rectangular ducts, the number of measuring points depends on the cross-sectional 

area of the duct.  If the cross-sectional area of the duct is twenty-four square feet or less, then the 

minimum number of measuring points is twenty-four.  For any ducts larger than twenty-four 

square feet, the amount of measuring points increases with the size of the duct.  For example, 

fifty square feet ducts need about forty measuring points, ninety square feet ducts need about 

sixty points, 150 square feet need about seventy-nine points, and 250 square feet need about 

ninety-five points for an accurate measurement of the average flow rate in a duct.  These points 

should be measured at the center of equal area squares in the duct.  The cross-section of the duct 

should be divided into equal area squares, and the amount of squares should be equal to the 

amount of measuring points needed (Air Movement and Control Association International, Inc., 

2007).  Figure 8.7 below shows a not-to-scale drawing of the measuring point positions for 

circular ducts and rectangular ducts. 

  

Figure 6.5. Distribution of Pitot Tube Measuring Points for Circular and Rectangular Ducts. 
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For good results the pitot tube device should be placed in the duct at least ten duct 

diameters away from the last fitting or anything that creates a loss in the duct system.    The 

facility duct system layout and duct diameters should be recorded, along with any places that 

have a potential loss in the duct network.   

The uses of the system should be recorded along with the temperature and humidity 

requirements of each zone in the facility.  The annual weather data for the region should be 

researched and collected also.  The annual weather data averages can be found online from the 

national weather service and other websites.  The bin weather data spreadsheet can be used for 

cooling and heating hours and cooling and heating degree days at certain thermostat set points.  

Also the building construction materials need to be described, and this information can be given 

by facility personnel or building specification sheets.  Also the team members can measure and 

record the type of walls in the building, along with measuring the building dimensions.  The 

sources of heat in the building should be recorded in the assessment notes.  These sources of heat 

can include processes, machinery, furnaces, boilers, lighting, facility personnel, HVAC systems, 

air compressors, building envelope, infiltration, and plug loads.  Once the assessment visit is 

completed, the post-assessment procedures should be started, and these recommended post-

assessment procedures are discussed in the next section.    

6.6 Recommended Post-Assessment Procedures 

Once all of this data is gathered then the analysis can begin, and eQUEST can be used to 

calculate the annual energy consumption of the HVAC systems through the building model.  The 

HVAC unit type and nameplate data can be entered into eQUEST along with the electricity cost, 

thermostat set points, type of control system, schedule of operation, duct system layout, building 

construction materials, building dimensions, and the sources of heat inside the facility.  Once all 
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of these inputs are in eQUEST, then the annual energy consumption of the entire building will be 

calculated.   

 type of control system for each HVAC system 

o How the HVAC system’s schedule is controlled, whether it is by separate 

thermostats, separate programmable thermostats, or an automatic control system. 

 schedule of operations for each system 

 fan sizes 

 power data 

 flow rate in duct system data 

 duct sizes 

 losses in duct system 

o Losses come from fittings, filters, dampers, and foreign objects along with 

frictional losses from the duct itself. 

 HVAC system uses 

 

The annual energy consumption can also be estimated by using the number of each type 

of unit, the tonnage of the unit, the coefficient of performance (COP), the usage factor, and 

operating hours.  After that, these numbers can be multiplied together to get the annual energy 

consumption of the HVAC systems as shown below in Equation 7.  A sample calculation for the 

energy consumption of 2 – 20 ton roof top units with a COP of 2.5, that operate 52 weeks per 

year for 7 days per week for 24 hours a day is shown below. 

 EC = N x RC x OH x UF x COP x K      (7) 

  = 2 x 20 ton x 8,760 hr/yr x 0.75 x 2.5 x 12,000 Btu/hr/ton / 3,412 Btu/hr/kW 
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  = 184,853 kWh/yr 

Where, 

 EC = annual energy consumption of HVAC unit 

 N = number of units in the system 

 RC = rated capacity of HVAC in system 

OH = operating hours of HVAC system (week/yr x day/week x hr/day) 

 UF = usage factor of unit in the system 

 K = conversion constant from tonnage to kilowatts 

6.7 Recommended Assessment Opportunities 

There are many assessment recommendations for HVAC systems which include: 

implementing a unit maintenance program, installing/utilizing airside economizers, using 

programmable thermostats and adjusting set points, applying a new roof coating to the facility, 

adding insulation to the building, and installing a desiccant dehumidification system.  Table 6.1 

below shows the indication and required data for each AR.   
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Table 6.1. HVAC System Assessment Recommendations. 

Number Indication 
Assessment Recommendation 

(AR) 
Required Data 

1 
Infrequent or inadequate 

maintenance on HVAC systems. 

Implement a HVAC Unit 

Maintenance Program 
Standard HVAC system data* 

2 

Packaged units do not have option 

to utilize cool fresh air during mild 

seasons. 

Implement Airside Economizers Standard HVAC system data* 

3 

Summer cooling set points 74 F or 

less and winter heating set points 

70 F or more. 

Use Programmable Thermostats 

and Adjust Set Points to an 

Optimal Temperature 

Standard HVAC system data* 

4 

Roof has a dark exterior coating 

and facility has a large cooling 

load. 

Apply a New Roof Coating to 

the Facility 

Standard HVAC system data* and roof 

color and material. 
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5 

Building envelope has inadequate 

insulation (walls less than R-11 

and roof less than R-19) 

Add Insulation to the Building 
Standard HVAC system data*, and wall 

and ceiling and insulation type. 

6 
High latent load and excessive 

cooling used to address it. 

Install a Desiccant 

Dehumidification System 

Standard HVAC system data*, and 

humidity requirements for each process. 

 

* Standard HVAC system data: HVAC unit type and manufacturer of each unit, nameplate data of HVAC unit, thermostat set points, 

approximate locations of conditioning zones and mapping of HVAC units to zones, type of control system, operational schedule, duct 

sizes, losses in duct system, HVAC system uses, annual weather data for the region, building construction materials, building 

dimensions, and sources of heat inside the facility.
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6.7.1 AR – Implement a HVAC Unit Maintenance Program  

Implementing a HVAC unit maintenance program is a potential energy saving AR.  An 

indication of the possible AR is not having a program to do maintenance on HVAC units 

periodically throughout the year.  Conversing with facility personnel about whether or not a 

maintenance program is in place will help determine if this AR is viable.  Implementing a HVAC 

unit maintenance program will keep the units in top condition and will have a lower efficiency 

loss over the lifetime of the unit.  A maintenance program will also increase the lifetime of each 

unit.  Many factors can reduce the efficiency of the unit, and these factors include a reduction in 

evaporator airflow, refrigerant line restrictions, and refrigerant undercharging or overcharging 

(Palani, O'Neal, & Haberl, 1992).   

The required data for this AR from Table 6.1 will be used to calculate the savings.  The 

maintenance program will increase the efficiency of the HVAC units and therefore reduce 

energy consumption.  The required data will be entered into eQUEST, and eQUEST will 

calculate the savings by improving the efficiency of the unit for implementing a HVAC unit 

maintenance program.  This AR can also be calculated by hand calculations, by just calculating 

the energy consumption of a more efficient unit.  

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 7%, and can be implemented for about 34,000 to 98,000 dollars per system.  

These numbers are based on two assessments and the numbers in Table B.5.1 in Appendix B.  

The implementation of this AR requires assigning personnel to implement a maintenance 

program periodically throughout the year.    
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6.7.2 AR – Utilize Airside Economizers 

Utilizing airside economizers is another possible energy saving AR.  An indication of the 

possible AR is having packaged type HVAC units that do not utilize airside economizers during 

optimal weather conditions.  Discussing with facility personnel about whether or not airside 

economizers are being used, and observing the HVAC units to see if airside economizers are 

installed will help determine if this AR is viable.  Using airside economizers will be able to take 

cool dry air from the outside atmosphere and use it to cool the facility.  Airside economizers can 

be operated with either a temperature control or an enthalpy control to decide when the outside 

air is suitable for cooling.  Using airside economizers will use less power for cooling because the 

compressor will not have to operate as often.   

The required data for this AR from Table 6.1 will be used to calculate the savings.  The 

airside economizers will be used to shut off the compressor and use outside air to condition the 

facility during certain periods of the year.  The required data will be entered into eQUEST, and 

eQUEST will calculate the savings by utilizing airside economizers for the HVAC units.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1% to 33% with an average of 18%, and can be implemented for about 2,040 

to 42,000 dollars per system.  These numbers are based on five assessments and the numbers in 

Table B.5.2 in Appendix B.  The implementation of this AR requires installing and/or using 

airside economizers on HVAC units during optimal climate conditions. 

6.7.3 AR – Use Programmable Thermostats and Adjust Set Points to an Optimal Temperature 

Using programmable thermostats and adjusting set points to an optimal temperature is a 

possible energy saving AR.  An indication of the possible AR is having the thermostat set points 
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lower in the summer months and higher in the winter months than needed, and having non-

programmable thermostats.  Observing the set points of the thermostats and conversing with 

facility personnel will help determine the optimal set points and whether programmable 

thermostats are being utilized.  Adjusting the thermostat set points to an optimal setting will 

reduce the operational hours of the HVAC system therefore reducing the energy consumption.  

Using programmable thermostats will allow a schedule to be set for the set points to be dialed 

back during no working hours to reduce the run time of the units while the facility is vacant.   

The required data for this AR from Table 6.1 will be used to calculate the savings.  The 

required data will be entered into eQUEST, and eQUEST will calculate the savings of adjusting 

the set points of the HVAC units.  Also the degree days and the bin weather data spreadsheet can 

be used to calculate the reduction in operating hours that will occur from using programmable 

thermostats and setting the thermostats to an optimal temperature.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 8% to 44% with an average of 24%, and can be implemented for about 100 

to 5,100 dollars per system.  These numbers are based on seventeen assessments and the 

numbers in Table B.5.3 in Appendix B.  The implementation of this AR requires installing 

and/or using programmable thermostats and changing the set points to an optimal temperature.  

This AR can also be split into two ARs, one as programmable thermostats and one as adjusting 

set points, instead of them together.   

6.7.4 AR – Apply a New Roof Coating to the Facility  

Applying a new roof coating to the facility is another possible energy saving AR.  An 

indication of the possible AR is having a roof coating that is not optimal for the climate in a 
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particular region.  Discussing with facility personnel about the existing roof coating and climbing 

on to the roof and observing the roof coating will help with the decision of changing the roof 

coating.  Applying a new roof coating can reduce the runtime of the HVAC system by increasing 

or reducing the heat gain of the building envelope.  For colder climates where heat is needed the 

most a black roof coating can be beneficial, but for hot climates a white roof can be more 

beneficial than a black roof to reduce the heat gain.   

The required data for this AR from Table 6.1 will be used to calculate the savings.  The 

required data will be entered into eQUEST, and eQUEST will calculate the savings of changing 

the existing roof coating.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 2%, and can be implemented for about 317,000 dollars per system.  These 

numbers are based on one assessment and the numbers in Table B.5.4 in Appendix B.  The 

implementation of this AR requires replacing the roof coating, either be just simply painting over 

existing coating or removing old material and replacing with new roofing material.    

6.7.5 AR – Add Insulation to the Building  

Adding insulation to the building is a potential energy saving AR.  An indication of the 

possible AR is having a building that needs more insulation to reduce the heat gain and losses 

into and out of the building.  Taking thermal images of the inside and outside of the building 

walls and conversing with facility personnel about the amount of insulation in the walls will help 

determine whether this AR is viable or not.  Adding insulation to the building will reduce the 

heat gain into the building during the summer and reduce the heat losses in the winter.  Therefore 
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the HVAC system will have to operate less, which decreases the overall energy consumption of 

the HVAC system.   

The required data for this AR from Table 6.1 will be used to calculate the savings.  The 

required data will be entered into eQUEST, and eQUEST will calculate the savings of adding 

layers of insulation to the building walls.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1% to 31% with an average of 19%, and can be implemented for about 7,900 

to 28,000 dollars per system.  These numbers are based on three assessments and the numbers in 

Table B.5.5 in Appendix B.  The implementation of this AR requires adding insulation to the 

walls and ceiling of a building.    

6.7.6 AR – Install a Desiccant Dehumidification System 

Installing a desiccant dehumidification system is another possible energy saving AR.  An 

indication of the possible AR is having a building that needs dry/dehumidified air rather than 

cool or warm air.  Conversing with the facility personnel about the temperature and humidity 

requirements for the areas in the facility can support the practicality of installing a desiccant 

dehumidification system.  Installing a desiccant dehumidification system can take air and reduce 

the humidity to a point that is suitable for the processes inside a building.  Desiccant units can be 

used in place of HVAC units to dehumidify the air while using less energy.   

The required data for this AR from Table 6.1 will be used to calculate the savings.  The 

required data will be used to determine the reduction in energy consumption of the HVAC 

system by using the desiccant dehumidification system to dry the air inside a facility instead of 
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the HVAC units.  These desiccant dehumidification systems do not heat or cool the air; 

therefore, if special temperature requirements need to be met, then this AR may not be viable.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 45%, and can be implemented for about 400,000 dollars per system.  These 

numbers are based on one assessment and the numbers in Table B.5.6 in Appendix B.  The 

implementation of this AR requires installing a desiccant dehumidification system in the building 

to reduce the humidity in the facility for processes that have certain humidity requirements.    

6.8 Summary 

In this chapter, HVAC systems were explained.  The background of HVAC systems was 

described, and this background information includes packaged units, air handling units, and split 

system units.  The software eQUEST was also discussed, and the ASHRAE standard for energy 

assessments for HVAC systems was summarized.  The recommended pre-assessment, 

assessment, and post-assessment procedures were discussed, along with the six assessment 

opportunities.   

Figure 6.6 below is a graph of the average energy savings for most of the HVAC ARs.  

As shown of the graph, implementing programmable thermostats is the most commonly 

recommended opportunity and also represents the most energy savings percentage with an 

average of 24%.  The next chapter describes pumps and pumping systems in an industrial 

facility. 
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Figure 6.6. HVAC AR Average Energy Savings. 
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7 PUMPING SYSTEMS 

7.1 Introduction 

Industrial motor systems are the single largest electrical end use category in the United 

States, and pumps account for about 27% of the industrial motor energy consumption.  Pumps 

are used in nearly every manufacturing facility and are used for various HVAC purposes and 

facility process purposes (United States Department of Energy, 2006). 

This chapter gives background of pumps and components, and describes the steps to 

completing an energy assessment for pumping systems in an industrial facility.  The pumps 

chapter includes sections on an overview of pumping systems, background information for 

positive displacement pumps, centrifugal pumps, variable frequency drives, the pumping system 

assessment tool, and a summary of the ASME energy assessment standard for pumping systems.  

This chapter also explains the process of completing an energy assessment on pumping systems 

in an industrial setting, and this process includes pre-assessment procedures, assessment 

procedures, post-assessment procedures, and four common assessment recommendations that 

have an opportunity to reduce the energy consumption or increase the overall efficiency of 

pumping systems. 

7.2 Background 

7.2.1 Overview of pumps 

 Pumps are divided into two main categories: positive displacement and centrifugal 

pumps.  A pumping system contains one or more pumps with motors and a piping network that 
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includes valves and fittings.  Pumping systems are either closed loop or open loop systems.  

Closed loop systems recirculate the water that is contained in the piping network, and open loop 

systems contain a sump where the liquid is pulled from and the water is either discharged back 

into the sump or to the needed process.   

Pumping systems are used for facility HVAC processes and facility production processes.  

In HVAC systems, heat exchangers use water to transfer heat to air for space conditioning, and 

for heat exchangers the flow rate from the pump is the critical performance characteristic.  

Process equipment uses pumps to provide hydraulic power to machines, and since hydraulic 

power is needed, pressure is the critical performance characteristic that is needed (United States 

Department of Energy, 2006). 

7.2.2 Positive Displacement Pumps 

 Positive displacement pumps are divided into two main categories: reciprocating and 

rotary.  Reciprocating pumps contain a cylinder, a plunger, and a head.  The cylinder holds the 

plunger that operates in a reciprocating motion, and the head contains the suction and discharge 

valves.  As the plunger retracts (suction stroke) from the head end of the cylinder the suction 

valve opens and fluid fills the cylinder, then as the plunger pushes (forward stroke) back to the 

head the discharge valve opens and the fluid is pushed into the discharger header pipe.  The 

pumps use a slider-crank mechanism and are operated by a motor connected to a crankshaft that 

makes the strokes as the crankshaft turns by the motor torque (Girdhar & Moniz, 2005). Figure 

7.1 below shows a schematic of a reciprocating pump. 
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Figure 7.1. Schematic of a Plunger Type Reciprocating Pump. 

A rotary pump is also a positive displacement pump.  Rotary pumps include gear pumps, lobe 

pumps, vane pumps, and screw pumps.  Rotary pumps contain gears, lobes, or screws which turn 

inside a casing by a motor and pull liquid from the suction port and force the water through the 

outlet port (Girdhar & Moniz, 2005).  Figure 7.2 below shows a schematic of a rotary pump. 

Fluid Inlet 

Plunger 

Fluid Outlet 
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Figure 7.2. Schematic of an External Gear Rotary Pump. 

7.2.3 Centrifugal Pumps 

 Centrifugal pumps are the most frequently used pump type in industry because they are 

very efficient, they produce an uniform flow rate, and have a simple design that has a wide range 

of head and capacity.  Operating these pumps is simple while having low maintenance costs.  

Centrifugal pumps have a very rational configuration which includes a shaft held up by bearings 

and an impeller on the end of the shaft inside the pump housing.  A volute is also on the inside of 

the pump housing to increase the pressure of the fluid.  A motor, usually electric, is connected to 

the other end of the shaft to produce the torque for the pump.  Fluid is pulled into the pump 

through the impeller’s eye and then dispersed through the vanes of the impeller giving the fluid 

kinetic energy through a mechanical action.  Once the fluid has been dispersed by the impeller it 

goes through a volute to change the kinetic energy to pressure energy then goes through the 

piping network (Girdhar & Moniz, 2005).  Figure 7.3 below shows a schematic of a centrifugal 

pump. 

Fluid Inlet 
Fluid Outlet 
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Figure 7.3. Schematic of a Centrifugal Pump. (Hodge & Taylor, 1999) 

7.2.4 Variable Frequency Drives (VFDs) for Pumps 

VFDs are devices that change the speed of an electric motor to increase system 

efficiency.  In Section 3.2.2 of the compressed air chapter, VFDs are defined.  Pumps use VFDs 

to increase efficiency and save energy by matching the flow rate to the requirements of the 

process.  VFDs can be considered 95 percent efficient for pumps from 25 percent to 100 percent 

of full load.  Pumps up to 10,000 horsepower have been furnished with VFDs, but high voltage 

VFDs, as seen in Section 3.2.2 of the compressed air chapter, are very expensive and are 

normally not feasible.  Since the VFDs can be furnished for 10,000 horsepower motors, almost 

any size pump can be driven by a VFD.  VFDs on pumps offer minimum energy consumption 

over the entire speed range of the drive (Karassik & McGuire, 1998).   

Figures 7.4 and 7.5 below portray variable speed pump curves with two system curves 

and variable speed power curves, respectively, to show how the lower speeds can operate on the 

same system curve at times with lower head and flow requirements and the power reduction at 
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lower speeds.  As seen on the following figures, the lower the speed the less power is used; 

therefore, the efficiency of the system can be increased. 

 

Figure 7.4. VSD Pump Curves with High and Low System Curves. 
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Figure 7.5. VSD Power Curves for a Pump. 

7.3 Software Tools and Energy Assessment Standards 

7.3.1 PSAT 

Pumping System Assessment Tool (PSAT) is a software program that evaluates energy 

efficiency opportunities of pumping systems.  This program helps identify energy usage and 

opportunities to save energy in industrial pumping systems, but PSAT does not share ways to 

save energy in the pumping system but shows the potential of energy savings that could be 

found.  Basically PSAT determines the current operating conditions of pumping systems and 

then shows the amount of economic benefit if system adjustments are made.  Pumping systems 

can have problems in the system are not easily seen or recognized, like blockages in the piping 

network.  These problems include: throttle-valve controls for the system, continuous pump 

operation for batch processes, constant number of parallel pumps supporting a process with 

variable demands, bypass or recirculation line is normally open, system damage, and system that 
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have changed in function.  PSAT is a simple program that calculates annual energy and annual 

costs of pump configurations by using basic pump and motor information, fluid properties, 

operating hours, cost of electrical energy, measured power, flow rate, pressure, and head data.  

Figure 7.6 below represents the main screen of PSAT.  

 

Figure 7.6. PSAT Main Screen. (Casada, 2008) 

The two columns on the left side, Condition A and Condition B, are just for putting two different 

pumps in or for making a small change to one pump to see the difference.  The top left box 

requires pump nameplate data along with the properties of the fluid, and the next box requires 

the motor nameplate data.  The third box from the top requires the fraction of operating hours 
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and energy costs.  The fourth box requires measured flow rate, head, and power data.  PSAT 

contains a system head calculator also, which can found by clicking the Head tool button in the 

fourth box, this is shown in Figure 7.7 below. 

 

Figure 7.7. PSAT System Head Calculator. (Casada, 2008) 

The head tool uses pipe diameters, suction and discharge pressures, suction and discharge 

elevations, and line losses to calculate the pump head of the system.  Below the Condition A box 

on the right is a button for the system curve tool.  This tool will create a system curve from two 

points, the measured data and the shutoff head (zero flow head).  Figure 7.8 represents the 

default system curve for Condition A. 
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Figure 7.8. Default System Curve for Condition A. (Casada, 2008) 

The large box on the right in Figure 7.6 contains all of the calculated results for each condition 

and the optimal results for the best pump and motor combination that is available.  The boxes 

below the calculated results are the logging and summary sections.  The Background Information 

button below the Condition B box shares the information about the software and tells why the 

input information is needed (United States Department of Energy, 2010).    

7.3.2 ASME Pumping System Standard 

As reviewed in the ASME compressed air standard Section 3.3.2, organizing the 

assessment is the same for all of the systems.  This includes identifying an assessment team, 
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obtaining facility management support, generating the assessment goals and scope, collecting 

initial data and evaluating this data, interviewing facility specialists, creating an assessment plan 

of action, and scheduling the assessment. 

The next step in the pumping system energy assessment guide is conducting the 

assessment.  The ASME standard describes three different levels of assessments, level 1, level 2, 

and level 3.  The level 1 assessment encompasses a system prescreening and the identification of 

potential energy saving projects.  A level 1 assessment should take place first before deciding 

whether a level 2 or level 3 assessment is needed to optimize the pumping systems.  The first 

action of a level 2 assessment consists of a walk-through of the systems; next the systems with 

potential energy savings opportunities should be evaluated.  Taking a snapshot type 

measurement of the systems is the recommended method for recording the power, flow, and head 

data of the pumps and pumping system.  Level 3 assessments are the same as a level 2 

assessment, except for the power, flow, and head data measurement process.  The power, flow, 

and head data should be measured by data logging equipment over a period of time. 

A level 1 assessment should include gathering information for each pumping system that 

is in the scope of the assessment.  The prescreening should include listing of the pumping 

systems, pump type, motor nameplate data, annual operating hours, applications of the pumps, 

and the control methods.  During the prescreening, the systems that should be evaluated more 

closely should be determined, and any systems that can affect other systems should be noted to 

present the constraints on the systems.  The prescreening process should sort the systems by size, 

energy costs, and operational hours.  Fixed speed centrifugal pumps and systems with throttling, 

recirculation, or by-pass controls should be a main focus of the assessment.  Identify symptoms 

in the system that can waste energy, and identify any inefficient systems from the staff 
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interviews and maintenance records.  Finally, the last step of the prescreening process will be to 

decide whether a level 2 or level 3 assessment should be performed. 

Level 2 and level 3 assessments are measurement-based assessments to determine the 

potential energy savings of the systems.  The differences in the level 2 and level 3 assessments 

are the complexity of the data collection and data analysis, with the level 3 assessment being 

more complex.  The level 2 assessment should use data that is taken from facility’s data systems 

or by using portable measuring instruments, to get snapshots of the power, flow, and head 

(pressure and elevation) data.  The level 3 assessment should use trending data from either 

system installed data logging equipment or data logging equipment used by the assessment team 

over a period of time.  A level 3 assessment should be performed if the pumping system has a 

varying operational or load schedule.  The data logging equipment should log data for a length of 

time that each different operating and load condition can be captured.   

The assessment team walk-through should include team members investigating each 

system from start to finish verifying the information given to the team.  Once the walk-through is 

finish and the system is verified, understanding the system requirements is next.  Understanding 

the system requirements includes understanding the normal operating conditions and the 

operating conditions while engaged in extreme loads.  After that, determining the system demand 

and boundaries is required.  The system boundaries can be very complex due to subsystems 

intertwined into main systems, along with determining the overall efficiency of each system.  To 

assess the overall pumping system efficiency, information for the pumping system components is 

necessary.  Information for the driver, motor, pump, and fluid properties should be recorded with 

the measured data that includes the power data, fluid data, and system data.  Finally, the system 
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baseline should be created from the system functions and the production process information 

along with a load profile.   

The system curve should be calculated for each system; only two points are needed to 

generate a system curve.  The two points are the head at zero flow or static head point and one 

operating point.  The system curve is required to completely understand the pumping system.  

After all of the data is collected a wrap-up meeting should take place with all personnel that are 

involved in the assessment.  This meeting should communicate and review the information and 

data that was collected to each member, along with evaluating the knowledge gained and any 

additional questions that arise.  Any energy saving recommendations should be presented in the 

wrap-up meeting, and a discussion of any further analysis that needs to be implemented.                                    

The third step is analyzing the assessment data.  From the collected data, the ideal 

amount of energy required for the system to achieve the essential functions should be calculated.  

Once the optimal amount of energy is calculated then recommendations to increase system 

efficiency can be calculated.  As each recommendation is evaluated, a new system curve should 

be developed before deciding on the next recommendation.  The energy saving recommendations 

include reducing the system head, reducing the flow rate, confirming that pumping system 

components are operating close to the best efficiency point, and changing the operating hours of 

the pumping system.  An optimal pumping system energy profile should be determined using the 

best recommendations, while the system requirements are reached.      

The last step in the ASME pumping system energy assessment guide is the final report, 

which is also discussed earlier in the ASME compressed air standard Section 3.3.2.  This 
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includes writing a final report and having the team members review the report before being sent 

to the client (The American Society of Mechanical Engineers, 2010).  

That concludes the ASME standard for pumping system energy audits.  Next, the steps 

and procedures for completing an industrial energy assessment for pumping systems are 

described. 

7.4 Recommended Pre-Assessment Procedures 

For a pumping system assessment, there are pre-assessment procedures that are required 

to be completed before the assessment.  This section explains the pre-assessment procedures that 

are important for the assessment and should to be completed prior to the assessment.  Send 

preliminary questionnaire to client to find information about the pumping systems at the facility.  

Questions to be answered include: annual energy bill data (electricity cost), the number of 

systems, the number and size of each pump and motor, control type of each pump (throttle valve, 

by-pass, or VSD), operational schedule of each system, and information about the uses of each 

pumping system.  A complete preliminary questionnaire can be found in Appendix A. 

This initial data collection is also a protocol from the ASME energy assessment guide.  

Prepare hand tools and data logging devices for the assessment.  Hand tools for the assessment 

should include: power meter or amperage clamp, flow meter, and pressure gauges.  Data loggers 

and current transducers should be ready in case some power data needs to be recorded for a 

period of time longer than a few hours.  Make sure battery powered devices have a strong 

battery, and prepare site sheets for information recording.  These site sheets are included in the 

appendix.  Next, the recommended assessment procedures that should be accomplished at the 

industrial facility for pumping systems are explained.   
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7.5 Recommended Assessment Procedures 

Once the assessment team arrives at the facility, a kick-off meeting will take place to 

explain the purpose of the assessment and the process of the assessment and the timeline for 

completion.  After the kick-off meeting, a tour of the pumping systems will take place.  This tour 

is like the walk-through explained in the ASME standards.  Once the tour is finished, collecting 

data is the next step and the needed information includes: 

 nameplate data of each pump and motor in each system 

 pump type and manufacturer of each pump 

 schedule of operations for each pumping system 

 pumping system schedule control 

o How the pumping system’s schedule is controlled, whether it is by a maintenance 

person or an automatic control system.  When does each pump in the systems 

operate and how often are the pumps alternated into operation. 

 power data 

 flow rate data 

 pressure data 

o The pressure at various points throughout the system.  These pressures can be by 

recording data from pressure gauges in the system. 

 head data 

o The elevation difference between the lowest and highest point of piping network, 

pipe diameters, and the valves and fittings that create losses in piping network. 

 end uses 

o HVAC and process equipment 
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 pump curves for each pump 

o Pump curves are made by the manufacturer, and the manufacturer should have 

them. 

 

 The nameplate data of the pump and motor is located on the pump and motor housings, 

respectively, and should be recorded in the assessment notes, and a picture should be taken of the 

nameplate if available.  Nameplate recording is also a protocol of the ASME energy assessment 

standard.  The pump type and brand of the pump should be recorded also, which may be on the 

pump housing or on the nameplate.  Plant personnel should be able to explain how the schedule 

of the pumping system is setup, the operating hours along with the non-operating hours are 

critical to assessing the energy usage.  Also knowing how the schedule is controlled is also 

critical, whether the schedule is controlled by plant personnel or an automatic control system is 

valuable information.  ASME standards agree with needing this information.   

The most important information that is needed for the analysis of the pumping systems is 

the input power data.  This data can be given by the plant personnel if the plant has a recording 

system that properly records data.  Amperage data from each pump is needed and should be 

measured on a 1 to 30 second basis daily and each measured value is needed, not just an hourly, 

daily, or weekly average.  If the plant does not have a data logging system in place, current 

transducers with data loggers connected to them can be put on at the power disconnect, as long 

as the voltage is 480 volts or less, to measure the amperage draw of each pump in the system.  

Plant safety rules have to be taken into account before opening the disconnect box for each 

pump.  Also the voltage should be measured across each leg of the three phase power with a 

voltmeter.  At least a few days of data needs to be measured, a week’s worth of data or more 
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would be better, to be able to model the pumping system accurately.  If data logging is 

unavailable then using a handheld amp clamp or a power quality meter can be used to measure 

the power for a small amount of time, but the more data that can be recorded the better.  The 

ASME protocol calls for power recording in a similar way; it says only record data for longer 

than a day if the demand of the system changes most of the time.   

The next most important data to obtain while on an assessment is the flow rate data for 

the fluid in the system.  Flow rate data can be given by the plant personnel if the plant has a 

recording system that properly records data or be taken from a flow rate measuring device that is 

already in place on the piping network.  If no flow rate measuring device is in place then an 

ultrasonic flow rate meter can be used to measure the flow rate.  This device can measure the 

flow rate in pipes of various diameters from two inches up to forty-eight inches depending on the 

device being used.  For good results the device should be placed on the pipe at least ten duct 

diameters downstream from the last fitting, valve, or anything that creates a loss in the piping 

system and five duct diameters upstream.  Recording flow data this way goes along with the 

ASME standard for measuring flow data.  Pressure data should also be recorded at various points 

in the system, especially at places where large pressure drops could occur.  Measuring pressure 

can be hard to accomplish if there are not any pressure measuring devices in the system already, 

so if that’s the case then asking plant personnel may be the best way to get the pressure in the 

system.  Data for calculating the system head is needed also, this data includes: the elevation 

difference in the piping network, pipe diameter, and the losses in the piping network.  The 

elevation difference and pipe diameter should be measured, and the losses should be counted and 

recorded along with the type of loss (valve, fitting, etc.).  Pressure and head data are both an 
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ASME standard.  The end uses of the system should be recorded along with the amount of fluid 

needed for each use.   

The last piece of information needed to analyze a pumping system is the pump curves for 

each pump.  Pump curves come from the manufacturer, or from the company that rebuilt the 

pump if anything was changed on the pump.  Pump curves can be found on the manufacturer’s 

website using the model number of the pump or by contacting the manufacturer with the model 

number which is found on the nameplate.  Pump curves include a head versus flow curve at 

particular impeller diameters, efficiency curves, power curves, and net positive suction head 

(NPSH) curves.  This assessment performed is fairly equal to level 1 and level 2 assessments 

from the ASME energy assessment protocols.  Some level 3 assessment parts are used, where an 

extensive measurement and data logging of system conditions is done.  Once the assessment visit 

is completed, the post-assessment procedures should be started, and these recommended post-

assessment procedures are discussed in the next section. 

7.6 Recommended Post-Assessment Procedures 

Once all of this data is gathered then the analysis can begin, and PSAT can be used to 

calculate the annual energy consumption of the pumping systems.  The pump and motor 

nameplate data can be entered into PSAT along with the drive type, fluid properties, operating 

hours, electricity cost, flow rate data, pressure and head data, and the power data.  If the power 

data was recorded by data loggers, then this data should be analyzed by splitting up the values 

into hourly averages for each hour per day.  These hourly averaged values will be used to 

determine the average power of fan for each hour and each day.  Once all of these inputs are in 

PSAT, then the annual energy consumption will be calculated.   
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The annual energy consumption can also be estimated by using the number of each type 

of pump, the motor horsepower, the motor efficiency, the load factor, and operating hours.  After 

that, these numbers can be multiplied together to get the annual energy consumption of the 

pumping systems as shown below in Equation 8 (United States Department of Energy, 2006).  A 

sample calculation for the energy consumption of 2 – 40 horsepower pumps that operate 50 

weeks per year for 5 days per week for 12 hours a day is shown below. 

 EC = N x HP/η x OH x LF x K       (8) 

  = 2 x (40 hp / 0.93) x 3,000 hr/yr x 0.9 x 0.746 kW/hp 

  = 173,265 kWh/yr 

Where, 

 EC = annual energy consumption of pump system 

 N = number of pumps in the pumping system 

 HP = rated horsepower of pumps in the pumping system 

 η = rated motor efficiency 

OH = operating hours of pumping system (week/yr x day/week x hr/day) 

 LF = load factor of pumps in the pumping system 

 K = conversion constant from horsepower to kilowatts 

7.7 Recommended Assessment Opportunities 

 Assessment recommendations for pumping systems include: downsizing pumps, 

installing a variable speed drive (VSD) pump, installing an automatic control system, and 

shutting off unneeded pumps.  Table 7.1 below shows the indication and required data for each 

AR. 
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Table 7.1. Pumping System Assessment Recommendations. 

Number Indication 
Assessment Recommendation 

(AR) 
Required Data 

1 
Pump lightly loaded or flow throttled to 

desired rate. 

Downsize Pumps in the 

Pumping System 
Standard pumping system data*. 

2 
Variable system flow with controls by 

throttling or by-pass valve. 

Install a Variable Speed Drive 

(VSD) Pump 
Standard pumping system data*. 

3 

Multiple pumps on a system without any 

automatic control to change the schedule that 

each pump operates, and only having manual 

control by facility personnel. 

Install an Automatic Control 

System in the Pumping 

System 

Standard pumping system data*. 

4 
Several pumps in parallel operating below 

best efficiency point. 
Shutoff Unneeded Pumps Standard pumping system data*. 

 

* Standard pumping system data:  pump type, nameplate data for motor and pump, power data, flow rate data, pressure data, head data 

(elevation, pipe size, and losses in piping network), operational schedule, type of control system, and pumping system end uses.  
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7.7.1 AR – Downsize Existing Pumps in Pumping System 

 Downsizing the existing pumps in a pumping system is a potential energy saving AR.  An 

indication of the possible AR is having a pump lightly loaded or flow throttled to desired rate.  

An oversized pump in a pumping system can be found by measuring the power or motor speed 

and plotting on the pump curve to check to see if the pump is operating at a point with high 

efficiency.  Using an oversized pump will use more power than needed to perform the job of the 

system. The required data for this AR from Table 7.1 will be used to calculate the savings.   

The required data will be entered into PSAT, and PSAT calculates the optimal power to 

produce the flow rate and head that is entered into PSAT from the assessment measurements.  If 

the pump is oversized then PSAT will show the optimal sized pump and the energy savings that 

are represented by using less horsepower to perform the job.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 5% to 41% with an average of 23%, and can be implemented for about 

13,500 to 15,000 dollars per system.  These numbers are based on two assessments and the 

numbers in Table B.6.1 in Appendix B.  The implementation of this AR requires the existing 

pump to be replaced by a smaller pump into the existing system. 

7.7.2 AR – Install a Variable Speed Drive (VSD) Pump 

 Installing a VSD pump in a pumping system is a possible energy saving AR.  An 

indication of the potential AR is having a variable system flow with controls by throttling or by-

pass valve.  If a flow control system (throttle valve or by-pass) is in place, and the controls are 

restricting the flow by more than 40 percent (60 percent closed) then a VSD controls will create 

energy savings.  The controls will create a high pressure drop to reduce the flow rate in the 
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system, which requires more energy from the pumping system than needed.  Conversing with 

facility personnel can also help with determining whether or not a VSD can increase the 

efficiency of a pumping system.  Using a VSD will use less power more efficiently if the 

pumping system has a variable load.   

The required data for this AR from Table 7.1 will be used to calculate the savings.  

Variable speed pump and power curves are needed for the pump, along with a system curve to 

determine the energy savings of a VSD.  The energy savings will come from the reduction in 

power that is needed to perform the duties of the pumping system.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 11% to 52% with an average of 37%, and can be implemented for about 

10,000 to 36,500 dollars per system.  These numbers are based on four assessments and the 

numbers in Table B.6.2 in Appendix B.  The implementation of this AR requires the installation 

of a VSD onto the pump motor in the existing system.  A drawback to this AR is that VSD’s are 

very expensive for voltages higher than 480 volts. 

7.7.3 AR – Install an Automatic Control System in the Pumping System 

 Installing an automatic control system in a pumping system is another potential energy 

saving AR.  An indication of the potential AR is having multiple pumps on a system without any 

automatic control to change the schedule that each pump operates, and only having manual 

control by facility personnel.  Conversing with facility personnel will help determine the need for 

an automatic control system.  Automatic operation controls will rotate pumps in and out of the 

system as needed by the system and will alternate the back-up pumps into the system.   
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The required data for this AR from Table 7.1 will be used to calculate the savings.  The 

energy savings will vary from system to system depending on the amount of pumps and the size 

of the pumps in the pumping system.  The energy savings will be calculated by finding and using 

the reduction in horsepower and operating hours in a pumping system.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 21%, and can be implemented for about 15,000 dollars per system.  These 

numbers are based on one assessment and the numbers in Table B.6.3 in Appendix B.  The 

implementation of this AR requires the installation of an automatic control system into the 

existing system.  The control system will require sensors installed into the system to be able to 

operate well, and these sensors include a flow rate meters, temperature sensors, and pressure 

gauges.  

7.7.4 AR – Shutoff Unneeded Pumps in Pumping System 

 Shutting off unneeded pumps in a pumping system is a possible energy saving AR.  An 

indication of the possible AR is having several pumps in parallel operating below best efficiency 

point.  An unneeded pump in a pumping system can be found by measuring the amps or motor 

speed and plotting on the pump curves.  The power should be plotted on the pump curve to check 

to see if the pump is operating at a point with high efficiency.  Unneeded pumps can be running 

at a very low efficiency or even at dead head, which means the pump is operating at zero flow 

and only recirculating water in the pump housing.  This can result to the pump overheating and 

damage.  Shutting off unneeded pumps will reduce the power consumption of the pumping 

system and therefore be a more energy efficient pumping system.   
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The required data for this AR from Table 7.1 will be used to calculate the savings.  The 

energy savings will vary from system to system depending on the amount of pumps and the size 

of the pumps in the pumping system.  The energy savings will be calculated by using the 

reduction in horsepower and operating hours in a pumping system.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 8% to 53% with an average of 31%, and can be implemented for about 50 

dollars per system.  These numbers are based on two assessments and the numbers in Table 

B.6.4 in Appendix B.  The implementation of this AR requires the unneeded pumps to be shut 

off, this can be done by facility personnel or an automatic control system can also shut unneeded 

pumps off. 

7.8 Summary 

In this chapter, pumping systems were discussed.  The background of pumps and systems 

was described, and this background information includes positive displacement pumps, 

centrifugal pumps, and VFDs.  The DOE software PSAT was also discussed, and the ASME 

standard for energy assessments for pumping systems was summarized.  The recommended pre-

assessment, assessment, and post-assessment procedures were discussed, along with the four 

assessment opportunities.   

Figure 7.9 below is a graph of the average energy savings for most of the pump ARs.  As 

shown of the graph, installing a VSD pump is the most commonly recommended opportunity 

and also represents the most energy savings percentage with an average of 37%, but can be 

expensive to implement if the motor is fairly large.  The next chapter describes fans and fan 

systems in an industrial facility. 
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Figure 7.9. Pump AR Average Energy Savings. 
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8 FAN SYSTEMS 

8.1 Introduction 

Industrial motor systems are the single largest electrical end use category in the United 

States, and fans use about 78.7 million kilowatt-hours of energy per year.  This 78.7 million kWh 

accounts for about 15% of the industrial motor energy consumption.    Fans are used in nearly 

every manufacturing facility and are used for various HVAC purposes and facility process 

purposes (United States Department of Energy, 2003). 

This chapter gives background of fans and components, and describes the steps to 

completing an energy assessment for fan systems in an industrial facility.  The fans chapter 

includes sections on an overview of fan systems, background information for axial fans, 

centrifugal fans, HVAC applications, industrial applications, variable frequency drives, and the 

fan system assessment tool.  This chapter also explains the process of completing an energy 

assessment on fan systems in an industrial setting, and this process includes pre-assessment 

procedures, assessment procedures, post-assessment procedures, and four common assessment 

recommendations that have an opportunity to reduce the energy consumption or increase the 

overall efficiency of fan systems. 

8.2 Background 

8.2.1 Overview of fan systems 

Fans are divided into two main categories: axial and centrifugal fans.  Fan systems have 

many applications in HVAC system and other industrial processes.  Every HVAC system has to 
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contain one or more fans to distribute the airflow throughout the zone that the system conditions.  

Fans can also be used for personnel cooling, facility exhaust, material transportation, and 

combustion processes.  Fan performance can be degraded due pressure drops across filters and 

heat exchangers, air density can also alter the performance of a fan system (United States 

Department of Energy, 2003). 

8.2.2 Axial Fans 

Axial fans move air or gases parallel to the rotation axis of the fan.  The fan blades for 

axial fans use a screw-like motion to move the air or gases in a path that is straight through the 

fan which is parallel to the axis of rotation.  These fans do a good job of moving large quantities 

of air to free exhaust, like moving air from a room or building to the outside of the building.  

There are a few different types or configurations of blades that are available for axial fans and 

these include: propeller, tube-axial, and vane-axial.  Advantages of axial fans are their simple 

installation processes, having a minimal space requirement, and their inexpensive operation. 

Disadvantages of axial fans are their low pressure limits and the noise of the fans.  Figure 8.1 

shows a schematic of an axial fan.  
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Figure 8.1.  Schematic of Axial Fan. (Kavanaugh, 2006) 

8.2.3 Centrifugal Fans 

Centrifugal fans move air or gases perpendicular to the rotation axis of the fan.  The fan 

draws air or gases into the center of the fan blade wheel parallel to the axis of rotation, and then 

the air is drawn into the blades and expelled out of the blades tangentially at an angle 

perpendicular to the axis of rotation.  This type of fan is used in systems that have high frictional 

resistance within.  There are different types or configurations of blades that are available for 

centrifugal fans and these include: forward-curved, backward-curved, radial (straight), and 

airfoil.  Each blade type has their advantages and disadvantages and their own place in industrial 

settings.  Figure 8.2 shows a schematic of a centrifugal fan. 
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Figure 8.2.  Schematic of Centrifugal Fan. (Kavanaugh, 2006) 

8.2.4 HVAC Applications 

Fans are used in all HVAC systems.  Packaged units and split system units have axial 

fans on the condenser side to pull air through the condensers to cool off the refrigerant and have 

centrifugal fans for the supply air fan that forces the air into the duct system (Kavanaugh, 2006).  

The fan configuration can be seen in Figure 6.1 in Section 6.2.2 for packaged units and Figure 

6.3 in Section 6.2.4 for split system units.  Air-handling units contain two centrifugal fans, one 

supply air fan to force air into the duct system and one return air fan that supply the unit with air 

(Kavanaugh, 2006).  The fan configuration can be seen in Figure 6.2 in Section 6.2.3 for air-

handling units. 

8.2.5 Industrial Applications 

 There are many industrial applications that use fans.  Ventilation fans are one of the most 

common uses of fans in industrial facilities.  They are used for heat control during the summer; 
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the fan creates a draft through the plant to remove the heat from workers and machines.  

Ventilation fans are also used for odor, bacteria, and contaminant control.  Basically the odors, 

airborne bacteria, and industrial contaminants are drawn out of the air inside the facility.   

Another industrial application of fans is mechanical draft systems that move air through 

boilers and furnaces.  Mechanical draft ensures the movement of gas or air through a boiler or 

furnace to make the combustion and heat transfer very efficient.  Mechanical draft fans supply 

combustion air, deliver fuel to the burner, circulate gases for better heat transfer, and remove 

combustion products (Jorgensen, Fan Engineering, 1970).   

Air-blast drying and air-blast cleaning are two more applications of fans in an industrial 

facility.  Parts that have been washed need to be dried and this can be done by air-blast drying.  

Parts that need particles cleaned off of them can be put under an air-blast cleaning fan to remove 

the excess or foreign particles (Jorgensen, Fan Engineering, 1999).   

Local exhaust systems are another fan application.  Local exhaust systems are designed to 

remove hazardous fumes or contaminates from chemical or mechanical process inside of a 

facility.  They are generally located above or beside the process with a hood, and the fumes or 

contaminates are ducted out of the process area.  These exhaust systems can include filters and 

dust collectors.  Baghouses use fans and cloth bags to filter out dust particles by pulling air 

through the cloth bags to filter out the unwanted particles.  These bags are hung vertically with 

the open end at the bottom and closed end at the top, and then dirty air is pulled through a hole in 

the side.  Once the air passes through the cloth, the unwanted particles will fall out of the bottom 

of the bag.  Fans are also used for conveying purposes.   
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Paper can be conveyed using fan systems by using airflow to lift and accelerate the 

material to overcome frictional losses (Jorgensen, Fan Engineering, 1970).  Personnel cooling is 

another use of fans other than ventilation fans in facilities.  These fans are either small axial fans 

that are spread throughout a facility at workstations, or high-volume low-speed (HVLS) that are 

large ceiling fans that can cool large areas inside a facility. 

8.2.6 Variable Frequency Drives (VFDs) for Fans 

VFDs are devices that change the speed of an electric motor to increase system 

efficiency.  In Section 3.2.2 of the compressed air chapter, VFDs are defined.  Fans use VFDs to 

increase efficiency and save energy by matching the airflow to the process requirements and by 

being able to operate over a wide range of operating conditions (United States Department of 

Energy, 2003).  VFDs are used for fan system controls when the load on the system is frequently 

changing or a continuously variable load is present (Owen, 2004).  VFDs can modulate the speed 

of a fan from full design speed (100 percent) down to 20 percent of design speed (Li, Liu, & 

Zhang, 2013).  Since VFDs can keep fan efficiencies high across many variations in the system, 

the operating costs can be reduced (United States Department of Energy, 2003).   

Figures 8.3 and 8.4 below portray variable speed fan curves with two system curves and 

variable speed power curves, respectively, to show how the lower speeds can operate on the 

same system curve at times with lower static pressure and flow requirements and the power 

reduction at lower speeds.  As seen on the following figures, the lower the speed the less power 

is used; therefore, the efficiency of the system can be increased. 
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Figure 8.3. VSD Fan Curves. 

 

Figure 8.4. VSD Power Curves for a Fan. 

0

0.5

1

1.5

2

2.5

0 2000 4000 6000 8000 10000 12000 14000

S
ta

ti
c 

P
re

ss
u

re
 (

in
) 

Flow Rate (CFM) 

VSD Fan Curves 

400 rpm 

600 rpm 

200 rpm 

System Curve Low 

System Curve High 

0

0.5

1

1.5

2

2.5

3

3.5

0 2000 4000 6000 8000 10000 12000 14000

P
o
w

er
 (

h
p

) 

Flow Rate (CFM) 

VSD Power Curves 

600 rpm 

400 rpm 

200 rpm 



 

183 

 

8.3 Software Tools and Energy Assessment Standards 

8.3.1 FSAT 

Fan System Assessment Tool (FSAT) is a software program that evaluates energy 

efficiency opportunities of fan systems.  This program helps identify energy usage and 

opportunities to save energy in industrial fan systems, but FSAT does not share ways to save 

energy in the fan system but shows the potential of energy savings that could be found.  

Basically FSAT determines the current operating conditions of fan systems and then shows the 

amount of economic benefit if system adjustments are made.  System effects are the major part 

of losses in fan systems.  Tested fan performances normally are different when the fan is 

installed into a system due to system effects.  These effects include: improper sized fans, 

degraded fan impellers, poorly designed duct geometry, high duct velocity, dampers not properly 

set, and inlets with obstructions.  FSAT is a simple program that calculates annual energy and 

annual costs of fan configurations by using basic fan and motor information, measured power, 

flow rate, and pressure data, and gas properties.  Figure 8.5 below represents the main screen of 

FSAT.  
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Figure 8.5. FSAT Main Screen. (Jallouk, 2004) 

The top left box requires fan and motor nameplate data, and the next box requires the fraction of 

operating hours and energy costs.  The third box from the top requires measured power, flow 

rate, and pressure data along with the drive type.  The fourth box from the top is the system 

inputs, which includes the measured flow rate and static pressure, or the inputs can be changed to 

the required inputs.  The fifth box requires the density of the gas along with the gas 

compressibility.  FSAT contains a gas compressibility calculator also, which can found by 

clicking the estimate button in the fifth box, this is shown in Figure 8.6 below. 
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Figure 8.6. FSAT Gas Compressibility Calculator. (Jallouk, 2004) 

The sixth box in Figure 8.5 contains the calculated equivalent static pressure across the fan and 

the specific size.  The large box on the right contains all of the calculated results with the new 

numbers if an energy efficient motor were attached to the fan and the new numbers if an optimal 

fan and energy efficient motor were being used.  The boxes below the calculated results are the 

logging and summary sections (United States Department of Energy, 2010).   

That concludes the FSAT information for fan systems.  Next, the steps and procedures for 

completing an industrial energy assessment for fan systems are described. 

8.4 Recommended Pre-Assessment Procedures 

The pre-assessment procedures for a fan system assessment are defined in this section, 

and these procedures should be finalized before the day of the assessment trip.  First, a 

preliminary questionnaire needs to be sent to the client to find information about the fan systems 
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at the facility.  Questions to be answered include: annual energy bill data (electricity cost), the 

number of systems, the number and size of each fan and motor, operational schedule of each 

system, control type of each fan (multiple speeds or VFD), and information about the uses each 

fan system.  A complete preliminary questionnaire can be found in Appendix A. 

  Prepare hand tools and data logging devices for the assessment.  Hand tools for the 

assessment should include: power meter or amperage clamp, pitot tube, vane anemometer, and a 

thermocouple probe.  Data loggers and current transducers should be ready in case some power 

data needs to be recorded for a period of time longer than available for an assessment.  Make 

sure battery powered devices have a strong battery, and prepare site sheets for information 

recording.  These site sheets are included in the appendix.  Next, the recommended assessment 

procedures that should be performed at the industrial facility for fan systems are defined.   

8.5 Recommended Assessment Procedures 

Once the assessment team arrives at the facility, a kick-off meeting will take place to 

explain the purpose of the assessment and the process of the assessment and the timeline for 

completion.  After the kick-off meeting, a tour of the fan systems will take place.  Once the tour 

is finished, collecting data is the next step and the needed information includes: 

 nameplate data of each fan and motor in each system 

 fan type and manufacturer of each fan 

 schedule of operations for each fan system 

 fan system schedule control 

o How the fan system’s schedule is controlled, whether it is by a maintenance 

person or an automatic control system.  When does each fan in the systems 

operate and how often are the fans alternated into operation. 
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 power data 

 duct systems layout and duct sizes 

o Ducts can be circular or rectangular and can be built to any size needed for each 

system. 

 losses in duct network 

o Losses come from fittings, filters, dampers, and foreign objects along with 

frictional losses from the duct itself.  These losses can be hard to find but 

measuring the pressure across fittings, filters, dampers, and foreign objects can 

help with determining the losses in the duct network. 

 flow rate data 

o Flow rate of the fan system can be measured using a vane anemometer or pitot 

tube at various points in the duct system.  These measurements should be taken 

anywhere in the duct system possible, but mostly importantly near the fan or duct 

inlet and the duct outlet. 

 pressure data 

o Static pressure across the fan, across potential losses in the duct system, and 

various points in the system.  These pressures can be determined by using a pitot 

tube inside the duct. 

 gas properties 

o gas type, ambient pressure, gas inlet pressure, gas density, and specific heat ratio 

 end uses 

o HVAC applications and process applications 

 fan curves 
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o Fan curves are created by the manufacturer, and the manufacturer should have 

them available. 

 The nameplate data of the fan and motor is located on the fan and motor housings, 

respectively, and should be recorded in the assessment notes, and a picture should be taken of the 

nameplate if available.  The fan type and brand of the fan should be recorded also, which may be 

on the fan housing or on the nameplate.  Plant personnel should be able to explain how the 

schedule of the fan system is setup, the operating hours along with the non-operating hours are 

critical to assessing the energy usage.  Also knowing how the schedule is controlled is also 

critical, whether the schedule is controlled by plant personnel or an automatic control system is 

valuable information.  

The most important information that is needed for the analysis of the fan systems is the 

input power data.  This data can be given by the plant personnel if the plant has a recording 

system that properly records data.  Amperage data from each fan is needed and should be 

measured on a 1 to 30 second basis daily and each measured value is needed, not just an hourly, 

daily, or weekly average.  If the plant does not have a data logging system in place, current 

transducers with data loggers connected to them can be put on at the power disconnect, as long 

as the voltage is 480 volts or less, to measure the amperage draw of each fan in the system.  Plant 

safety rules have to be taken into account before opening the disconnect box for each fan.  Also 

the voltage should be measured across each leg of the three phase power with a voltmeter.  At 

least a few days of data needs to be measured, a week’s worth of data or more would be better, to 

be able to model the fan system accurately.  If data logging is unavailable then using a handheld 

amp clamp or a power quality meter can be used to measure the power for a small amount of 

time, but the more data that can be recorded the better.  Each duct system layout and duct 
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diameters should be recorded, along with any places that have a potential loss in the duct 

network.   

The next most important data to obtain while on an assessment is the flow rate data for 

the gas in the system.  Flow rate data can be given by the plant personnel if the plant has a 

recording system that properly records data or be taken from a flow rate measuring device that is 

already in place on the piping network.  If no flow rate measuring device is in place then a vane 

anemometer or a pitot tube can be used to measure the flow rate.  The vane anemometer can 

measure the exit velocity in ducts of various diameters, and the pitot tube can also measure the 

flow rate anywhere in the duct system.  Measuring the flow rate using pitot tube has a specific 

technique and is similar but not exactly the same for circular ducts and rectangular ducts.  The 

amount of needed measurements depends on the size and shape of the duct.  The explanation of 

measuring the flow rate in circular and rectangular ducts is discussed in Section 6.5.  

Pressure data should also be recorded at various points in the system, especially at places 

where large pressure drops could occur.  Measuring pressure can be recorded while doing the 

pitot tube measurements.  With the pressure data and flow rate data, the system curve should be 

created.  Gas properties for calculating the gas compressibility is needed also, this data includes: 

the gas type, ambient pressure, gas inlet pressure, gas density, and specific heat ratio.  The end 

uses of the system should be recorded along with the amount of airflow needed for each use.   

The last piece of information needed to analyze a fan system is the fan curve for each fan.  

Fan curves come from the manufacturer, or from the company that optimized the fan.  Fan 

curves can be found on the manufacturer’s website using the model number of the fan or by 

contacting the manufacturer with the model number which is found on the nameplate.  Fan 
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curves include a static pressure versus flow curve, and power curves, and fan curves for different 

speeds can be found also.  Once the assessment visit is completed, the post-assessment 

procedures should be started, and these recommended post-assessment procedures are discussed 

in the next section. 

8.6 Recommended Post-Assessment Procedures 

Once all of this data is gathered then the analysis can begin, and FSAT can be used to 

calculate the annual energy consumption of the fan systems.  The nameplate data can be entered 

into FSAT along with the operating hours, electricity cost, power data, drive type, flow rate data, 

pressure data, and the gas properties.  If the power data was recorded by data loggers, then this 

data should be analyzed by splitting up the values into hourly averages for each hour per day.  

These hourly averaged values will be used to determine the average power of fan for each hour 

and each day.  Once all of these inputs are in FSAT, then the annual energy consumption will be 

calculated.   

The annual energy consumption can also be estimated by using the number of each type 

of fan, the motor horsepower, the motor efficiency, the load factor, and operating hours.  After 

that, these numbers can be multiplied together to get the annual energy usage of the fan systems 

as shown below in Equation 9 (United States Department of Energy, 2003).  A sample 

calculation for the energy consumption of 2 – 40 horsepower fans that operate 50 weeks per year 

for 5 days per week for 12 hours a day is shown below. 

 EC = N x HP/η x OH x LF x K       (9) 

  = 2 x (40 hp / 0.93) x 3,000 hr/yr x 0.9 x 0.746 kW/hp 

  = 173,265 kWh/yr 

Where, 



 

191 

 

 EC = annual energy consumption of fan system 

 N = number of fans in fan system 

 HP = rated horsepower of fans in fan system 

 η = rated motor efficiency 

OH = operating hours of fan system (week/yr x day/week x hr/day) 

 LF = load factor of fans in fan system 

 K = conversion constant from horsepower to kilowatts 

8.7 Recommended Assessment Opportunities 

 Assessment recommendations for fan systems include: downsizing fans, installing a 

variable speed drive (VSD) fan, replacing standard v-belts with cogged v-belts on fan drives, and 

replacing personal cooling fans with high-volume low-speed (HVLS) fans.  Table 8.1 below 

shows the indication and required data for each AR. 
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Table 8.1. Fan System Assessment Recommendations. 

Number Indication 
Assessment 

Recommendation (AR) 
Required Data 

1 Excessive flow control to reduce volume. 
Downsize Fan in the Fan 

System 
Standard fan system data*. 

2 
Variable load affected by damper or vane 

flow control. 

Install a Variable Speed 

Drive (VSD) Fan 

Standard fan system data* and type of 

flow control.  

3 
Standard v-belts on belt driven fans instead 

of cogged v-belts. 

Replace Standard V-belts 

with Cogged V-belts 

Standard fan system data* and drive belt 

type. 

4 

Many small personal fans throughout the 

plant for personnel cooling and the 

available area for an HVLS to be installed. 

Replace Personal Fans with 

High-Volume Low-Speed 

(HVLS) Fans 

Standard fan system data*, area of each 

zone for HVLS to be placed, and whether 

or not an HVLS can be installed in area. 

 

* Standard fan system data: fan type, nameplate data for motor and fan, drive type, power data, flow rate data, pressure drop data, gas 

properties, duct size, losses in duct network, operational schedule, type of control system, and fan system uses. 
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8.7.1 AR – Downsize Existing Fans in Fan System 

 Downsizing the existing fans in a fan system is a potential energy saving AR.  An 

indication of the possible AR is having an excessive flow control to reduce volume.  An 

oversized fan in a fan system can be found by measuring the amps or motor speed and 

comparing them to the fan curves.  The power should be plotted on the fan curve to check to see 

if the fan is operating at a point with high efficiency.  Using an oversized fan will use more 

power than needed to perform the job of the system.  

The required data for this AR from Table 8.1 will be used to calculate the savings.  The 

required data will be entered into FSAT, and FSAT calculates the optimal power to produce the 

airflow and static pressure that is either measured or required by the system.  If the fan is 

oversized then FSAT will show the optimal sized fan and the energy savings that are represented 

by using less horsepower to perform the job.  The implementation of this AR requires the 

existing fan to be replaced by a smaller fan into the existing system. 

8.7.2 AR – Install a Variable Speed Drive (VSD) Fan 

 Installing a VSD fan in a fan system is a possible energy saving AR.  An indication of the 

potential AR is having a variable load affected by damper or vane flow control.  If an airflow 

control system (dampers or vanes) is in place in a fan system, and the dampers or vanes are 

restricting the flow by more than 40 percent (60 percent closed) then a VSD controls will create 

energy savings.  The dampers and vanes will create a high pressure drop to reduce the airflow in 

the system, which requires more energy from the fan system than needed.  Conversing with 

facility personnel can also help with determining whether or not a VSD can increase the 
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efficiency of a fan system.  Using a VSD will use less power more efficiently if the fan system 

has a variable load.   

The required data for this AR from Table 8.1 will be used to calculate the savings.  

Variable speed fan and power curves are needed for the fan, along with a system curve to 

determine the energy savings of a VSD.  The energy savings will result from the reduction in 

power that is needed to perform the duties of the fan system.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 66%, and can be implemented for about 220,000 dollars per system.  These 

numbers are based on one assessment and the numbers in Table B.7.1 in Appendix B.  The 

implementation of this AR requires the installation of a VSD onto the fan motor in the existing 

system.  A drawback to this AR is that VSD’s are very expensive for voltages higher than 480 

volts. 

8.7.3 AR – Replace Standard V-belts with Cogged V-belts on Existing Fan Drives 

 Replacing standard v-belts with cogged v-belts on existing fan drives is a possible energy 

saving AR.  An indication of the possible AR is having standard v-belts on belt driven fans 

instead of cogged v-belts.  Either by looking at the drive belts on the fan motors or by asking 

facility personnel, the conclusion of whether or not cogged v-belts are needed can be made.  

Using a cogged belt can increase the drive efficiency of a fan by 2% to 3% (United States 

Department of Energy, 2008).   

The required data for this AR from Table 8.1 will be used to calculate the savings.  The 

energy savings will be calculated by having a 2% to 3% more efficient drive system to operate 

the fan.   
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After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 1% to 10% with an average of 4%, and can be implemented for about 300 to 

2,400 dollars per system.  These numbers are based on three assessments and the numbers in 

Table B.7.2 in Appendix B.  The implementation of this AR requires replacing the standard v-

belt with a cogged v-belt on the fan drive. 

8.7.4 AR – Replace Personal Fans with High-Volume Low-Speed (HVLS) Fans 

Replacing the personal fans in the facility with high-volume low-speed (HVLS) fans is a 

potential energy saving AR.  Having many small personal fans throughout the plant for 

personnel cooling, and the available area for HVLS fans to be installed is an indication of this 

possible AR.  Using small personal cooling fans can add up if every employee or every 

workstation has one or more fans, HVLS fans use a small efficient motor to generate a high-

volume of air movement.   

The required data for this AR from Table 8.1 will be used to calculate the savings.  The 

energy savings will be calculated by reducing the total horsepower of the fans used for personal 

cooling.   

After researching the AIAC’s previous energy assessments, this AR has an energy 

savings potential of 16% to 83% with an average of 60%, and can be implemented for about 

25,000 to 66,000 dollars per system.  These numbers are based on three assessments and the 

numbers in Table B.7.3 in Appendix B.  The implementation of this AR requires removing all of 

the personal cooling fans and installing a HVLS fan in the area that all the fans were removed.  

Depending on the amount of area, the placement of the lights, and the placement of other objects 

above head close to the ceiling, a significant problem can be seen with the implementation of this 
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AR.  Lights or other objects that hang down far from the ceiling have the potential to be an 

obstruction that can make installing HVLS fans difficult.    

8.8 Summary 

In this chapter, fan systems were discussed.  The background of fans and systems was 

described, and this background information includes axial fans, centrifugal fans, HVAC 

applications, industrial applications, and VFDs.  The DOE software FSAT was also discussed.  

The recommended pre-assessment, assessment, and post-assessment procedures were discussed, 

along with the four assessment opportunities. 

Figure 8.7 below is a graph of the average energy savings for most of the fan ARs.  As 

shown of the graph, installing cogged belts is the most commonly recommended opportunity, but 

installing HVLS fans represents the most energy savings percentage with an average of 60%. 

 

Figure 8.7. Fan AR Average Energy Savings. 
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9 CONCLUSION 

9.1 Summary 

Industrial energy assessments are performed primarily to increase energy system 

efficiency and reduce energy costs in industrial facilities.  The most common energy systems are 

lighting, compressed air, steam, process heating, HVAC, pumping, and fan systems, and these 

systems are described in this document.  The ASME and ASHRAE standards are summarized in 

this thesis.  ASME has produced energy assessment standards for four energy systems, and these 

systems include compressed air, steam, process heating, and pumping systems.  ASHRAE has 

produced an energy assessment standard for HVAC systems.  Software tools for energy systems 

that were developed for the DOE have been summarized in this thesis.  There is software tools 

are for almost all of the most common energy systems.  The software tools are AIRMaster+ and 

LogTool for compressed air systems, SSAT and 3E Plus for steam systems, PHAST and 3E Plus 

for process heating systems, eQUEST for HVAC systems, PSAT for pumping systems, and 

FSAT for fan systems.   

The main information of this thesis is the recommended assessment procedures and 

recommended assessment opportunities, and these procedures and opportunities are discussed for 

each of the most common energy systems.  There are many assessment opportunities for 

industrial facilities, and this thesis describes forty-three ARs for the seven different energy 

systems.  The lighting chapter contains seven ARs, the compressed air chapter contains ten ARs, 

the boiler and steam chapter contains eight ARs, the process heating chapter contains four ARs, 

the HVAC chapter contains six ARs, and the pump and fan chapters contain four ARs each. 
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The most common lighting ARs are the replacing HID lighting and installing occupancy 

sensors, while replacing HID lighting and de-lamping are the two ARs with the most energy 

savings potential.  Replacing HID lighting averages about 41% energy savings, and de-lamping 

averages about 36% energy savings.  Reducing pressure and leaks in a compressed air system are 

the two most common ARs for air compressors, but compressor waste heat recovery and 

utilizing a dedicated compressor are the two most energy saving ARs.  The waste heat recovery 

AR saves and average of 20%, and the dedicated compressor AR saves an average of 17% of a 

compressed air system’s energy consumption. 

The two most common steam system ARs are waste heat recovery and distribution 

insulation.  These two ARs also represent the largest energy savings; waste heat recovery 

averages about 8%, and insulation averages about 3%.  Process heating system ARs that are the 

most common are waste heat recovery and insulating the furnace, but waste heat recovery and 

reducing the oxygen content in the stack gases are the two ARs with the most potential for 

energy savings.  The waste heat recovery and oxygen content ARs both represent an average of 

26% of energy savings. 

Utilizing programmable thermostats and implementing air side economizers are the two 

most common HVAC system ARs, but the programmable thermostats and adding building 

insulation are the two ARs that represent the largest energy savings for HVAC systems 

according to AIAC assessments.  Programmable thermostats AR produces on average a 25% 

energy savings, while the insulation AR produces on average a 19% energy savings.  The most 

common pumping system AR is installing a VFD on a pump.  The two ARs with the largest 

energy savings are installing a VFD and shutting off pumps.  The VFD AR represents an average 

of 37% energy savings, and the shutting off pumps AR represents an average of 31% energy 
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savings.  Replacing v-belts with cogged belts and installing HVLS fans are the two most 

common fan system ARs, with HVLS fans averaging an energy savings of 60%. 

Implementing these ARs will increase efficiency and reduce energy consumption for 

energy systems in industrial facilities.  Every industrial facility is different, therefore, every 

energy system is different, and more or less energy can be saved for each different system.  This 

thesis does not explain all energy saving ARs that are available, but does describe the most 

common ARs for each system that the AIAC identifies during on-site energy assessments.      

9.2 Future Work 

This thesis describes many features of industrial energy assessments but can be expanded 

by further development.  Specifically, the following topics can be considered for future work: 

 More in-depth post assessment procedures with calculations 

 Assessment recommendation calculations 

 Glossary of terms 

 Software tool information recording site sheets 

 Include hyperlinks for system information 
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APPENDIX 

A. Preliminary Questionnaire  

A.1 Lighting Systems 

Area 
Type of 

Lights 
Number 

Ballast 

Factor 

Light Level 

Requirements 

     

     

     

     

     

 

Which areas are the lights not turned off when vacant?  

How much time are the areas vacant?  

Are there occupancy sensors or photosensors present in the facility? 

A.2 Compressed Air Systems 

Area 
System 

Name 

Number of 

Compressors 
Horsepower 

Control 

Strategy 

Operating 

Pressure 
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What is the operational schedule of each system?  

Is a sequencer being used to control the system?  

Is low-friction synthetic lubricant being used?  

Is outside air being used for compressor intake?  

Is waste heat being recovered?  

What are the main end uses of each compressed air system? 

A.3 Boiler and Steam Systems 

Area 
System 

Name 

Number of 

Boilers 

Rated Input 

(Btu/hr) 
Heat Source 

Boiler 

Pressure 

      

      

      

      

      

 

What type is each unit (steam or hot water)?  

What is the operational schedule of the boiler systems? 

Is waste heat being recovered?  

Are the combustion efficiencies checked regularly?  

What is the number of levels of pressure headers? 

What is the pressure at each level? 

What are the main applications or end uses of the boiler systems? 
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A.4 Process Heating Systems 

Area 
System 

Name 

Number of 

Furnaces 

Rated Input 

(Btu/hr) 
Heat Source 

Operating 

Temperature 

      

      

      

      

      

 

What type is each unit (oven, furnace, melter, etc.)? 

Is waste heat being recovered?  

Are the combustion efficiencies checked regularly?  

What is the operational schedule of the process heating systems? 

What are the main applications or end uses of the process heating systems? 

A.5 HVAC Systems 

Area 
System 

Name 

Type of 

Unit 

Number of 

Units 
Tonnage Heat Source 

      

      

      

      

      

 

What are the thermostat settings in the summer and winter months? 

Are the thermostats programmable? 

Are there any special temperature and/or humidity requirements for the processes in each area? 
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Is an energy management system is installed for the facility? 

A.6 Pumping Systems 

Area 
System 

Name 

Type of 

Unit 

Number of 

Pumps  
Horsepower 

Control 

Type 

      

      

      

      

      

 

What is the operational schedule of each system? 

What are the main applications or end uses of the pumping systems? 

A.7 Fan Systems 

Area 
System 

Name 

Type of 

Unit 

Number of 

Fans 
Horsepower 

Control 

Type 

      

      

      

      

      

 

What is the operational schedule of each system? 

What are the main applications or end uses of the fan systems? 
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B. Previous AIAC Energy Assessments Data 

B.1 Lighting 

Table B.1.1. HID to Fluorescent AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Cost 

UA0063 170,057 4,255,603 4% $              23,295 

UA0065 181,117 291,956 62% $              13,458 

UA0066 365,778 1,207,941 30% $              62,771 

UA0069 420,150 1,029,412 41% $              24,690 

UA0071 938,920 1,830,270 51% $              96,027 

UA0073 86,211 331,173 26% $                 7,808 

UA0074 124,241 307,998 40% $              56,201 

UA0081 377,849 784,355 48% $              38,323 

UA0085 6,253,005 11,983,680 52% $            177,363 

UA0086 302,213 536,487 56% $              29,396 

UA0088 249,420 553,967 45% $              22,841 

UA0089 303,226 436,540 69% $              51,251 

UA0090 115,200 300,960 38% $              12,249 

UA0091 4,447 15,365 29% $                 3,268 

UA0096 167,033 415,325 40% $              39,573 

UA0097 165,038 367,500 45% $              18,309 

UA0099 1,234,109 2,307,736 53% $            164,833 

UA0100 59,720 113,467 53% $              11,493 

UA3019 87,966 988,312 9% $              12,491 

UA3021 481,247 2,789,787 17% $              40,135 

 

Table B.1.2. T12 to T8 AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0068 125,319 498,354 25% $              46,341 

UA0083 71,657 282,508 25% $              39,310 

UA0084 25,776 617,203 4% $                 4,297 

UA0092 1,984 137,649 1% $              10,882 

UA3021 328,894 2,789,787 12% $              82,319 

 

  



 

211 

 

Table B.1.3. Incandescent to CFL AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0021 38,971 52,416 74% $                 1,050 

UA0034 21,022 36,491 58% $                 1,344 

UA3009 5,031 7,256 69% $                    265 

 

Table B.1.4. Occupancy Sensors AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0065 13,637 291,956 5% $                    668 

UA0066 43,171 1,207,941 4% $                 4,767 

UA0068 18,954 498,354 4% $                 2,719 

UA0069 14,034 1,029,412 1% $                    398 

UA0071 35,118 1,830,270 2% $                 2,105 

UA0072 112,544 426,645 26% $                 7,937 

UA0073 6,909 331,173 2% $                 1,100 

UA0076 92,921 967,448 10% $              13,455 

UA0078 36,442 763,504 5% $                 1,706 

UA0080 15,510 676,442 2% $                 1,443 

UA0081 25,607 784,355 3% $                 1,609 

UA0082 42,302 627,053 7% $                    116 

UA0083 34,800 282,508 12% $                 2,513 

UA0087 28,962 747,168 4% $                    217 

UA0095 10,175 20,349 50% $                 1,759 

UA0096 27,087 168,538 16% $                    545 

UA0097 45,979 73,321 63% $                    299 

UA0097 16,119 45,412 35% $                 1,646 

UA3020 32,028 680,793 5% $                 2,010 

UA3021 243,026 2,789,787 9% $                 5,264 
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Table B.1.5. Photosensors AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0063 47,869 4,255,603 1% $                 1,003 

UA0070 13,885 30,418 46% $                    845 

UA0072 30,382 426,645 7% $                 1,030 

UA0080 8,469 676,442 1% $                    270 

UA0088 12,038 553,967 2% $                    651 

UA0101 11,839 76,640 15% $                    251 

 

Table B.1.6. De-lamping AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0094 182,002 547,690 33% $                 8,100 

UA0068 15,900 498,354 3% $                    607 

UA0070 785,072 3,597,917 22% $                 5,500 

UA0095 8,903 17,805 50% $                    324 

UA0099 40,824 58,787 69% $                    242 

 

Table B.1.7. Turn off lights AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0071 522,934 1,830,270 29% $                        - 
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B.2 Compressed Air 

Table B.2.1. Lower Pressure AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0063 3,715,119 498,643 13% $                 1,000 

UA0065 192,703 19,086 10% $                 2,025 

UA0069 125,019 24,072 19% $                    800 

UA0069 424,732 80,914 19% $                    800 

UA0070 305,591 49,678 16% $                       80 

UA0071 1,190,457 353,622 30% $                    640 

UA0072 1,308,468 146,613 11% $                       80 

UA0074 228,987 41,214 18% $                    480 

UA0077 2,295,074 394,738 17% $                    800 

UA0080 1,802,430 220,068 12% $                    480 

UA0081 1,386,606 186,990 13% $                    480 

UA0083 22,136 6,995 32% $                    480 

UA0083 34,992 7,407 21% $                    480 

UA0084 884,390 147,182 17% $                    800 

UA0085 21,974,980 1,017,514 5% $                 1,920 

UA0086 646,130 68,984 11% $                    800 

UA0087 656,189 134,564 21% $                    960 

UA0088 1,260,946 132,193 10% $                 1,600 

UA0089 252,827 23,026 9% $                    200 

UA0091 169,412 27,721 16% $                 1,600 

UA0093 466,409 60,987 13% $                 1,600 

UA0094 2,736,056 160,433 6% $                    800 

UA0095 1,702,119 95,652 6% $                    800 

UA0096 118,720 6,239 5% $                    400 

UA0099 2,033,620 61,003 3% $                    400 

UA3019 1,836,160 163,856 9% $                    800 

UA3020 1,836,160 335,822 18% $                    800 

UA3021 2,121,593 135,566 6% $                    960 

UA3021 3,531,866 100,784 3% $                    480 
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Table B.2.2. Reduce Leaks AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0063 3,715,119 874,808 24% $                 3,900 

UA0065 192,703 7,956 4% $                    702 

UA0069 125,019 26,482 21% $                 1,300 

UA0069 424,732 45,045 11% $                 3,200 

UA0070 305,591 49,304 16% $                 2,900 

UA0071 1,190,457 56,176 5% $                 3,900 

UA0072 1,308,468 163,127 12% $                 3,900 

UA0074 228,987 22,746 10% $                 2,500 

UA0076 293,454 85,670 29% $                 6,195 

UA0077 2,295,074 106,231 5% $                 2,000 

UA0078 1,197,757 166,329 14% $                 9,195 

UA0080 1,802,430 111,330 6% $                 6,195 

UA0081 1,386,606 159,987 12% $                 5,100 

UA0082 2,217,974 203,640 9% $                 7,495 

UA0084 884,390 189,282 21% $                 9,195 

UA0085 21,974,980 2,679,440 12% $              35,390 

UA0086 646,130 24,763 4% $                 2,200 

UA0087 656,189 98,916 15% $                 2,000 

UA0088 1,260,946 246,519 20% $                 2,500 

UA0089 252,827 21,986 9% $                 1,550 

UA0091 169,412 7,967 5% $                 1,300 

UA0092 3,428,757 727,111 21% $                 6,200 

UA0093 466,409 45,390 10% $                 2,500 

UA0094 2,736,056 663,989 24% $                 4,500 

UA0094 2,736,056 48,456 2% $                 4,500 

UA0095 1,702,119 155,969 9% $                 4,500 

UA0096 118,720 9,850 8% $                 1,000 

UA0097 474,317 86,194 18% $                 2,500 

UA0098 14,046,050 738,223 5% $              35,390 

UA0099 2,075,402 149,622 7% $                 5,000 

UA0100 116,763 12,289 11% $                 1,800 

UA0101 1,794,049 257,786 14% $                 7,400 

UA3019 1,836,160 271,237 15% $              11,695 

UA3020 2,021,560 163,103 8% $                 9,195 

UA3021 2,121,593 51,762 2% $                 8,295 

UA3021 898,440 41,077 5% $                 4,600 

UA3021 511,833 9,661 2% $                 1,400 
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Table B.2.3. Eliminate inappropriate uses AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0068 874,221 241,882 28% $              13,988 

UA0068 874,221 126,949 15% $                 4,238 

UA0077 2,295,074 102,856 4% $                       58 

UA0083 19,956 1,459 7% $                    634 

 

Table B.2.4. Sequencer AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0066 2,638,519 394,382 15% $              30,000 

UA0082 2,217,974 319,950 14% $                 6,566 

UA0097 474,317 31,088 7% $              20,000 

UA0098 14,046,050 782,845 6% $              20,000 

UA3020 2,021,560 481,694 24% $              25,000 

UA3025 3,960,637 286,461 7% $                 2,000 

UA0078 1,197,757 245,686 21% $              30,000 

 

Table B.2.5. Recover Waste Heat AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0065 2,084 107 5% $                    801 

UA0069 (830,085) 15,960 2% $                 2,578 

UA0071 2,489,866 380,946 15% $                 1,752 

UA0072 3,410 1,520 45% $                 2,039 

UA0074 3,957 161 4% $                    539 

UA0090 532,383 215,709 41% $                 4,203 

UA0093 466,409 128,158 27% $              15,565 

 

Table B.2.6. Use optimum compressor AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA3017 10,971,180 3,659,578 33% $            312,000 
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Table B.2.7. Use dedicated compressor AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0074 228,987 35,301 15% $                 1,680 

UA0085 21,974,980 2,582,432 12% $              68,100 

UA0090 532,383 102,504 19% $              13,900 

UA0092 3,428,757 1,019,130 30% $              15,800 

UA3017 10,971,180 891,876 8% $            187,000 

 

Table B.2.8. VSD compressor AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0082 2,217,974 279,479 13% $              26,100 

UA0094 2,736,056 67,784 2% $              70,000 

UA3021 3,531,866 54,684 2% $              35,000 

 

Table B.2.9. Reduce run time AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0101 1,794,049 115,766 6% $                       80 

 

B.3 Boilers and Steam 

Table B.3.1. Recover Waste Heat AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0066 4,713 60,374 8% $              64,000 

UA0100 2,492 24,978 10% $            195,000 

UA3007 6,221 169,000 4% $            105,000 

UA3015 1,248 25,750 5% $              64,000 

UA3019 12,140 83,573 15% $            195,000 
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Table B.3.2. Reduce steam leaks AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0088 745 37,260 2% $                 2,780 

UA3007 624 169,000 0% $                    624 

UA3015 500 25,750 2% $                 1,280 

UA3019 517 83,573 1% $                 4,060 

 

Table B.3.3. Reduce oxygen content AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0100 271 24,978 1% $              54,000 

UA3019 3,407 83,573 4% $              90,000 

 

Table B.3.4. Insulate steam piping AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0081 4,462 213,705 2% $                 6,975 

UA0083 64 2,412 3% $                    386 

UA0085 50,200 537,149 9% $              57,024 

UA3007 669 169,000 0.4% $                 2,445 

UA3019 1,376 83,573 2% $              11,310 

 

Table B.3.5. Insulate boiler AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0066 540 65,696 1% $                 1,266 

UA0088 331 316,700 0.1% $                    427 

UA0100 14 33,211 0.04% $                       43 

UA3019 293 83,573 0.4% $                 2,412 
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Table B.3.6. Reduce boiler pressure AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA3019 333 83,573 0.4% $                    800 

 

Table B.3.7. Install steam turbine AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0085 1,691,920 157,429,400 1% $            214,808 

 

Table B.3.8. Replace failed steam traps AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA3015 362 25,750 1% $                 3,770 

 

B.4 Process Heating 

Table B.4.1. Recover Waste Heat AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0073 2,467 3,556 69% $          28,658 

UA0074 5 3,957 0.1% $            2,643 

UA0077 3,593 9,082 40% $          20,463 

UA0086 786 1,262 62% $          30,000 

UA0092 39,253 151,095 26% $        150,000 

UA0099 471 6,390 7% $          50,000 

UA3020 333 24,235 1% $          36,000 

UA3021 239 5,875 4% $          28,658 

 

Table B.4.2. Reduce oxygen content AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0077 3,633 9,082 40% $            1,000 

UA0092 7,927 68,508 12% $          77,760 
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Table B.4.3. Insulate furnace AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0072 93 1,464 6% $                415 

UA0073 52,590 1,050,522 5% $            2,173 

UA0077 948 9,082 10% $                913 

UA0094 698 6,197 11% $          12,413 

UA3020 200 24,235 1% $            1,155 

 

Table B.4.4. Reduce openings AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0077 15 9,082 0.2% $            1,087 

UA0086 737 4,292 17% $            1,353 

 

B.5 HVAC 

Table B.5.1. Unit Maintenance AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0060 152,500 2,120,900 7% $       34,000 

UA3014 949,000 13,600,000 7% $       98,000 

 

Table B.5.2. Air side economizers AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0060 11,200 2,120,900 1% $          2,040 

UA0082 442,740 2,150,000 21% $       24,000 

UA0091 104,010 365,030 28% $       35,658 

UA0094 695,859 2,111,137 33% $       41,601 

UA3014 1,275,000 13,600,000 9% $       30,750 
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Table B.5.3. Programmable thermostats AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0063 288,205 2,058,559 14% $             100 

UA0068 165,729 1,442,449 11% $          5,100 

UA0074 74,614 233,153 32% $          2,040 

UA0080 13,151 30,734 43% $             364 

UA0081 39,844 150,036 27% $          2,210 

UA0084 329,544 1,373,708 24% $             160 

UA0086 110,845 783,632 14% $          2,548 

UA0087 114,054 431,772 26% $          1,700 

UA0088 177,160 715,543 25% $             160 

UA0089 20,172 95,726 21% $             680 

UA0090 87,016 515,680 17% $          2,488 

UA0091 33,407 76,204 44% $             546 

UA0096 46,882 215,348 22% $          1,320 

UA0097 105,717 519,897 20% $          2,301 

UA0097 123,819 1,532,203 8% $          3,452 

UA0100 62,334 166,000 38% $          1,062 

UA0101 330,618 1,469,518 22% $             150 

 

Table B.5.4. New roof AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0060 38,800 2,120,900 2% $     316,582 

 

Table B.5.5. Building insulation AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0060 11,200 2,120,900 1% $          7,930 

UA0090 171,430 551,338 31% $       26,757 

UA0091 24,556 103,137 24% $       27,979 

 

Table B.5.6. Desiccant system AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0085 11,275,154 24,844,357 45% $     400,000 
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B.6 Pumping 

Table B.6.1. Downsize pumps AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0085 154,675 373,609 41% $         14,900 

UA0088 15,482 322,025 5% $         13,900 

 

Table B.6.2. VSD pump AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0070 103,297 203,544 51% $         15,744 

UA0085 193,623 373,609 52% $         10,000 

UA0098 1,143,160 10,829,460 11% $         36,138 

UA0098 149,824 470,087 32% $         22,860 

 

Table B.6.3. Automatic control AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA3022 589,698 2,761,257 21% $         15,063 

 

Table B.6.4. Shutoff pumps AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA3022 1,013,820 1,916,100 53% $                  50 

UA3022 228,620 2,839,100 8% $                  50 
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B.7 Fans 

Table B.7.1. VSD fan AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0062 5,645,400 8,577,800 66% $          220,000 

 

Table B.7.2. Cogged belt AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0076 4,480 2,276,223 0.2% $                  335 

UA0083 11,820 393,996 3% $              2,344 

UA0086 7,232 267,844 3% $                  613 

UA0087 38,138 1,271,272 3% $              1,875 

UA0088 14,595 486,486 3% $                  906 

UA0089 7,642 75,486 10% $              1,458 

UA0096 11,090 354,867 3% $                  996 

UA3020 24,474 815,836 3% $                  879 

 

Table B.7.3. HVLS fans AR Energy Savings and Implementation Costs. 

Assessment 
Energy 

Savings 

Energy 

Consumption 

Percent 

Savings 

Implementation 

Costs 

UA0063 72,475 90,045 80% $            41,100 

UA0065 26,953 32,593 83% $            25,200 

UA0071 341,143 2,084,539 16% $            66,050 
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C. Site Sheets 

Lighting and Light Measurements 

 

Report No.:  __________________ 

Data Recorded by:  __________________ 

 

Area 
Lamp 

Type* 

Length       

(in or ft)** 

No. of 

Lamps 

Lamp 

Power (W) 

Operating 

Hours/Year 

Measured 

Foot-candles 

       

       

       

       

       

       

       

       

       

       

       

       

 
*Nomenclature: 

Symbol Lamp Type 

MH  Metal Halide Lamp 

HPS  High Pressure Sodium Lamp 

MV  Mercury Vapor Lamp 

T-5  High Output T-5 Fluorescent Lamp 

T-8  High Efficiency T-8 Fluorescent Lamp (Electronic Ballast) 

T-12  High Efficiency T-12 Fluorescent Lamp (Magnetic Ballast) 

CFL  Compact Fluorescent Lamp 

LED  LED Lamp 

IC  Incandescent Lamp 

 

** Length needed for Fluorescent bulbs and tubes/fixtures  
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Air Compressor Count Sheet 

 

Report No.:  ____________________ 

Data Recorded By:  ____________________ 

 

Area Manufacturer Type Model No. Horsepower Quantity 
Operating 

Pressure 
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Air Leaks Count Sheet 

 

Report No.: _______________________ 

Data Recorded by:  _______________________ 
 

 

Location Size dB Reading 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

 

 
     

1/32” 1/16” 1/8” 1/4” 1/2” 
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Natural Gas Equipment and Boiler Operating Information 

 

Report No.:  __________________ 

Data Recorded by:  __________________ 

 

Area Manufacturer 
Model 

No. 

Input 

(Btu/hr) 

Operating 

Temperature 

(F) 

Usage Factor 

or Firing 

Rate 
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Steam Leaks Count Sheet 

 

Report No.: _______________________ 

Data Recorded by:  _______________________ 

 

1/32” 1/16” 1/8” 1/4” 1/2” Location/Area 

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

      

 



 

228 

 

Uninsulated Steam Pipe Sheet 

 

Report No.: _______________________ 

Data Recorded by:  _______________________ 

 

Plant Area Length  (in) 
Diameter 

(in) 

Steam 

Pressure 

Surface 

Temp 
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Natural Gas Equipment and Furnace Operating Information 

 

Report No.:  __________________ 

Data Recorded by:  __________________ 

 

Area Manufacturer 
Model 

No. 

Input 

(Btu/hr) 

Operating 

Temperature 

(F) 

Usage Factor 

or Firing 

Rate 
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Uninsulated Process Equipment Sheet 

 

Report No.: _______________________ 

Data Recorded by:  _______________________ 

 

Plant Area Length  (in) Width (in) Surface Temp 
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Air Conditioner Count Sheet 

 

Report No.: _______________________ 

Data Recorded by:  _______________________ 

 

 Opt. 1 * Opt 2. * Opt. 3 * 

Area 
Brand 

Name 
Model No. Qty. Tonnage FLA Voltage  

Suction 

OD 

Refrig. 

Type 

          

          

          

          

          

          

          

          

          

          

          

          

 
* Note information needs to be collected regarding either option 1, option 2, or option 3.   
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Space Heater Count Sheet 

 

Report No.: _______________________ 

Data Recorded by:  _______________________ 

 

Area Type Quantity 
Rating 

(Btu/hr) 
Usage Factor 
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Motor Count Sheet 

 

Report No.:  ____________________ 

Data Recorded By:  ____________________ 

 

Area 
Equipment 

Used on 
HP Qty. 

Usage 

Factor 

Load 

Factor 

Rated 

Speed 

Synchronous 

Speed 

Operating 

Speed 
Manufacturer 
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Pump Count Sheet 

 

Report No.:  ____________________ 

Data Recorded By:  ____________________ 

 

Area Model No. Size Qty. 
Rated 

Speed 

Operating 

Speed 
Manufacturer 
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Fan Count Sheet 

 

Report No.:  ____________________ 

Data Recorded By:  ____________________ 

 

Area Model No. Size Qty. 
Rated 

Speed 

Operating 

Speed 
Manufacturer 

       

       

       

       

       

       

       

       

       

       

       

       

       

       

 


