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CHAPTER 1. INTRODUCTION

1.1 DOCUMENT PURPOSE

This technical support document (TSD) is a standalone document that presents the
technical analyses that the U.S. Department of Energy (DOE) conducted for evaluating new
energy conservation standards for compressors.

1.2 SUMMARY OF NATIONAL BENEFITS

DOE’s analyses indicate that the proposed standards would save a significant amount of
energy. The lifetime full-fuel cycle energy savings for the compressor classes covered by this
rulemaking purchased in the 30-year period that begins in the year of compliance with the
proposed standards (2022—2051)® amount to 0.16 quads.”

The cumulative net present value (NPV) of total consumer costs and savings of the
standards for air compressors ranges from $0.16 billion (at a 7-percent discount rate) to $0.45
billion (at a 3-percent discount rate). This NPV expresses the estimated total value of future
operating-cost savings minus the estimated increased equipment costs for air compressors
purchased in 2022-2051.

In addition, the adopted standards for compressors are projected to yield significant
environmental benefits. DOE estimates that the standards will result in cumulative emission
reductions (over the same period as for energy savings) of 8.2 million metric tons (Mt)® of
carbon dioxide (CO,), 6.5 thousand tons of sulfur dioxide (SO,), 11.0 tons of nitrogen oxides
(NOx), 40.8 thousand tons of methane (CH,), 0.1 thousand tons of nitrous oxide (N,O), and 0.02
ton of mercury (Hg).°

The benefits and costs of the adopted standards, for equipment sold in 2022-2051, can
also be expressed in terms of annualized values. The annualized monetary values are the sum of
(1) the annualized national economic value of the benefits from consumer operation of
equipment that meets the standards (consisting primarily of operating cost savings from using
less energy, minus increases in equipment purchase and installation costs), and (2) the
annualized monetary value of the benefits of emission reductions, including CO, emission
reductions. The value of the CO, reductions, otherwise known as the Social Cost of Carbon
(SCC), is calculated using a range of values per metric ton of CO, developed by a recent
interagency process. The derivation of the SCC values is discussed in chapter 14 of the TSD.

® The analysis uses January 1, 2022, to represent the expected compliance date in late 2021. Therefore, the 30-year
analysis period is referred to as 2022-2051 in this document.

> The year 2020 was chosen in anticipation of the potential compliance date.

¢ A metric ton is equivalent to 1.1 short tons. Results for emissions other than CO, are presented in short tons.

4 DOE calculated emissions reductions relative to the no-new-standards-case, which reflects key assumptions in the
Annual Energy Outlook 2016 (AEO 2016). AEO 2016 represents current federal and state legislation and final
implementation of regulations as of the end of February 2016. DOE is using the projection consistent with the cases
described on page E-8 of AEO 2016.
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Although combining the values of operating savings and CO, emission reductions
provides a useful perspective, two issues should be considered. First, the national operating
savings are domestic U.S. consumer monetary savings that occur as a result of market
transactions, while the value of CO, reductions is based on a global value. Second, the
assessments of operating cost savings and CO; savings are performed using different methods
that use different time frames for analysis. The national operating cost savings is measured for
the lifetime of compressors shipped from 2022—-2051. The SCC values, on the other hand, reflect
the present value of some future climate-related impacts resulting from the emission of one ton
of carbon dioxide in each year. These impacts continue well beyond 2100.

Table 1.2.1 shows the annualized values for the final compressor energy conservation
standards. (All monetary values below are expressed in 2015%.) The results under the primary
estimate are as follows. Using a 7-percent discount rate for benefits and costs other than
greenhouse gas (GHG) reduction (for which DOE used average social costs with a 3-percent
discount rate),® the estimated cost of the standards in this rule is $9.9 million per year in
increased equipment costs, while the estimated annual benefits are $28.1 million in reduced
equipment operating costs, $17.2 million in GHG reductions, and $0.7 million in reduced NOx
emissions. Using a 7-percent discount rate, the net benefit amounts to $36 million per year.
Using a 3-percent discount rate for all benefits and costs, the estimated cost of the standards is
$10.4 million per year in increased equipment costs, while the estimated annual benefits are
$36.8 million in reduced operating costs, $17.2 million in GHG reductions, and $1.0 million in
reduced NOx emissions. Using a 3-percent discount rate, the net benefit amounts to $45 million
per year.

¢ DOE used average social costs with a 3-percent discount rate because these values are considered as the “central”
estimates by the interagency group.
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Table 1.2.1 Annualized Benefits and Costs of Proposed Standards for Compressors

. Primar Low-Net- High-Net-
Discount Estimat)é Benefits Benefits
R;te Estimate Estimate
0
million 2015$/year
Benefits
. . 28.1 24.8 35.1
Consumer Operating Cost Savings
3 36.8 32.2 46.6
GHG Reduction (using avg. social costs at
5% discount rate)” 5 54 47 6.6
GHG_ Reduction (gsmg avg. social costs at 3 172 148 212
3% discount rate)
GHG Reduction (using avg. social costs at
2.5% discount rate)™ 25 248 214 306
GHG Reduction (using 95" percentile
social costs at 3% discount rate) 3 515 444 634
s 7 0.7 0.6 1.9
NOx Reduction
3 1.0 0.9 2.8
7 plus CO, 341080 30t0 70 440 100
range
L 7 46 40 58
Total Benefits
3 plus CO, 4310 89 3810 77 56 to 113
range
3 55 48 71
Costs
. i 9.9 8.8 11.4
Consumer Incremental Equipment Costs
10.4 9.3 12.0
Net Benefits
7 plus CO, 2410 70 210 61 3210 89
range
: 7 36 31 47
Total
3 plus CO, 3310 79 28 t0 68 4410 101
range
3 45 39 59

* This table presents the annualized costs and benefits associated with the considered compressors shipped in 2022—-2051. These
results include benefits to consumers which accrue after 2051 from the compressors purchased from 2022-2051. The
incremental installed costs include incremental equipment cost as well as installation costs. The results account for the
incremental variable and fixed costs incurred by manufacturers due to the adopted standards, some of which may be incurred in
preparation for the rule. The GHG reduction benefits are global benefits due to actions that occur nationally. The Primary, Low
Net Benefits, and High Net Benefits Estimates utilize projections of energy prices from the AEO 2016 Economic Growth cases.
In addition, incremental product costs reflect constant prices in the Primary Estimate, a low decline rate in the Low Benefits
Estimate, and a high decline rate in the High Benefits Estimate. The methods used to derive projected price trends are explained
in chapter 10. Note that the Benefits and Costs may not sum to the Net Benefits due to rounding.

** The interagency group selected four sets of SC-CO, SC-CH,, and SC-N,0O values for use in regulatory analyses. Three sets of
values are based on the average social costs from the integrated assessment models, at discount rates of 5 percent, 3 percent, and
2.5 percent. The fourth set, which represents the 95" percentile of the social cost distributions calculated using a 3-percent
discount rate, is included to represent higher-than-expected impacts from climate change further out in the tails of the social cost
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distributions. The social cost values are emission year specific. The GHG reduction benefits are global benefits due to actions
that occur nationally. See chapter 14 for more details.

t DOE estimated the monetized value of NOy emissions reductions associated with electricity savings using benefit per ton
estimates from the Regulatory Impact Analysis for the Clean Power Plan Final Rule, published in August 2015 by EPA’s Office
of Air Quality Planning and Standards. (Available at www.epa.gov/cleanpowerplan/clean-power-plan-final-rule-regulatory-
impact-analysis.) See chapter 13 for further discussion. For the Primary Estimate and Low Net Benefits Estimate, DOE used
national benefit-per-ton estimates for NOy emitted from the Electric Generating Unit sector based on an estimate of premature
mortality used by EPA. . For the High Net Benefits Estimate, the benefit-per-ton estimates were based on the Six Cities study
(Lepuele et al. 2011); these are nearly two-and-a-half times larger than those from the American Cancer Society (“ACS”) study.
* Total Benefits for both the 3 percent and 7 percent cases are presented using the average social costs with 3-percent discount
rate. In the rows labeled “7% plus GHG range” and “3% plus GHG range,” the operating cost and NOy benefits are calculated
using the labeled discount rate, and those values are added to the full range of social cost values.

" The incremental installed costs include incremental equipment cost as well as installation costs. The results account for the
incremental variable and fixed costs incurred by manufacturers due to the proposed standards, some of which may be incurred in
preparation for the rule.

1.3 OVERVIEW OF STANDARDS

Title 111 of the Energy Policy and Conservation Act of 1975, as amended (EPCA), sets
forth a variety of provisions designed to improve energy efficiency. (42 U.S.C. 6291, et seq.)
Part C of Title I11, which for editorial reasons was re-designated as Part A-1 upon incorporation
into the U.S. Code (42 U.S.C. 6311-6317), establishes the Energy Conservation Program for
Certain Industrial Equipment. EPCA provides that DOE may include a type of industrial
equipment as covered equipment if it determines that to do so is necessary to carry out the
purposes of Part A-1. (42 U.S.C 6312(b)) EPCA authorizes DOE to prescribe energy
conservation standards for those types of industrial equipment which the Secretary classifies as
covered equipment. (42 U.S.C 6311(2) and 6312) In November 2016, DOE published a final rule
that determined coverage for compressors is necessary to carry out the purposes of Part A-1 of
Title 111 of EPCA (herein referred to as “notice of final determination”).’

Currently, there are no Federal energy conservation standards for air compressors. On
December 31, 2012, DOE published a notice of proposed determination of coverage (2012
proposed determination of coverage) that proposed to establish compressors as covered
equipment on the basis that (1) DOE may only prescribe energy conservation standards for
covered equipment; and (2) energy conservation standards for compressors would improve the
efficiency of such equipment more than would be likely to occur in the absence of standards, so
including compressors as covered equipment is necessary to carry out the purposes of Part A-1.
77 FR 76972 (Dec. 31, 2012). The 2012 proposed determination of coverage tentatively
determined that the standards would likely satisfy the provisions of 42 U.S.C. 6311(2)(B)(i). On
February 7, 2013, DOE published a notice reopening the comment period on the 2012 proposed
determination of coverage. 78 FR 8998.

On February 5, 2014, DOE published in the Federal Register a notice of public meeting,
and provided a Framework document that addressed potential standards and test procedures for
these products. 79 FR 6839. DOE held a public meeting to discuss the framework document on
April 1, 2014. At this meeting, DOE discussed and received comments on the Framework
document, which covered the analytical framework, models, and tools that DOE uses to evaluate

A link to the docket webpage can be found at: www.regulations.gov/docket?D=EERE-2012-BT-DET-0033
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potential standards; and all other issues raised relevant to the development of energy
conservation standards for the different categories of compressors. On March 18, 2014, DOE
extended the comment period. 79 FR 15061.

On May 5, 2016, DOE published a notice of proposed rulemaking (NOPR) to propose
test procedures for certain compressors. 87 FR 27220. On June 20, 2016, DOE held a public
meeting to discuss the test procedure NOPR and accept comments from interested parties. On
December 1, 2016, DOE issued a test procedure final rule that amends subpart T of Title 10 of
the Code of Federal Regulations, part 431 (10 CFR 431), and which contains definitions,
materials incorporated by reference, and test procedures for determining the energy efficiency of
certain varieties of compressors. The test procedure final rule also amended 10 CFR 429 to
establish sampling plans, representations requirements, and enforcement provisions for certain
COMPressors.

On May 19, 2016, DOE published a NOPR pertaining to energy conservation standards
for compressors (May 2016 NOPR).? 81 FR 31680. DOE held a public meeting to discuss the
May 2016 NOPR on June 20, 2016.

In this final rule, DOE is adopting energy conservation standards for compressors. The
standards are expressed in package isentropic efficiency (i.e., the ratio of the theoretical
isentropic power required for a compression process to the actual power required for the same
process), as shown in Table 1.3.1. These standards apply to all compressors listed in Table 1.3.1
and manufactured in, or imported into, the United States starting on December 1, 2021.

In Table 1.3.1, the term V; denotes the full-load actual volume flow rate of the
compressor, in cubic feet per minute (cfm). Standard levels are expressed as a function of full-
load actual volume flow rate for each equipment class, and may be calculated by inserting values
from the rightmost two columns into the second leftmost column. Doing so will yield an
efficiency-denominated function of full-load actual volume flow rate.

9 Available at: www.requlations.gov/document?D=EERE-2013-BT-STD-0040-0038.
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Table 1.3.1 Energy Conservation Standards for Air Compressors

d
. Standard Level NRegr
quggrsr;ent (Package isentropic (Package isentropic efficiency Reference (Perli:ggst age
efficiency) Curve) Reduction)
Rotary, ,
lubricated, -0.00928 * In“(.4719 * V) + 0.13911 *
air-cooled, | MReor (1- NRegr) * (d/100) In(.4719 * V1)(+ 0.27110 : 15
fixed-speed
Rotary,
lubricated, ) 12 *\/) 4 -
G | 1+ (-t 0100 | IS 1SS 020573
variable-
speed
Rotary,
::qulji'gf‘ted’ 02349 + Ngegr + (1- Nreg) * | -0.00928 * In?(.4719 * V) + 0.13911 * 15
(d/100) In(.4719 * V,) + 0.27110
cooled,
fixed-speed
Rotary,
lubricated,
liquid- 02349 + Npegr + (1-NMregr) * | -0.01549 * In?(.4719 * V) + 0.21573 * 15
cooled, (d/100) In(.4719 * V,) + 0.00905
variable-
speed

1.4 PROCESS FOR SETTING ENERGY CONSERVATION STANDARDS

Under EPCA, when DOE evaluates new or amended standards, it must consider, to the
greatest extent practicable, the following seven factors. (42 U.S.C. 6295(0)(2)(B)(i) and 6316(a))

1. the economic impact of the standard on the manufacturers and consumers of the affected
products;

2. the savings in operating costs throughout the estimated average life of the product
compared to any increases in the initial cost or maintenance expense for the products that
are likely to result from the imposition of the standard,

3. the total projected amount of energy savings likely to result directly from the imposition
of the standard;

4. any lessening of the utility or the performance of the covered products likely to result
from the imposition of the standard;

5. the impact of any lessening of competition, as determined in writing by the Attorney
General, that is likely to result from the imposition of the standard;

6. the need for national energy conservation; and

7. other factors the Secretary considers relevant.
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Other statutory requirements are set forth in 42 U.S.C. 6295(0)(1)-(2)(A), (2)(B)(ii)—(iii),
and (3)—(4).

This TSD describes the various analyses DOE performed in developing the final rule,
such as the engineering analysis and the consumer economic analyses (e.g., the life-cycle cost
[LCC] and payback period [PBP] analyses); the methods used for conducting the analyses; and
the relationships among the various analyses. Table 1.4.1 lists the analyses DOE conducted for
the final rule.

Table1.4.1 Final Rule Analyses
Analyses Performed for this Final Rule

Market and technology assessment
Screening analysis

Engineering analysis

Energy use characterization

Product price determination

Life-cycle cost and payback period analyses
Life-cycle cost subgroup analysis
Shipments analysis

National impact analysis

Manufacturer impact analysis

Emissions analysis

Monetization of emissions reduction benefits
Utility impact analysis

Employment impact analysis

Regulatory impact analysis

DOE developed spreadsheets for the LCC, PBP, and national impact analyses (NIA) for
compressors. The LCC workbook calculates the LCC and PBP at various energy efficiency
levels. The NIA workbook does the same for national energy savings and national net present
values (NPVs). All of the spreadsheets are available on the DOE website for compressors at
www1.eere.energy.gov/buildings/appliance_standards/standards.aspx?productid=63.

As part of the information gathering and sharing process, DOE interviewed compressors
manufacturers. DOE selected companies that represent production of all types of compressor
equipment. DOE had five objectives for these interviews: (1) solicit manufacturer feedback on
the draft inputs to the engineering analysis; (2) solicit manufacturer data for use in the analysis
and downstream analyses; (3) solicit feedback on topics related to the manufacturer impact
analysis; (4) provide an opportunity for manufacturers to express their concerns to DOE; and (5)
foster cooperation between manufacturers and DOE. DOE incorporated the information gathered
during these interviews into its engineering analysis (chapter 5) and its manufacturer impact
analysis (chapter 12).
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15 STRUCTURE OF THE DOCUMENT

This TSD describes the analytical approaches and data sources that DOE used in the
rulemaking for compressors. The TSD consists of the following chapters and appendices.

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9

Chapter 10

Introduction: provides an overview of DOE's standards program for equipment
and how it applies to the rulemaking for compressors; outlines the structure of
the document.

Analytical Framework: describes the methods, analytical tools, and
relationships among the various analyses.

Market and Technology Assessment: establishes equipment classes and
identifies industry trends in shipments and technology. This chapter also
provides an overview of compressor technology, including techniques
employed to reduce the energy consumption of compressors.

Screening Analysis: after identifying and evaluating design options for
improving package isentropic efficiency, DOE determines which options are
screened out of further analysis.

Engineering Analysis: discusses the methods used for developing the
relationship between increased manufacturer price and increased package
isentropic efficiency. Presents detailed cost and efficiency information for
equipment classes analyzed.

Markups Analysis: discusses the methods used to establish price markups for
converting manufacturer prices to consumer equipment prices.

Energy Use Analysis: discusses the process used for estimating energy use of
the considered equipment as a function of efficiency level.

Life-Cycle Cost and Payback Period Analysis: discusses the effects of
standards on individual consumers and users of the equipment and compares
the LCC and PBP of equipment with and without higher energy conservation
standards.

Shipments Analysis: discusses the methods used for projecting the total
number of compressors that would be affected by standards.

National Impact Analysis: discusses the methods used for projecting national

energy consumption and consumer economic impacts in the absence and
presence of standards.
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Chapter 11

Chapter 12

Chapter 13

Chapter 14

Chapter 15

Chapter 16

Chapter 17

Appendix 8A

Appendix 8B
Appendix 9A
Appendix 10A

Appendix 10B

Appendix 10C
Appendix 12A
Appendix 12B
Appendix 13A
Appendix 14A

Appendix 14B

Customer Subgroup Analysis: discusses the effects of standards on any
identifiable subgroups of consumers who may be disproportionately affected
by the adopted standard level.

Manufacturer Impact Analysis: discusses the effects of standards on the
finances and profitability of manufacturers of compressors.

Emissions Analysis: discusses the effects of standards on pollutants, including
sulfur dioxide, nitrogen oxides, and mercury, as well as carbon emissions.

Monetization of Emissions Reduction Benefits: Assigns monetary values to the
benefits likely to result from the reduced emissions of carbon dioxide and
nitrogen oxides resulting from standards.

Utility Impact Analysis: discusses selected effects of standards on the electric
utility industry

Employment Impact Analysis: discusses the effects of standards on national
employment.

Regulatory Impact Analysis: discusses the effects of non-regulatory
alternatives to efficiency standards

Uncertainty and Variability in the Life-Cycle Cost and Payback Period
Analysis

Electricity Prices
Air Compressor Flow and Pressure Weights by Equipment Class
Full-Fuel-Cycle Analysis

National Net Present Value of Customer Benefits Using Alternative Equipment
Price Forecast and Economic Growth Scenarios

National Impacts Analysis Using Alternative Efficiency Trend Scenarios
Manufacturer Impact Analysis Interview Guide

Government Regulatory Impact Model Overview

Emissions Analysis Methodology

Social Cost of Greenhouse Gases

Benefit-per-ton Values for NOy Emissions from Electricity Generation
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Appendix 15A  Utility Impact Analysis Methodology

Appendix 17A  Regulatory Impact Analysis: Supporting Materials
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CHAPTER 2. ANALYTICAL FRAMEWORK

2.1 INSTRUCTIONS

Section 6295(0)(2)(A) of the Energy Policy and Conservation Act (EPCA), as amended,
42 USC 6291 et. seq., requires that when prescribing new or amended energy conservation
standards for covered products, the U.S. Department of Energy (DOE) must promulgate
standards that achieve the maximum improvements in energy efficiency that are technologically
feasible and economically justified. This chapter provides a description of the analytical
framework that DOE used to evaluate new energy conservation standards for compressors. This
chapter sets forth the methodology, analytical tools, and relationships among the various
analyses that are part of this rulemaking.

Figure 2.11.1 summarizes the analytical components of the standards-setting process. The
focus of this figure is the center column, identified as “Analyses.” The columns labeled “Key
Inputs” and “Key Outputs” show how the analyses fit into the rulemaking process, and how the
analyses relate to each other. Key inputs are the types of data and information that the analyses
require. Some key inputs exist in public databases; DOE collects other inputs from stakeholders
or persons with special knowledge. Key outputs are analytical results that feed directly into the
standards-setting process. Arrows connecting analyses show types of information that feed from
one analysis to another.
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In this technical support document (TSD), DOE presents results of the following analyses
that were performed for this final rule:

e A market and technology assessment to characterize the relevant equipment, their
markets and technology options for improving their energy efficiency, including
prototype designs.

e A screening analysis to review each technology option and determine if it is
technologically feasible; is practicable to manufacture, install, and service; would
adversely affect equipment utility or equipment availability; or would have adverse
impacts on health and safety.

e An engineering analysis to develop relationships that show the manufacturer’s cost of
achieving increased efficiency.

e A markups analysis to develop distribution channel markups that relate the
manufacturer production cost (MPC) to the cost to the consumer.

e An energy use analysis to determine the annual energy use of the considered
equipment in a representative set of users.

e Life-cycle cost (LCC) and payback period (PBP) analyses to calculate the savings in
operating costs at the consumer level throughout the life of the covered equipment
compared with any increase in the installed cost for the equipment likely to result
directly from imposition of a standard.

e A shipments analysis to project equipment shipments and to assess the impact of
potential standards on shipments.

e A national impact analysis (NIA) to assess the aggregate impacts at the national level
of potential energy conservation standards for the considered equipment, as measured
by the NPV of total consumer economic impacts and the national energy savings
(NES).

e A consumer LCC subgroup analysis to evaluate variations in consumer characteristics
that might cause a standard to disproportionately affect particular consumer
subpopulations.

e A manufacturer impact analysis (MIA) to estimate the financial impact of standards on
manufacturers and calculated impacts on competition, employment, and
manufacturing capacity.

e An emissions analysis to assess the impacts of new energy conservation standards on
CO; and other air emissions.

e An emissions monetization to assess the benefits associated with emissions reductions.

e A utility impact analysis to estimate key effects of potential standards on electric
utilities.

e An employment impact analysis to assess the aggregate impacts on national
employment.
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e A regulatory impact analysis to examine major alternatives to new energy
conservation standards that potentially could achieve substantially the same regulatory
goal at a lower cost.

2.2 BACKGROUND

Title 111 of the Energy Policy and Conservation Act of 1975, as amended (EPCA), sets
forth a variety of provisions designed to improve energy efficiency. (42 U.S.C. 6291, et seq.)
Part C of Title I11, which for editorial reasons was re-designated as Part A-1 upon incorporation
into the U.S. Code (42 U.S.C. 6311-6317), establishes the “Energy Conservation Program for
Certain Industrial Equipment.” EPCA provides that DOE may include a type of industrial
equipment as covered equipment if it determines that to do so is necessary to carry out the
purposes of Part A-1. (42 U.S.C 6312(b)). EPCA authorizes DOE to prescribe energy
conservation standards for those types of industrial equipment which the Secretary classifies as
covered equipment. (42 U.S.C 6311(2) and 6312) On November 15, 2016, DOE published a
Final Rule, which determined coverage for compressors is necessary to carry out the purposes of
Part A-1 of Title 111 of EPCA (herein referred to as “notice of final determination”). (81 FR
79991)

Currently, there are no Federal energy conservation standards for air compressors. On
December 31, 2012, DOE published a Notice of Proposed Determination of Coverage (2012
proposed determination of coverage) that proposed to establish compressors as covered
equipment on the basis that (1) DOE may only prescribe energy conservation standards for
covered equipment; and (2) energy conservation standards for compressors would improve the
efficiency of such equipment more than would be likely to occur in the absence of standards, so
including compressors as covered equipment is necessary to carry out the purposes of Part A-1.
77 FR 76972 (Dec. 31, 2012). The 2012 proposed determination of coverage tentatively
determined that the standards would likely satisfy the provisions of 42 U.S.C. 6311(2)(B)(i). On
February 7, 2013, DOE published a notice reopening the comment period on the 2012 proposed
determination of coverage. 78 FR 8998.

As noted above, in November 15 2016, DOE published a notice of final determination,
which determined that coverage for compressors is necessary to carry out the purposes of Part A-
1 of Title 11l of EPCA. (81 FR 79991)

On February 5, 2014, DOE published in the Federal Register a notice of public meeting,
and provided a Framework document that addressed potential standards and test procedures for
these products. 79 FR 6839. DOE held a public meeting to discuss the framework document on
April 1, 2014. At this meeting, DOE discussed and received comments on the Framework
document, which covered the analytical framework, models, and tools that DOE uses to evaluate
potential standards; and all other issues raised relevant to the development of energy
conservation standards for the different categories of compressors. On March 18, 2014, DOE
extended the comment period. 79 FR 15061.

On May 5, 2016, DOE published a notice of proposed rulemaking (NOPR) to propose
test procedures for certain compressors. 87 FR 27220. On June 20, 2016, DOE held a public
meeting to discuss the test procedure NOPR and accept comments from interested parties. On
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December 1, 2016, DOE issued a test procedure final rule that amends subpart T of Title 10 of
the Code of Federal Regulations, part 431 (10 CFR 431), and which contains definitions,
materials incorporated by reference, and test procedures for determining the energy efficiency of
certain varieties of compressors. The test procedure final rule also amended 10 CFR 429 to
establish sampling plans, representations requirements, and enforcement provisions for certain
COMPressors.

On May 19, 2016, DOE published a notice of proposed rulemaking pertaining to energy
conservation standards for compressors (May 2016 NOPR).? 81 FR 31680. DOE held a public
meeting to discuss the May 2016 NOPR on June 20, 2016.

In this final rule, DOE is adopting new energy conservation standards for compressors.
The standards are expressed in package isentropic efficiency (i.e., the ratio of the theoretical
isentropic power required for a compression process to the actual power required for the same
process), and are shown in Table 2.2.1. These standards apply to all compressors listed in Table
2.2.1 and manufactured in, or imported into, the United States starting on December 1, 2021.

In Table 2.2.1 the term V; denotes the full-load actual volume flow rate of the
compressor, in cubic feet per minute (cfm). Standard levels are expressed as a function of full-
load actual volume flow rate for each equipment class, and may be calculated by inserting values
from the rightmost two columns into the second leftmost column. Doing so will yield an
efficiency-denominated function of full-load actual volume flow rate.

% Available at: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0038.
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Table 2.2.1  Adopted Energy Conservation Standards for Air Compressors

d
. Standard Level NRegr
quggrsr;ent (Package isentropic (Package isentropic e?ficiency Reference (Perli:ggst age
efficiency) Curve) Reduction)
Rotary, ,
lubricated, -0.00928 * In“(.4719 * V1) + 0.13911 *
air-cooled, | MReor * (1- NRegr) * (d/100) In(.4719 * V1)(+ 0.27110 : 15
fixed-speed
Rotary,
lubricated, ) 12 - + -
air-cooled, | negr * (1- Nregr) * (d/100) |2(0417514; * \I/rl)('fggogc\)i-:) 0.21573 -10
variable-
speed
Rotary,
::qulji'gf‘ted’ 02349 + Ngagr + (1- Nregr) * | -0.00928 * I°(.4719 * V/;) + 0.13911 * e
(d/100) In(.4719 * V,) + 0.27110
cooled,
fixed-speed
Rotary,
lubricated,
liquid- 02349 + Npegr + (1- Npegr) * | -0.01549 * In*(.4719 * V) + 0.21573 * 15
cooled, (d/100) In(.4719 * V) + 0.00905
variable-
speed

The following sections provide a brief overview of the different analytical approaches
used for analyzing new standards for compressors. DOE used the most reliable data available at
the time of each analysis in this rulemaking.

23 MARKET AND TECHNOLOGY ASSESSMENT

The market and technology assessment characterizes the relevant markets for the
considered equipment and technology options for improving efficiency, including prototype
designs.

2.3.1 Market Assessment

When DOE begins an energy conservation standards rulemaking, it develops information
that provides an overall picture of the market for the equipment considered, including the nature
of the equipment, the market characteristics, and the industry structure. This activity consists of
both quantitative and qualitative efforts based primarily on publicly available information. The
market assessment examined manufacturers, trade associations, and the quantities and types of
products sold and offered for sale.

DOE reviewed relevant literature and interviewed manufacturers to develop an overall
picture of the compressor industry in the United States. Industry publications, data aggregated by
industry consultants, and trade organizations provided the bulk of the information, including (1)
manufacturers and their market shares, (2) shipments (3) equipment information, and (4) industry
trends. The analyses developed as part of the market and technology assessment are described in
chapter 3 of this TSD.
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2.3.2 Technology Assessment

As part of the market and technology assessment, DOE developed a list of technologies
to consider for improving the package isentropic efficiency of compressors. Chapter 3 of this
TSD includes the detailed list of all technology options DOE identified for this rulemaking.

24  SCREENING ANALYSIS

The purpose of the screening analysis is to evaluate the technologies identified in the
technology assessment to determine which options to consider further in the analysis and which
options to screen out. DOE consulted with industry, technical experts, and other interested
parties in developing a list of energy-saving technologies for the technology assessment. DOE
then applied the screening criteria to determine which technologies were unsuitable for further
consideration in this rulemaking. Chapter 4 of this TSD, the screening analysis, contains details
about DOE’s screening criteria.

The screening analysis examines whether various technologies (1) are technologically
feasible; (2) are practicable to manufacture, install, and service; (3) have an adverse impact on
product utility or availability; and (4) have adverse impacts on health and safety. DOE reviewed
the list of compressor technologies according to these criteria. In the engineering analysis, DOE
further considers the efficiency-enhancement technologies that it did not eliminate in the
screening analysis.

2.5 ENGINEERING ANALYSIS

The engineering analysis (chapter 5 of this TSD) establishes the relationship between the
manufacturing production cost and the package isentropic efficiency for each compressor
equipment class. This relationship serves as the basis for cost-benefit calculations in terms of
individual end users, manufacturers, and the nation. Chapter 5 discusses the equipment classes
analyzed, representative baseline units, incremental efficiency levels, methodology used to
develop manufacturing production costs, and the cost-efficiency relationships for the considered
equipment. DOE first estimates manufacturing costs in the engineering analysis. To determine
the costs for end users to purchase compressors, chapters 6 and 8 of this TSD estimate markups
in the distribution chain, installation costs, and maintenance costs.

In the engineering analysis, DOE evaluated a range of efficiency levels and associated
manufacturing costs. The purpose of the analysis is to estimate the incremental increase to
selling prices that would result from increasing efficiency levels above the baseline model in
each equipment class. The engineering analysis considers technologies not eliminated in the
screening analysis. The LCC analysis uses the cost-efficiency relationships developed in the
engineering analysis.

2.5.1 Baseline Models

In order to analyze design options for energy efficiency improvements, DOE defined a
baseline efficiency level for each equipment classes. The baseline efficiency level aligns with the
lower efficiency compressors observed on the market (in terms of package isentropic efficiency).
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2.5.2 Manufacturing Cost Analysis

There are several ways to develop the relationship between cost and performance. DOE
conducted the engineering analysis for this rulemaking using an efficiency level approach. The
efficiency level approach uses estimates of costs and efficiencies of equipment available on the
market at distinct efficiency levels to develop the cost—efficiency relationship. The efficiency
levels in this analysis range from that of the least efficient compressor sold today (i.e., the
baseline) to the maximum technologically feasible efficiency level. At each efficiency level
examined, DOE determines the MSP; this relationship is referred to as a cost—efficiency curve.
See chapter 5 for details on DOE’s engineering analysis.

2.6 MARKUPS ANALYSIS

DOE uses manufacturer-to-customer markups to convert the manufacturer selling price
estimates from the engineering analysis to customer prices, which are then used in the LCC and
PBP analyses and in the manufacturer impact analysis. Retail prices are necessary for the
baseline efficiency level and all other efficiency levels under consideration.

Before developing markups, DOE defines key market participants and identifies
distribution channels. Generally, the air compressor distribution chain includes four parties: (1)
the manufacturers producing the equipment; (2) the distributor, who is an intermediary between
the manufacturer and final customer; (3) a contractor, who purchases the equipment from the
manufacturer or distributor on behalf of customer; and (4) the final customer. For the markups
analysis, DOE used four types of distribution channels to describe how most air compressors
pass from the manufacturer to the customer. The four channels are defined in Error! Reference
source not found..

Table 2.6.1 Distribution Channels

Channel Description

Channel A Manufacturer > End User (Direct Sales)
Channel B Manufacturer > Distributor > End User
Channel C Manufacturer > Contractor > End User
Channel D Manufacturer > Other/Retail > End User

After defining the participants and channels, DOE develops baseline and incremental
markups to transform the manufacturer selling price into a customer equipment price. DOE uses
the baseline markups, which cover all of a manufacturer’s costs, to determine the sales price of
baseline models. Incremental markups are coefficients that DOE applies to the incremental cost
of higher efficiency models. Because companies mark up the price at each point in the
distribution channel, both baseline and incremental markups are dependent on the particular
distribution channel.

These channels are explained in detail in chapter 6 of this TSD.

2-8



2.7 ENERGY-USE ANALYSIS

DOE establishes the annual energy consumption for equipment and assesses the energy-
savings potential of various equipment efficiencies. As part of the energy use analysis, certain
engineering assumptions may be required regarding equipment application, including how often
the equipment is operated and under what conditions. DOE uses the annual energy consumption
and energy-savings potential in the LCC and PBP analyses to establish the savings in consumer
operating costs at various equipment efficiency levels.

2.7.1 Energy Use Determination

A key component of the life-cycle cost and payback period) calculations described in
chapter 8 is the savings in operating costs that customers would realize from more energy
efficient equipment. Energy costs are the most significant component of customer operating
costs for air compressors. DOE uses annual energy use, along with energy prices, to establish
energy costs at various energy efficiency levels.

Air compressors supply compressed air in response to the demands of what is usually a
dynamic system. As such, a compressor’s overall operational efficiency is a function of the
compressor’s performance characteristics, the operating conditions of the system which it is
connected to, and the method of matching compressor output to these operating conditions in the
form of capacity controls. When estimating annual energy use DOE separates its model into
supply, demand, and capacity control inputs.

Supply side inputs consist of compressor performance characteristics. These are defined
in the engineering analysis (see chapter 5) as the components affecting the overall efficiency of a
compressor package according to the DOE test procedure.

Demand side inputs refer to operating conditions imposed on a compressor in the form of
airflow and pressure demands of the system the compressor is connected to over a period of
time. Demand is determined by the tools and machinery connected to a compressed air system.
The variability of airflow demands over time of a compressed air system is defined as an annual
load profile. Load profiles contain the fraction of annual operating hours assigned to different
demand airflows (as a fraction of compressor capacity (Q)), while pressures are assumed to be
held in a steady state.

Capacity control inputs refer to the means used to control how a compressor’s air supply
is adjusted to meet operating condition demands. Part-load performance is the change in
efficiency from any controls that are used to match compressor output with varying system air
demands that are seen in the field. As such, part-load performance of a compressor depends on
the assigned capacity control. DOE modeled the part-load performance using the power curves,
which relate a compressor’s part-load capacity to its part-load power requirement for several
different control types.

These are explained in greater detail in chapter 7 of this TSD.
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28 LIFE-CYCLE COST AND PAYBACK PERIOD ANALYSES

DOE conducts LCC and PBP analyses to evaluate the economic impacts on individual
consumers of potential energy conservation standards. The LCC is the total consumer expense
over the life of a product. The PBP is the estimated amount of time (in years) it takes consumers
to recover any increased first cost of a more efficient product through lower operating costs.

Inputs to the calculation of the LCC for air compressors are the total installed cost, the
lifetime operating cost. The total installed cost includes consumer equipment price and sales tax.
DOE assumed that the installation costs did not vary by efficiency level, and therefore did not
consider them in the analysis. Inputs to the calculation of the lifetime operating cost include the
annual energy consumption (from the energy use analysis), electricity prices and electricity price
trends, equipment lifetime, discount rates, the market efficiency distribution for each standard-
case, and the year in which compliance with standards would be required. For more detail on the
LCC and PBP analyses, see chapter 8 of this TSD.

29  SHIPMENTS ANALYSIS

DOE used forecasts of equipment shipments to calculate the national impacts of
standards and also in its manufacturer impact analysis. DOE developed these shipment forecasts
based on an analysis of key market drivers for each product.

For more detail on the shipments analysis, see chapter 9 of this TSD.

2.10 NATIONAL IMPACT ANALYSIS

The NIA assesses the NES and the NPV from a national perspective of total consumer
costs and savings expected to result from new or amended energy conservation standards.
Analyzing impacts of potential energy conservation standards for air compressors requires
comparing projections of U.S. energy consumption with energy conservation standards against
projections of energy consumption without energy standards.

DOE analyzed the impacts of six trial standard levels (TSLs), corresponding to each
efficiency level (EL) specified in the engineering analysis. DOE coded the NIA in a Microsoft
Excel file available on regulations.gov, docket number EERE-2013-BT-STD-0040. For more
detail on the NIA, see chapter 10 of this TSD.

2.10.1 National Energy Savings Analysis

The inputs for determining the NES for air compressors are: (1) shipments, (2) annual
energy consumption per unit, (3) stocks of air compressors in each year, (4) national energy
consumption, and (5) site-to-primary energy and fuel full cycle (FFC) conversion factors. The
stocks were calculated by the shipments model for each year of the analysis period from the prior
year’s stock, minus retirements, plus new shipments, accounting for product lifetimes. DOE
calculated the national electricity consumption in each year by multiplying the number of units at
each EL in the stock by the corresponding power consumption and operating hours. The
electricity savings are estimated from the difference in national electricity consumption, between
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the no-standard and the standards cases, for air compressors shipped during the first full year
after compliance and over years 2022 through 2051.

DOE has historically presented the NES in terms of primary energy savings. In response
to the recommendations of a committee on Point-of-Use and Full-Fuel-Cycle Measurement
Approaches to Energy Efficiency Standards, appointed by the National Academy of Science,
DOE announced its intention to use FFC measures of energy use and greenhouse gas (GHG) and
other emissions in the national impact analyses and emissions analyses included in future energy
conservation standards rulemakings. 76 FR 51281 (August 18, 2011). While DOE stated in that
notice that it intended to use the Greenhouse Gases, Regulated Emissions, and Energy Use in
Transportation (GREET) model to conduct the analysis, it also stated it would review alternative
methods, including the use of the National Energy Modeling System (NEMS). After evaluating
both models and the approaches discussed in the August 18, 2011 notice, DOE has determined
NEMS is a more appropriate tool for this application. 77 FR 49701 (August 17, 2012).
Therefore, DOE is using the NEMS model to conduct FFC analyses. For this analysis, DOE
calculated FFC energy savings using the methodology described in appendix 10B of this TSD,
which presents both the primary energy savings and the FFC energy savings for the considered
TSLs.

2.10.2 Net Present Value Analysis

The inputs for determining NPV are: (1) total annual installed cost, (2) total annual
savings in operating costs, and (3) a discount factor to calculate the present value of costs and
savings. DOE calculated net savings each year as the difference between the no-standard case
and each standard case in terms of total savings in operating costs versus total increases in
installed costs. DOE calculated savings over the lifetime of products shipped in the 30-year
analysis period. DOE calculated NPV as the difference between the present value of operating-
cost savings and the present value of total installed costs. DOE used a discount factor based on
real discount rates of 3 and 7 percent to discount future costs and savings to present values.

For the NPV analysis, DOE calculates any increase in total installed costs as the
difference in total installed cost between the no-standard case and the standard case (i.e., once a
standard would take effect). Because the more efficient products bought in the standards case
usually cost more than products bought in the base case, cost increases appear as negative values
in the NPV.

DOE expresses savings in operating costs as decreases associated with the lower energy
consumption of products bought in a standards case compared to the no-standard case. Total
savings in operating costs are the product of savings per unit and the number of units of each
vintage that survive in a given year.

2.11 CONSUMER SUBGROUP ANALYSIS

A consumer subgroup comprises a subset of the population that could, for one reason or
another, be affected disproportionately by new or amended energy conservation standards. DOE
identified small businesses as consumers that could be disproportionately impacted by the
standards. The LCC subgroup analysis evaluates the effects on these consumer subgroups by
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accounting for variations in key inputs to the LCC analysis. For more detail on the consumer
subgroup analysis, see chapter 11 of this TSD.

2.12 MANUFACTURER IMPACT ANALYSIS

DOE performed an MIA to determine the potential financial impact of higher energy
conservation standards on compressor manufacturers, as well as to estimate the impact of such
standards on employment and manufacturing capacity. The MIA has both quantitative and
qualitative aspects. The quantitative part of the MIA relies on the government regulatory impact
model (GRIM), an industry cash-flow model customized for the compressor industry. The GRIM
inputs include manufacturer production costs, manufacturer selling prices, industry shipments,
and industry financial parameters. This includes information from many of the analyses
described above, such as manufacturing production costs and manufacturer selling prices from
the engineering analysis and shipments forecasts from the shipments analysis. The key GRIM
output is the industry net present value (INPV). Different sets of assumptions (scenarios) will
produce different results. The qualitative part of the MIA includes factors such as impacts on
industry competition, impacts on manufacturing capacity, industry consolidation, employment,
and identification of key manufacturer issues.

DOE conducts the MIA in three phases. In Phase I, DOE creates an industry profile to
characterize the industry and identify important issues that require consideration. In Phase I,
DOE prepares an industry cash-flow model and interview questionnaire to guide subsequent
discussions. In Phase 111, DOE interviews manufacturers and assesses the impacts of standards
quantitatively and qualitatively. DOE assesses industry and subgroup cash flow and NPV using
the GRIM. DOE then assesses impacts on competition, manufacturing capacity, employment,
and regulatory burden based on manufacturer interview feedback and discussions. Chapter 12 of
this TSD describes the complete MIA.

2.12 EMISSIONS ANALYSIS

The emissions analysis consists of two components. The first component estimates the effect of
potential energy conservation standards on power sector and site (where applicable) combustion
emissions of CO,, NOy, SO,, and Hg. The second component estimates the impacts of potential
standards on emissions of two additional greenhouse gases, CH, and N,O, as well as the
reductions to emissions of all species due to “upstream” activities in the fuel production chain.
These upstream activities comprise extraction, processing, and transporting fuels to the site of
combustion. The associated emissions are referred to as upstream emissions.

The analysis of power sector emissions uses marginal emissions factors that were derived from
data in AEO 2016. The methodology is described in chapter 13 and 15 of the TSD.

Combustion emissions of CH4 and N,O are estimated using emissions intensity factors
published by the EPA in its GHG Emissions Factors Hub.? The FFC upstream emissions are
estimated based on the methodology described in chapter 15 of the TSD. The upstream
emissions include both emissions from fuel combustion during extraction, processing, and

b Available at: www2.epa.gov/climateleadership/center-corporate-climate-leadership-ghg-emission-factors-hub.
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transportation of fuel, and “fugitive” emissions (direct leakage to the atmosphere) of CH, and
CO.,.

The emissions intensity factors are expressed in terms of physical units per megawatt-hour or
million British thermal units of site energy savings. Total emissions reductions are estimated
using the energy savings calculated in the national impact analysis.

The AEO incorporates the projected impacts of existing air quality regulations on
emissions. AEO 2016 generally represents current legislation and environmental regulations,
including recent government actions, for which implementing regulations were available as of
the end of February 2016.

2.13 MONETIZATION OF EMISSIONS REDUCTION BENEFITS

DOE considers the estimated monetary benefits likely to result from the reduced
emissions of CO, CHy4, N,O and NOx that are expected to result from each of the standard
levels considered.

To estimate the monetary value of benefits resulting from reduced emissions of CO,
DOE uses the most current Social Cost of Carbon Dioxide (SC-CO,) values developed and/or
agreed to by an interagency process. The SC-CO; is intended to be a monetary measure of the
incremental damage resulting from GHG emissions, including, but not limited to, net agricultural
productivity loss, human health effects, property damage from sea level rise, and changes in
ecosystem services. Any effort to quantify and to monetize the harms associated with climate
change will raise serious questions of science, economics, and ethics. But with full regard for the
limits of both quantification and monetization, the SC-CO, can be used to provide estimates of
the social benefits of reductions in CO, emissions.

The Interagency Working Group on Social Cost of Carbon selected four sets of SC-CO,
values for use in regulatory analyses. Three sets of values are based on the average SC-CO, from
the three integrated assessment models, at discount rates of 2.5, 3, and 5 percent. The fourth set,
which represents the 95th percentile SC-CO;, estimate across all three models at a 3-percent
discount rate, was included to represent higher-than-expected impacts from climate change
further out in the tails of the SC-CO, distribution. The values grow in real terms over time.® To
calculate a present value of the stream of monetary values, DOE discounts the values in each of
the four cases using the discount rates that had been used to obtain the SC-CO; values in each
case.

In 2016 the Interagency Working Group issued a report that presents social cost estimates
for CH,4 and N, O as a way for agencies to incorporate the social benefits of reducing CH,4 and

¢ Technical Update of the Social Cost of Carbon for Regulatory Impact Analysis Under Executive Order 12866,
Interagency Working Group on Social Cost of Carbon, United States Government (May 2013; revised July 2015)
(Available at: www.whitehouse.gov/sites/default/files/omb/inforeg/scc-tsd-final-july-2015.pdf).
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N,O emissions into benefit-cost analyses of regulatory actions.® DOE uses these values in the
current analysis.

DOE recognizes that scientific and economic knowledge continue to evolve rapidly
regarding the contribution of CO, and other GHG to changes in the future global climate and the
potential resulting damages to the world economy. Thus, these values are subject to change.

DOE also considers the potential monetary benefits of reduced NOx emissions
attributable to the standard levels it considers. DOE estimated the monetized value of NOx
emissions reductions using benefit per ton estimates from the Regulatory Impact Analysis for the
Clean Power Plan Final Rule, published in August 2015 by EPA’s Office of Air Quality
Planning and Standards.®

2.14 UTILITY IMPACT ANALYSIS

To estimate the impacts of potential energy conservation standards on the electric utility
industry, DOE used published output from the NEMS associated with AEO 2016. NEMS is a
large, multi-sectoral, partial-equilibrium model of the U.S. energy sector that Energy Information
Administration developed over several years, primarily for the purpose of preparing the AEO.
NEMS produces a widely recognized forecast for the United States through 2040 and is available
to the public.

In 2014, DOE began using a new methodology based on results published for the AEO
Reference case, as well as a number of side cases that estimate the economy-wide impacts of
changes to energy supply and demand. DOE estimates the marginal impacts of reduction in
energy demand on the energy supply sector. In principle, marginal values should provide a better
estimate of the actual impact of energy conservation standards. DOE uses the side cases to
estimate the marginal impacts of reduced energy demand on the utility sector. These marginal
factors are estimated based on the changes to electricity sector generation, installed capacity, fuel
consumption, and emissions in the AEO Reference case and various side cases. The methodology
is described in more detail in chapter 15 of the TSD.

The output of this analysis is a set of time-dependent coefficients that capture the change
in electricity generation, primary fuel consumption, installed capacity and power sector
emissions due to a unit reduction in demand for a given end use. These coefficients are
multiplied by the stream of electricity savings calculated in the NIA to provide estimates of
selected utility impacts of new energy conservation standards.

¢ United States Government-Interagency Working Group on Social Cost of Greenhouse Gases. Addendum to
Technical Support Document on Social Cost of Carbon for Regulatory Impact Analysis under Executive Order
12866: Application of the Methodology to Estimate the Social Cost of Methane and the Social Cost of Nitrous
Oxide. August 2016.

www.whitehouse.gov/sites/default/files/omb/inforeg/august_2016 _sc_ch4_sc_n2o_addendum final_8 26 16.pdf.
¢ Available at www.epa.gov/cleanpowerplan/clean-power-plan-final-rule-regulatory-impact-analysis. See Tables
4A-3, 4A-4, and 4A-5 in the report.
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215 EMPLOYMENT IMPACT ANALYSIS

The adoption of energy conservation standards can affect employment both directly and
indirectly. Direct employment impacts are changes in the number of employees at the plants that
produce the covered products. DOE evaluates direct employment impacts in the MIA.

Indirect employment impacts may result from expenditures shifting between goods (the
substitution effect) and changes in income and overall expenditure levels (the income effect) that
occur due to standards. DOE defines indirect employment impacts from standards as net jobs
eliminated or created in the general economy as a result of increased spending driven by
increased product prices and reduced spending on energy.

The indirect employment impacts are investigated in the employment impact analysis
using the Pacific Northwest National Laboratory’s Impact of Sector Energy Technologies
(ImSET) model.® The IMSET model was developed for DOE’s Office of Planning, Budget, and
Analysis to estimate the employment and income effects of energy-saving technologies in
buildings, industry, and transportation. Compared with simple economic multiplier approaches,
IMSET allows for more complete and automated analysis of the economic impacts of energy
conservation investments.

2.16  ANALYSIS OF NON-REGULATORY ALTERNATIVES

In the NOPR stage, DOE prepares an analysis that evaluates potential non-regulatory
policy alternatives, comparing the costs and benefits of each to those of the standards. DOE
recognizes that non-regulatory policy alternatives can substantially affect energy efficiency or
reduce energy consumption. DOE bases its assessment on the actual impacts of any such
initiatives to date, but also considers information presented by interested parties regarding the
potential future impacts of current initiatives.
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CHAPTER 3. MARKET AND TECHNOLOGY ASSESSMENT

3.1 INTRODUCTION

This chapter provides a profile of the compressor industry in the United States. The
information that the U.S. Department of Energy (DOE) gathers for a market and technology
assessment serves as resource material throughout the rulemaking. DOE considers both
quantitative and qualitative information from publicly available sources and interested parties.
DOE examined publicly available information and hired a consultant team to collect data under a
nondisclosure agreement (NDA) to develop the assessment described in this chapter.

Section 3.2 sets out definitions related to different varieties of compressor equipment.
Section 3.3 discusses the scope of the energy conservation standards by compressor feature.
Section 3.4 describes the specific features that distinguish compressor equipment classes, and
then it uses these features to define the compressor equipment classes. Section 3.5 describes the
test procedure and the energy use metric that DOE established for compressor equipment. The
market assessment in section 3.6 provides an overall picture of the market for the equipment
considered, including the industry structure; regulatory and non-regulatory programs for
improving efficiency of the equipment; market trends; and quantities of equipment sold. Finally,
section 3.7 discusses technology options that a manufacturer could use to increase the efficiency
of compressors.

3.2 DEFINITIONS

The term “compressor” is not defined term under the Energy Policy and Conservation
Act (EPCA). In the November 2016 notice of final determination, DOE defined a compressor to
mean a machine or apparatus that converts different types of energy into the potential energy of
gas pressure for displacement and compression of gaseous media to any higher pressure values
above atmospheric pressure and has a pressure ratio at full-load operating pressure greater than
1.3. 81 FR 79991, 79998 (Nov. 15, 2016).

To support the definition of compressor, in the November 2016 test procedure final rule,
DOE defined “pressure ratio at full-load operating pressure” to mean the ratio of discharge
pressure to inlet pressure, determined at full-load operating pressure in accordance with the test
procedures prescribed in subpart T of 10 CFR 431.

3.2.1 Definitions Adopted in the Test Procedure Final Rule

In the test procedure final rule, DOE adopted definitions for the following compressor-
related terms, all of which are housed in subpart T of 10 CFR 431.
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e actual volume flow rate

e air compressor

e ancillary equipment

e auxiliary substance

e bare compressor

e Dbasic model

e Dbrushless electric motor

e driver

o fixed-speed

e full-load actual volume flow

e |ubricant-free compressor

e lubricated compressor

e maximum full-flow operating pressure
e mechanical equipment

e compressor motor nominal horsepower
e package isentropic efficiency

e package specific power

e positive displacement compressor
e reciprocating compressor

e rotary compressor

e rotor

e variable-speed compressor

3.2.2 Definitions Adopted in the Energy Conservation Standards Final Rule

In the energy conservation standards notice of proposed rulemaking (NOPR), DOE
proposed to define an “air-cooled compressor” as one that utilizes air to cool both the
compressed air and, if present, any auxiliary substance used to facilitate compression. 81 FR
31680, 31699 (May 19, 2016).

DOE also proposed to define a “water-cooled compressor” as one that utilizes chilled
water provided by an external system to cool both the compressed air and, if present, any
auxiliary substance used to facilitate compression. Id.

In the final rule, DOE revises both definitions to address two possible ambiguities in
those definitions.

First, DOE recognizes that the term “chilled water” may be unduly limiting, as
compressors may use coolants other than water, and that coolant may not be actively chilled. As
a result, DOE is revising the term water-cooled compressor and its associated definition to refer
to “liquid” instead of “chilled water.”
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Second, DOE recognizes that compressors may have both liquid and air cooling (such as
a closed-loop water system terminating in a radiator and fan). Therefore, the definitions proposed
in the energy conservation standards NOPR may be ambiguous. 81 FR 31680, 31699 (May 19,
2016. As a result, DOE is revising the definition of the term air-cooled compressor to
specifically exclude compressors which meet the definition of liquid-cooled compressor.

In the final rule, DOE is adopting the following revised definitions for liquid-cooled and
air-cooled compressors:

“Liquid-cooled compressor” means “a compressor that utilizes liquid coolant provided by
an external system to cool both the compressed air and, if present, any auxiliary substance used
to facilitate compression.”

“Air-cooled compressor” means “a compressor that utilizes air to cool both the
compressed air and, if present, any auxiliary substance used to facilitate compression, and that is
not a liquid-cooled compressor.”

3.3 SCOPE OF ENERGY CONSERVATION STANDARDS

The test procedure final rule specifically defines several varieties of compressors, some
of which are included in the scope of energy conservation standards. The following sections
describe the scope of energy conservation standards for compressors.

In the energy conservation standards NOPR, DOE proposed to limit the scope of
applicability of standards to compressors that meet the following criteria:

e  are air compressors,

e  are rotary compressors,

e are driven by a brushless electric motor,

e are distributed in commerce with a compressor motor nominal horsepower greater
than or equal to 1 and less than or equal to 500 horsepower (hp), and

e operate at a full-load operating pressure of greater than or equal to 31 and less than
or equal to 225 pounds per square inch gauge (psig). 81 FR 31680, 31689-93 (May
19, 2016).

In the test procedure final rule, DOE limited the scope of test procedure applicability to
compressors that meet the following criteria:

e are air compressors;
e are rotary compressors;
e are not liquid ring compressors;
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are driven by a brushless electric motor;

are lubricated compressors;

have a full-load operating pressure of 75-200 psig; and

have a capacity that is either:

0 10-200 compressor motor nominal horsepower, or

0 35-1,250 full-load actual volume flow rate, in cubic feet per minute (cfm);

After considering comments received in response to the energy conservation standards
NOPR, DOE is aligning the scope of energy conservation standards in the final rule to be similar,
but less broad than the aforementioned scope of the test procedure final rule. Specifically, the
final scope of the energy conservation standards final rule excludes compressors that are driven
by single-phase electric motors, are water-injected, or meet the design and testing requirements
specified in American Petroleum Institute code 619, Rotary-Type Positive-Displacement
Compressors for Petroleum, Petrochemical, and Natural Gas Industries, (APl 619).% Energy
conservation standards apply to compressors that meet the following criteria:

are air compressors;

are rotary compressors;

are not liquid ring compressors;

are driven by a brushless electric motor;

are driven by a three-phase electric motor;

are lubricated compressors;

are not water-injected compressors;

have a full-load operating pressure of 75-200 psig;

have a capacity that is either:

0 10-200 compressor motor nominal horsepower, or

0 35-1,250 full-load actual volume flow rate, in cfm; and
do not meet the design and testing requirements specified in API 619.

The following sections, 3.3.1 through 3.3.8, discuss each scope limitation and DOE’s
conclusions.

3.3.1 Equipment System Boundary

In the energy conservation standards NOPR, DOE proposed to cover the compressor
“package.” DOE considers covering a “bare” compressor to represent insignificant energy
savings compared to the other two compressor equipment levels. DOE also understands that,
while the compressed air system (CAS) represents the largest available energy savings, covering

& Available for purchase at: www.techstreet.com/standards/api-std-619?product id=1757746
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the CAS has significant drawbacks that weigh against its adoption as the basis for an equipment
classification for the following reasons:

e Each CAS is often unique to a specific installation;

e Each CAS may include equipment from several different manufacturers; and

e Asingle CAS can include several different compressors, of different types, which
may all have different full-load operating pressures. 81 FR 31680, 31689-31690 (May
19, 2016).

Implementing a broader, CAS-based approach with respect to compressor efficiency
would require DOE to (1) establish a methodology for measuring losses in an arbitrary air-
distribution network; and (2) assess what certification, compliance, or enforcement practices
would be required for various systems, standard and non-standard, and potential waiver criteria.
For these reasons, the CAS is not a viable equipment classification for coverage and DOE
establishes the rule to cover only compressor “packages.”

In this final rule, DOE retains the approach proposed in the energy conservation
standards NOPR and applies standards at the compressor package level.

3.3.2 Compression Principle

In the energy conservation standards NOPR, DOE analyzed rotary and reciprocating
compressors as separate equipment classes, and concluded that each provides a distinct utility
that materially affects energy consumption. 81 FR 31680 at 31697-31698 (May 19, 2016).
Ultimately, DOE did not propose energy conservation standards for reciprocating compressors
because the energy conservation standards NOPR analyses showed that such proposed standards
were not economically justified. 81 FR 31680.

As discussed in the energy conservation standards NOPR and accompanying public
meeting, DOE performed the reciprocating compressor analyses based on a limited data set.
Specifically, DOE had limited data characterizing reciprocating compressor performance,
manufacturer selling price, and shipments in the U.S. market. 81 FR 31680 at 31707, 31717,
31724 (May 19, 2016). In the energy conservation standard NOPR, DOE acknowledged the
potential data shortcomings and requested both comment and better data from interested parties
in order to strengthen its analysis.

However, DOE received no quantitative reciprocating compressor data. In the absence of
new quantitative data, DOE is not confident that the reciprocating compressor data underlying
the energy conservation standards NOPR analyses are sufficient to definitively conclude that, in
the final rule, energy conservation standards for reciprocating compressors are or are not
economically justifiable. Therefore, DOE is deferring consideration of energy conservation
standards until it can obtain performance data to assess the possibility for economically justified

® DOE notes that it had retail price data from online retailers, but limited direct manufacturer selling price data. DOE
did estimate manufacturer selling price from the retail price data using estimated markups.
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energy savings for different categories of reciprocating compressors. DOE makes no
determination regarding such savings in the final rule, and reiterates that reciprocating
compressors remain as covered equipment.

3.3.3 Driver Style

In the energy conservation standards NOPR, DOE proposed to establish the scope of
energy conservation standards using driver style as a differentiator. Specifically, DOE defined
the scope of driver styles covered under the proposed standard by only including single-phase
and three-phase brushless electric motors. 81 FR 31680 at 31691-31692 (May 19, 2016).

Sections 0 through 3.3.3.3 discuss certain aspects of compressor drivers as they affect
scope. Specifically, sections 0 through 3.3.3.3 discuss non-electric drivers, brushed electric
drivers, and single-phase electric drivers. All are excluded from the scope of the final rule.

3.33.1 Non-Electric-Driven Compressors

In the energy conservation standards NOPR, DOE proposed to align with the scope of
applicability of the test procedure NOPR and not include engine-driven equipment in the scope.
81 FR 31680 at 31691 (May 19, 2016).

In the final rule, DOE continues to conclude that engine-driven compressors are unique
equipment with different performance, applications, and test requirements from compressors
driven by electric motors. As a result, DOE continues to conclude engine-driven compressors
would be more appropriately addressed as part of a separate rulemaking specifically considering
such equipment. DOE is limiting the scope of this final rule to only compressors driven by
electric motors.

3.3.3.2 Brushed Motors

In the energy conservation standards NOPR, DOE proposed to align with the scope of
applicability of the test procedure NOPR and include only those compressors that are driven by
brushless motors in the scope. 81 FR 31680 at 31692 (May 19, 2016).

In this final rule, DOE continues to exclude compressors driven by brushed motors from
the scope of this final rule. DOE reiterates that brushed motors are uncommon in compressors
with significant potential energy savings (i.e., high operating hours) due to higher maintenance
costs, short operating lives, significant acoustic noise, and electrical arcing.

3.3.3.3  Single-Phase Motors

In the energy conservation standards NOPR DOE proposed a standard that was
applicable to both single- and three-phase rotary compressors, while acknowledging that
compressors with single-phase motors may be less efficient. 81 FR 31680 at 31691-31692 (May
19, 2016). DOE is limiting the scope of this final rule to only compressors with three-phase
motors.
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DOE researched retail data available online for compressor packages within the
compressor motor nominal horsepower range of this final rule (10 or more hp) and available in
single- and three-phase variations. DOE found that single-phase compressors were offered at a
similar or greater price than comparable three-phase models. Based on interested party
comments, DOE found that when three-phase power is available, installation costs for a single-
phase compressors may be higher. Based on the similar prices DOE found through retailers, and
the potential higher installation costs for single-phase compressors, DOE recognizes that there is
not an incentive to choose single-phase equipment instead of three-phase equipment. Therefore,
DOE is limiting the scope of this final rule to only compressors with three-phase motors. With
this reduction of scope, concern regarding single-phase compressors of 10 nominal hp or less is
no longer applicable.

3.3.4 Compressor Capacity

In the energy conservation standards NOPR, DOE proposed to limit the scope of
compressors energy conservation standards by compressor capacity. Specifically, DOE proposed
to limit the scope of energy conservation standards to compressors with compressor motor
nominal horsepower greater than or equal to 1, and less than or equal to 500 hp. DOE reasoned
that the industry typically considered “nominal” motor horsepower as a descriptor of compressor
capacity despite the fact that the chief value to the consumer is output volume flow rate at a
certain pressure, irrespective of how much motor horsepower was required to produce it. 81 FR
31680 at 31692-31693 (May 19, 2016)

In this final rule, DOE is limiting the scope of standards by either compressor motor
nominal horsepower or by full-load actual volume flow rate. In other words, a compressor is
subject to standards if it has either parameter within a specified range. The details are discussed
in sections 3.3.4.1 through 3.3.4.2.

3.34.1 Motor Power

In this final rule, DOE is limiting the scope of energy conservations standards to
compressors with either a (1) compressor motor nominal horsepower of 10-200 or, (2) a full-load
actual volume flow rate of 35-1520 cfm.

The inclusion of small (less than 10 nominal hp) and larger (greater than 200 nominal hp)
rotary compressors as originally proposed could create a competitive disadvantage for
manufacturers of rotary compressors. Currently, without any energy conservation standards in
place, rotary, dynamic, reciprocating, and scroll compressors compete with each other over
certain overlapping compressor motor nominal horsepower ranges. Adopting standards for rotary
compressors alone in these overlapping nominal horsepower ranges may disturb the competitive
equilibrium. The costs associated with regulation may give the manufacturers of unregulated
equipment (e.g., dynamic, scroll, reciprocating) a competitive advantage, and allow them to
incentivize end users to switch from a regulated (rotary) to an unregulated compressor, and this
diminishes the impact of the standard.
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3.34.2  Output Flow

In this final rule, DOE is limiting the scope of energy conservations standards to
compressors with either a (1) compressor motor nominal horsepower limit of 10 to 200 hp, or (2)
a full-load actual volume flow rate of 35 to 1,250 cfm.

By not limiting flow rate, as was proposed in the energy conservation standards NOPR,
manufacturers could conceivably circumvent compressor regulations by using a motor of
horsepower slightly greater than 200 hp. For example, two identical compressors, one with a 200
hp motor and one with a 225 hp motor, would supply nearly identical flow rates and pressure
(i.e., utility) to the end user; however the one with the 225 hp motor would not have been subject
to standards or test procedures as proposed. In contrast, any alterations in flow rate would
directly affect consumer utility and, therefore, manufacturers may be less likely to modify it in
response to standards.

DOE conducted research to determine the effect of delineating scope by flow in addition
to power. A review of all available Compressed Air and Gas Institute (CAGI) performance data
sheets indicates that the flow rate range of 35 to 1,250 cfm, inclusive, is slightly broader than the
compressor motor nominal horsepower range of 10 to 200 hp; i.e., the flow range encompasses
slightly more compressors models. Specifically, the full-load actual volume flow rate range of 35
to 1,250 cfm includes 9.1-percent more fixed-speed compressors and 9.9-percent more variable-
speed compressors than would have otherwise been included with the compressor motor nominal
horsepower range of 10 to 200 hp alone.

Table 3.3.1 quantifies the effect of the addition of the flow provision that includes
compressors of full-load actual volume flow rate of 35 to 1,250 cfm. The first row shows the
percentage of models in scope using only the power criterion. The second row shows the
percentage of models in scope using only the flow criterion. The third row shows the percentage
of models using both (i.e., meeting either criterion). Finally, the fourth row shows the relative
change in the percentage of models in scope using the “both” criterion, expressed as a percentage
of the percentage of the number of models in scope using the “power” criterion of the energy
conservation standards NOPR. 81 FR 31680, 31689 (May 19, 2016).

3-8



Table 3.3.1 Effect of Flow Criterion on Scope
Percentage of Models’

Criterion Fixed-Speed | Variable-Speed
% %
10 < CNHP* < 200 (hp) 76 83
35 <FLOP** <1250 (cfm) 82 89
Either 10 <HP <200 or 35
<FLOP <1250 83 A
Relative Change' % +9.1 +9.9

“Here, “CNHP” stands for “Compressor Motor Nominal Horsepower.”

™ “ELOP” is an acronym for “full-load operating pressure.”

"This value represents the percentage of the total models for which DOE was able to locate CAGI data sheets and
which would have been otherwise subject to standards based on their other attributes.

" This value represents the number of additional compressor models in scope using the “flow or power” criterion
adopted in this final rule, expressed as a percentage of the models in scope using the “power only” criterion from the
energy conservation standards NOPR. 81 FR 31680, 31689 (May 19, 2016).

3.3.5 Full-Load Operating Pressure

In the energy conservation standards NOPR, DOE proposed to limit the scope of the
standard to compressors with full-load operating pressures between 31 psig and 225 psig. 81 FR
31680, 31693 (May 19, 2016). DOE chose the proposed full-load operating pressure scope to
align with the test procedure NOPR, noting that equipment outside of that pressure range
generally represents a low sales volume, i.e., specialized equipment type for applications that do
not often overlap with what is generally considered in the market to be industrial air. 1d. In the
energy conservation standards NOPR, DOE also concluded that isentropic efficiency is
approximately invariant with pressure over the pressure range under consideration and, as a
result, DOE used data from equipment with full-load operating pressures between 31 and 225
psig to establish efficiency levels for each equipment class. 81 FR 31680 at 31705 (May 19,
2016).

In the November 2016 test procedure final rule, DOE restricted the scope of applicability
of the test procedure to compressors with full-load operating pressures between 75 and 200 psig.
DOE may not establish energy conservation standards for equipment that does not have an
established test procedure. For this reason, DOE may only consider energy conservation
standards for equipment with full-load operating pressures between 75 and 200 psig in this final
rule.

As a result, in this final rule, DOE is establishing the broadest scope of applicability of

standards that is possible, under the current test procedure, i.e., a full-load operating pressure of
75 to 200 psig, inclusive.
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3.3.6 Lubricant Presence

In the energy conservation standards NOPR, DOE proposed to include lubricant-free
compressors in the scope of the standards. However, DOE recognized differences in design,
efficiency, cost, and utility for lubricant-free compressors when establishing separate equipment
classes for compressors based on lubricant presence. 81 FR 31680 at 31698 (May 19, 2016).
DOE proposed a “new standards at baseline” standard for lubricant-free compressors, which
would not have resulted in national energy savings, as reflected in the national impact analysis
(NIA), but would have prevented potential new, less efficient equipment from the entering the
market and potentially increasing future national energy consumption. 81 FR 31680 at 31736.

In the test procedure final rule, DOE excluded lubricant-free compressors from the scope
of test procedures based on three general reasons: (1) the lack of applicability of the test method
and metric proposed in the test procedure NOPR; (2) the desire to retain the opportunity of
harmonization with the European Union (EU) regulatory process for the benefit of manufacturers
and consumers; and (3) to avoid creating an incentive to substitute unregulated technologies
(such as dynamic) for regulated lubricant-free compressors.

Because there is no test procedure for lubricant-free compressors at this time, DOE
cannot consider energy conservation standards for this equipment in this final rule. DOE is
making no determination of the technological feasibility or economic justification of potential
standards for lubricant-free compressors in this final rule. DOE may evaluate standards for
lubricant-free compressors in the future, if an appropriate test procedure is developed.

3.3.7 Water Injection

Some compressors inject water into the compression chamber, in place of oil or other
lubricants, to avoid risk of air contamination and serve applications that require inherently clean
air. In the energy conservation standards NOPR, DOE proposed to defined “lubricated
compressor” as “a compressor that introduces an auxiliary substance into the compression
chamber during compression” and “auxiliary substance” as “any substance deliberately
introduced into a compression process to aid in compression of a gas by any of the following:
lubricating, sealing mechanical clearances, or absorbing heat.” ©

In the energy conservation standards NOPR, DOE interpreted water to be an auxiliary
substance. 81 FR 31680, 31698 (May 19, 2016). Consequently, water-injected compressors
would have been classified as lubricated compressors.

For this final rule, DOE performed research to better understand water-injected
compressor technology and to determine whether water injection both provides consumer utility
and inhibits the ability to reach higher efficiency levels.

¢ This definition was adopted, unchanged, in the test procedure final rule.
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Water-injected compressors operate similarly to conventional (i.e., oil or synthetic oil)
lubricated compressors in that they introduce a liquid into the compression chamber to lubricate
moving parts, seal mechanical clearances against the egress of air, and absorb heat. DOE
understands the chief consumer utility of using water, in place of an oil- or synthetic oil-based
auxiliary substance, is freedom from risk of output air contamination. Because no oil is
introduced, failure of a filter or other downstream oil removal apparatus will not permit oil to
become present in the delivered air. However, water and vapor must still be removed. Because of
the similar utility of an inherently oil-free process, water-injected compressors more often
compete with lubricant-free compressors rather than with lubricated compressors.

A limitation of replacing oil with water is that water tends to be more corrosive to many
types of metals commonly used to construct compressors. This is particularly true if the water
contains trace quantities of minerals, as does any water drawn from the environment or public
water supply. To reduce corrosion, water-injected compressors employ advanced filtration
(commonly, reverse osmosis) to create highly purified water for introduction into the
compression process. The advanced filtration systems used by water-injected compressors may
add nontrivial energy consumption to a compressor package and ultimately reduce efficiency.
Reverse osmosis systems typically require creation of large pressure gradients and several stages
of filtration. The filtration systems may also contain elements to eliminate biological agents, of
particular concern in medical applications.

Even with advanced filtration systems, water-injected compressors may require the use of
more corrosion-resistant materials for any componentry downstream of the water injection site.
These materials may be less resistant to mechanical deformation and exhibit diminished lifespan
relative to conventional construction materials. As a result, designers tend to open mechanical
clearances, compared with conventionally lubricated compressors, in anticipation of mechanical
deformation association with less durable materials used to resist corrosion. Wider clearances
allow more air leakage during operation, and ultimately reduce efficiency.

These modifications that alter efficiency—filtration, corrosion-resistant material, altered
geometry—are also likely to add cost to a water-injected compressor, relative to a conventionally
lubricated compressor of similar specification.

With respect to market share, DOE knows of only three manufacturers currently offering
water-injected compressors in the U.S. market,® and DOE believes that shipments of water-
injected compressors are very low compared to oil- or synthetic oil-injected compressors. As a
result, DOE expects energy savings associated with water-injected compressors to be minimal.

In conclusion, DOE’s research indicates that water-injected compressors may provide
additional end user utility, but with reduced ability to meet higher efficiency levels. As a result,
water-injected compressors may warrant a separate equipment class from lubricated
compressors. However, because no performance data is available to characterize water-injected

d Sullivan-Palatek, Atlas Copco, and CompAir (a brand of Gardner Denver)
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compressors, DOE has no basis to establish a standard. Therefore, DOE excludes water-injected
compressors from the scope of this final rule. To clearly establish what is meant by the term,
DOE is adopting a definition in this final rule. “Water-injected compressor” means “a lubricated
compressor that uses injected water as an auxiliary substance.”

3.3.8 Specialty Purpose

In the energy conservation standards NOPR, DOE did not explicitly exclude any
categories of specialty compressors. DOE made no specific scope exclusion for what the
compressor industry refers to as “customized” or “specialty-purpose” compressors. 81 FR 31680,
31690, 31693, 31696 (May 19, 2016). Although specialty compressors were not explicitly
excluded, DOE expects that many would be effectively excluded by other scope limitations,
including full-load operating pressure, compression principle, variety of gas compressed,
capacity, driver variety, and lubricant presence.

In the test procedure final rule, DOE incorporates CAGI’s recommended list of
equipment (with certain modifications) to define the minimum testing configuration for a
compressor basic model. Consequently, customized or specialty-purpose equipment that is
created by adding additional equipment to what the industry refers to as a standard or basic
package compressor, would be tested without the additional equipment, and achieve the same
rating as the basic package compressor it was derived from. For this reason, DOE finds no reason
to expressly exclude, from scope, any compressors that are created by adding additional
equipment to the basic testing configuration specified in the test procedure.

However, two additional concerns remain: (1) specialty-purpose equipment that is
created by modifying or replacing equipment on a standard package compressor, and (2)
specialty-purpose equipment that is not derivative of other standard equipment. DOE performed
research (using interested party comments as a starting point) to determine if any additional
scope exclusions are warranted. Specifically, DOE was able to identify 11 applications and
feature categories that could possibly be used to characterize specialty-purpose compressors in
the compressor industry:

1) corrosive environments

2) hazardous environments

3) extreme temperatures

4) marine environments

5) weather-protected environments

6) mining environments

7) military applications

8) food service applications

9) medical air applications (including dental)
10) climate-control applications

11) petroleum, gas, and chemical applications
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DOE established three criteria to help determine if exclusions are warranted for each of
the aforementioned applications and feature categories. A compressor category must meet all
three criteria to be considered for exclusion. The criteria are distinguishability, consumer utility,
and material disadvantage.

The first criterion, distinguishability, requires that compressors under consideration must
be able to be distinguished from general-purpose compressors. In this case, to be distinguishable
extends beyond being able to identify any difference whatsoever. Specifically, distinguishability
is determined in the context of the test procedure. DOE’s test procedure final rule contains
instructions regarding compressor configuration during testing. During a test, only specific
enumerated components are required to be connected; manufacturers may remove non-required
components at their option. If the specialized nature of a compressor arises from a non-required
component, manufacturers have the option to remove its influence on compressor performance.
In that scenario, the specialty compressor, from the perspective of the test procedure, has
“collapsed” to a general-purpose unit with no remaining distinction. In considering whether a
compressor meets the distinguishability criterion, DOE will assess whether the specialized nature
of the compressor arises from components or configurations that would vanish under the specific
provisions of DOE’s test procedure.

As stated previously, DOE is incorporating a list of equipment, so the only specialty-
purpose compressors that could warrant exclusion are (1) those that are created by modifying or
replacing equipment on a standard package compressor, and (2) specialty-purpose equipment
that is not derivative of other standard equipment.

The second criterion, consumer utility, requires that the specialty compressor must offer
clear and unique utility to the end user. If it can be easily substituted for a general-purpose
compressor without significant consequence, unique consumer utility is not supplied. The
criterion is also important for ensuring that exclusion would not create a substitution incentive
for consumers to switch to non-regulated specialty equipment as a means to reduce first cost.

The final criterion, material disadvantage, requires that a specialty compressor must face
greater difficulty than general-purpose compressors in some regard. For example, a compressor
may face, on account of extra componentry required to serve a specialty application, greater
obstacle to improving efficiency than would a general-purpose compressor. Alternatively, a
compressor may be able to achieve greater efficiency without trouble but create some
disproportionate burden to manufacturers, for example in testing or demonstrating compliance.

DOE performed research, using publicly available data, on each of the categories to
determine if exclusions are warranted. In the following paragraphs, DOE discusses findings for
each of the aforementioned 11 specialty applications.
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3.38.1 Corrosive Environments

Corrosive environments can be damaging to both the external components of a
compressor and the internal components, if corrosive agents are ingested with the air. DOE’s
research indicated that corrosive agents are found in wide range of varieties and severities.
Certain corrosive agents may harm some materials but not others.

Compressors may be adapted to corrosive environments by using special materials,
having special coatings, using additional intake air filtration, or using special or remote
enclosures to isolate the compressor from the corrosive environment. However, most
requirements for corrosive environments are customer-specific, making it difficult to create a
generalized scope exclusion. Some end users also use general-purpose compressors in a
corrosive environment, opting to replace the compressor at an earlier interval instead of
purchasing a more expensive compressor that can last longer in the corrosive environment.

Based on this information, DOE does not believe that all corrosive environment
compressors meet the first criterion of distinguishability; however certain corrosive environment
compressors utilizing special materials and/or coatings may be distinguishable.

DOE did find that certain corrosive environment compressors meet the second criterion
of consumer utility. Although some consumers opt to simply replace compressors more
frequently, this may be impractical for locations for which frequent replacement is impractical
(e.g., a remote location) or for which downtime is intolerable. Further, some corrosive agents
may be of a severity that greatly accelerates wear. As a result, whichever measures are employed
to avert corrosive agents or resist their effect can be said to grant utility.

DOE does not find that such compressors meet the third criterion of material
disadvantage. DOE was unable to find evidence that most compressors suited to corrosive
environments would generally face disproportionate difficulty in reaching the same efficiency
levels as general-purpose compressors. Specifically, DOE was unable to find evidence that
identifiable components, such as special materials and coatings, affect efficiency. As a result,
DOE does not find sufficient evidence that compressors suited to corrosive environments face
disproportionate difficulty in reaching the same efficiency levels as general-purpose
compressors. Furthermore, DOE found no evidence suggesting corrosive environment
compressors would be subject to disproportionate burden in testing or demonstrating compliance.

Because corrosive environment compressors do not meet the criteria of distinguishability
and material disadvantage, DOE does not exclude them from the scope of this final rule.

3.3.8.2 Hazardous Environments

Hazardous environments include those in which there is the possibility of combustion or
explosion. Compressors may be adapted to hazardous environments through modified electrical
components and enclosures that protect against sparks and high temperatures. At least some of
these components would need to be included as part of the basic package during testing. Several
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standards specify the type and level of precautions required for these environments, so
certification with one or more of these could be a method for defining the scope of exclusion.

For these reasons, DOE finds that hazardous environment compressors to meet the first
criterion of distinguishability. Hazardous environment compressors in the United States are
designated as such by independent agencies such as UL, and given a rating that corresponds to
the specific attributes of the hazardous environment for which the unit is being certified.
Independent agencies, such as UL, certify that compressors are suitable for hazardous
environments against the National Electrical Code (NEC), which is the common term for the
National Fire Protection Association standard NFPA 70, using a system of classes, zones, and
groups of hazardous materials for which the equipment is being rated safe. DOE examined
standards set by Atmospheres Explosibles (ATEX)®, but found that this designation is
predominantly used in the European market and largely overlaps, in terms of the information it
conveys to the consumer, with the NFPA 70 rating system.

DOE also found that hazardous environment compressors meet the second criterion of
consumer utility. Using non-explosion-safe equipment, in hazardous environments, can create
profound risk to life and property.

However, DOE does not find that hazardous environment compressor meet the third
criterion of material disadvantage. DOE was unable to find evidence that compressors suited to
hazardous environments would face disproportionate difficulty in reaching the same efficiency
levels as general-purpose compressors. DOE believes that the modified electrical components
and enclosures used in hazardous environments have little impact on energy use. Additionally,
DOE found no evidence suggesting hazardous environment compressors would be subject to
disproportionate burden in testing or demonstrating compliance.

Because hazardous environment compressors do not meet the criterion of material
disadvantage, DOE does not exclude them from the scope of this final rule.

3.3.8.3 Extreme Temperatures

CAGI and Sullair identified the need to exclude compressors used in extreme
temperatures. (CAGI, No. 0010, p. 4; Sullair, No. 0006 at p. 8) For high extremes, both
commenters identified temperatures above 45 °C. For low extremes, Sullair indicated
temperatures below 5 °C, while CAGI indicated temperatures below 0 °C. DOE notes that CAGI
and Sullair did not present any standardized tests or inspections that might be used to uniformly
classify the acceptable temperature range for a compressor.

¢ATEX is the common industry phrasing for European Parliament and Council Directive 2014/34/EU of 26
February 2014, which governs equipment and protective systems intended for use in potentially explosive
atmospheres. The term “ATEX” is a portmanteau of “atmosphéres explosibles”, French for “explosive
atmospheres.”
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In the absence of that information, DOE performed research and found neither industry-
accepted, standardized test methods to determine allowable operating temperature, nor any
industry-accepted certification programs to classify compressors for extreme temperatures. DOE
also researched what types of modification and components might be employed to adapt
compressors for extremely high- and low-temperature environments. For lower temperatures, a
variety of heating devices may be used to heat the compressor package in various ways — such
equipment would not be required as a part of test procedure testing configuration and is,
therefore, not a distinguishing feature.

In hotter environments, compressors may employ larger output air heat exchangers and
associated fans. Unlike package heating and cooling, heat exchangers and fans would necessarily
be part of the test configuration. However, manufacturers may employ larger heat exchangers
and fans for a variety of reasons, e.g. recovering waste heat for use in space heating.
Furthermore, heat exchanger and fan size (as compared to compressor capacity) is not a
standardized feature across the compressor industry, with different manufacturers choosing
different-sized components to meet their specific design goals. Consequently, DOE is unable to
establish a clear threshold to delineate larger heat exchangers and fans employed for high
temperature applications. Furthermore, doing so would open a significant circumvention risk, as
manufacturers could purposely substitute larger heat exchangers and fans in order to exclude
compressors from regulation. For these reasons, DOE concludes that compressors designed for
extreme temperature operation are not clearly distinguishable from general-purpose compressors.

Due to the difficulty in distinguishing compressors designed for extreme temperature
operation from general-purpose compressors, DOE could not determine whether compressors
designed for extreme temperature operation meet the second criterion of consumer utility, or the
third criterion of material disadvantage. DOE adds that if a specialty purpose compressor fails to
meet the first criterion of distinguishability, then it is unlikely that the specialty purpose
compressor provides clear and unique utility to the end user that a general-purpose compressor
would not provide. Similarly, if a specialty purpose compressor fails to meet the first criterion of
distinguishability, then it is unlikely that the specialty purpose compressor has a material
disadvantage compared to a general-purpose compressor. Consequently, DOE is unable to
exclude these compressors from the scope of this final rule.

3.3.84 Marine Environments

Marine air compressors are intended for use aboard ships, offshore platforms, and similar
environments. In general, DOE found this to be a very broad category of compressors. There are
a wide variety of standards for these applications, but many of the requirements are customer-
specific, making it difficult to clearly identify the scope for exclusion. Marine compressors may
be space constrained if installed on ships. However, this may not always be the case, and some
marine environments may be able to utilize general-purpose compressors. Further, DOE found
no way to distinguish clearly, from general-purpose compressors, those compressors specifically
developed for constrained spaces. DOE’s research found that other items, such as saltwater
coolers, may be employed with marine air compressors, however, this equipment would not need
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to be included for testing. For these reasons, DOE does not find marine environment
compressors to meet the first criterion of distinguishability.

Due to the difficulty in distinguishing marine environment compressors from general-
purpose compressors, DOE could not determine whether marine environment compressors meet
the second criterion of consumer utility, or the third criterion of material disadvantage. DOE
adds that if a specialty purpose compressor fails to meet the first criterion of distinguishability,
then it is unlikely that the specialty purpose compressor provides clear and unique utility to the
end user that a general-purpose compressor would not provide. Similarly, if a specialty purpose
compressor fails to meet the first criterion of distinguishability, then it is unlikely that the
specialty purpose compressor has a material disadvantage compared to a general-purpose
compressor. Because marine environment compressors do not meet the first criteria for
consideration of exclusion, DOE does not exclude them from the scope of this final rule.

3.3.85 Weather Protected

Weather-protected compressors require features to prevent the ingress of water and
debris, as well as accommodation for extreme temperatures in some cases. Design
accommodations related to extreme temperatures are discussed in section of 3.3.8.5 and,
therefore, the scope of this section is confined to those design accommodations related to aspects
of weather-protection for reasons other than extreme temperature. DOE found that third-party
standards exist for ingress protection of the electrical components. However, DOE could find no
indication of a standard or certification for other aspects of weather protection, making it
difficult to clearly identify a general scope for exclusion for all weather-protected equipment.
However, DOE believes that certain weather-protected compressors (i.e., those with electrical
components rated for ingress protection) meet the first criterion of distinguishability.

Similarly, DOE believes that certain weather-protected compressors (i.e., those with
electrical components rated for ingress protection) meet the second criterion of consumer utility,
as such equipment is designed to operate in environments where non-rated equipment cannot.

However, DOE does not find that weather-protected compressors meet the third criterion
of material disadvantage. Most weather-protected compressors would generally not face
disproportionate difficulty in reaching the same efficiency levels as general-purpose
compressors. Some components added for weather protection, such as special electrical
components, have little impact on energy use. As a result, DOE does not find evidence to suggest
that weather-protected compressors face disproportionate difficulty in reaching the same
efficiency levels as general-purpose compressors. DOE found no evidence suggesting weather-
protected compressors would be subject to disproportionate burden in demonstrating compliance.

Because weather-protected compressors do not meet the third criteria for exclusion, DOE
does not exclude them from the scope of this final rule.
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3.3.8.6  Mining Environments

Mining environments can include both surface and subsurface mine compressor
applications. There are some industry standards for these applications, for example those
developed by the Mine Safety and Health Administration (MSHA). However, DOE did not
locate any which could be used to reliably designate compressors for mining environments.
Furthermore, many of the design requirements for mining environment compressors are
customer-specific, making it difficult to clearly identify the scope for exclusion. Some mining
applications also use general-purpose compressors. For this reason, DOE does not find mining
environment compressors to meet the first criterion of distinguishability. DOE was not able to
determine that compressors for mining environments are always distinguishable from general-
purpose compressors. There is no universally recognized designator.

Due to the difficulty in distinguishing mining environment compressors from general-
purpose compressors, DOE could not determine whether mining environment compressors meet
the second criterion of consumer utility, or the third criterion of material disadvantage. DOE
adds that if a specialty purpose compressor fails to meet the first criterion of distinguishability,
then it is unlikely that the specialty purpose compressor provides clear and unique utility to the
end user that a general-purpose compressor would not provide. Similarly, if a specialty purpose
compressor fails to meet the first criterion of distinguishability, then it is unlikely that the
specialty purpose compressor has a material disadvantage compared to a general-purpose
compressor.

Ultimately, because mining environment compressors do not meet the first criteria for
consideration of exclusion, DOE does not exclude them from the scope of this final rule.

3.3.8.7 Military Applications

Compressors used in military applications have a wide range of applications. Many
military applications use common commercial or industrial compressors. Other military
applications, however, must meet extensive customer-specific requirements. These requirements
can vary greatly with the customer, and there are no commonly used standards for compressors
in military applications. This makes it difficult to clearly identify the scope for exclusion. For
this reason, DOE does not find military compressors to meet the first criterion of
distinguishability.

Due to the difficulty in distinguishing military compressors from general-purpose
compressors, DOE could not determine whether military compressors meet the second criterion
of consumer utility, or the third criterion of material disadvantage. DOE adds that if a specialty
purpose compressor fails to meet the first criterion of distinguishability, then it is unlikely that
the specialty purpose compressor provides clear and unique utility to the end user that a general-
purpose compressor would not provide. Similarly, if a specialty purpose compressor fails to meet
the first criterion of distinguishability, then it is unlikely that the specialty purpose compressor
has a material disadvantage compared to a general-purpose compressor.
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Ultimately, because military compressors do not meet the first criteria for consideration
of exclusion, DOE does not exclude them from the scope of this final rule.

3.3.8.8  Food Service Applications

Food service applications can have requirements for air purity and for the use of food-
grade lubricants. Food grade lubricants would need to be included for testing, so at least some
compressors designed for food service applications would meet the first criterion of
distinguishability.

DOE found that food service application compressors also met the second criterion of
consumer utility. Without food grade lubricants, compressors would not be permitted to be used
in food processing environments.

DOE does not find that food service application compressors meet the third criterion of
material disadvantage. DOE found no evidence that food-grade lubricants, would impact
efficiency. As a result, DOE does not find evidence to suggest that food service compressors face
disproportionate difficulty in reaching the same efficiency levels as general-purpose
COMPressors.

Because food service applications compressors do not meet the third criterion of material
disadvantage, DOE does not exclude them from the scope of this final rule.

3.3.8.9 Medical Air Applications

Medical air applications can have requirements for air purity, which is rated according to
International Organization for Standardization (ISO) 8573-1," and also included in the National
Fire Protection Association Standard for Health Care Facilities (NFPA 99).¢ DOE notes that
most medical air compressors are lubricant-free; as such, any lubricant-free medical air
compressors are already excluded from this final rule. In lubricated compressors, high air purity
is attained using a combination of filters and dryers added to the system after the compressor.
These items are outside the basic compressor package, so a medical air compressor would
collapse to a standard basic package for testing. For this reason, DOE does not find medical air
application compressors to meet the first criterion of distinguishability.

Due to the difficulty in distinguishing medical air compressors from general-purpose
compressors, DOE could not determine whether medical air compressors meet the second
criterion of consumer utility, or the third criterion of material disadvantage.

Ultimately, because medical air compressors do not meet the first criteria for
consideration of exclusion, DOE does not exclude them from the scope of this final rule.

f See: www.iso.org/iso/catalogue detail.htm?csnumber=46418
9 See: www.nfpa.org/codes-and-standards/all-codes-and-standards/list-of-codes-and-
standards?mode=code&code=99
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3.3.8.10 Climate-Control Applications

DOE reviewed available information for climate-control compressors and found that the
most commonly advertised unique feature was an “oil carryover” of less than or equal to 2 parts
per million (ppm)." DOE knows of one established standard for measurement of air purity, 1SO
8573-1." However, this standard expresses oil content using mg/m?® and would require conversion
to parts per million (ppm).

DOE reviewed compressors that are currently available for sale and marketed for climate-
control applications. DOE found that all compressors currently listed as being for “climate-
control” are reciprocating compressors. Because reciprocating compressors are not within the
scope of this energy conservation standards rulemaking, DOE finds no reason to exclude
climate-control compressors from this rulemaking.

3.3.8.11 Petroleum, Gas, and Chemical Applications

API1 619 specifies certain minimum requirements for compressors used in the petroleum,
gas, and chemical industry. While API 619 contains many specific design requirements, it also
indicates that customers must specify many design requirements themselves. As a result,
compressors designed to meet API 619 requirements are not uniform; rather, they are, by
definition, customized compressors. In addition to the design requirements, APl 619 imposes
rigorous testing, data reporting, and data retention requirements on manufacturers. For example,
manufacturers are required to perform specific hydrostatic and operational mechanical vibration
testing on each individual unit distributed in commerce. Furthermore, manufacturers must retain
certain data for at least 20 years, such as certification of materials, test data and results, records
of all heat treatment, results of quality control tests and inspections, and details of all repairs.
Based on these testing, data reporting, and data retention requirements, DOE concludes that
compressors designed and tested to the requirements of APl 619 meet the first criterion of
distinguishability. Specifically, DOE concludes that any manufacturer claiming a potential
exclusion from energy conservation standards would be able to furnish test data proving that the
compressor was designed and tested to API 619 (and associated customer-specific) requirements.

Based on DOE’s assessment of API 619, DOE believes that the minimum design and
testing requirements specified in APl 619 are created to achieve, among other goals, safety and
reliability in the petroleum, gas, and chemical industry. These requirements ensure that the
compressor can be operated and maintained safely, in the safety-critical petroleum, gas, and
chemical industry. Consequently, DOE concludes that compressors tested to, and meeting
minimum design requirements of API 619 provide additional consumer utility.

h Gardner Denver: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0066
Quincy: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0067
Champion: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0068

CPR: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0069

i See: www.iso.org/iso/catalogue _detail.ntm?csnumber=46418
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At this time, DOE has insufficient evidence to conclusively determine if compressors
meeting the minimum design and testing requirements specified in API 619 are at a material
disadvantage with respect to achievable compressors efficiency. However, given the role of API
619 in ensuring operational safety in the petroleum, gas, and chemical industry, it is appropriate
to exclude from the scope of energy conservation standards compressors meeting the minimum
design and testing requirements specified in AP1 619. In other words, DOE finds that including
compressors meeting the minimum design and testing requirements specified in APl 619 may
have adverse impacts on health or safety.

Furthermore, DOE believes that excluding compressors meeting the minimum design and
testing requirements specified in APl 619 will not create an appreciable risk of API1 619
compressors being used in general purpose applications, due to the rigorous and burdensome
requirements associated with complying with AP1 619. DOE may request that a manufacturer
provide DOE with copies of the original design and test data that were submitted in accordance
with the requirements of API 619 as evidence that the compressor is designed and tested to API
619.

3.4 EQUIPMENT CLASSES AND DISTINGUISHING FEATURES

When evaluating and establishing energy conservation standards, DOE may divide
covered equipment into equipment classes by the type of energy used, capacity, or other
performance-related features that justify differing standards. In making a determination whether
a performance-related feature justifies a different standard, DOE must consider such factors as
the utility of the feature to the consumer and other factors DOE determines are appropriate. (42
U.S.C. 6295(qg) and 6316(a)) In the NOPR stage of this rulemaking, DOE proposed dividing
compressors based on the following factors:

e compression principle,
e lubricant presence,

e cooling method,

e motor speed type, and
e motor phase count.

As discussed in section 3.3, in the final rule, DOE is excluding reciprocating
compressors, lubricant-free compressors, and single-phase compressors from the scope of the
energy conservation standards. Consequently, DOE no longer needs to establish equipment
classes based on compression principle, lubricant presence, or motor phase count. However,
consistent with the energy conservation standards NOPR, DOE is adopting equipment classes
based on motor speed range and cooling method in this final rule. In the analysis for the final
rule, DOE also analyzed the potential for establishing equipment classes for variations of rotary
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compressor technology, but equipment classes based on those variations are not adopted in the
final rule. Sections 3.4.1 to 3.4.3 provide detail on DOE’s equipment class decisions.

3.4.1 Motor Speed Range

Electric motor-driven compressors can be separated by the style of electric driver used in
the package. Specifically, DOE found that compressors are sold with either a variable-speed
driver, which can operate across a continuous range of driver speeds, or a fixed-speed driver,
which can operate at only a single fixed-speed. In the test procedure final rule, DOE establishes
definitions for “fixed-speed compressor” and “variable-speed compressor” to clearly
differentiate these equipment varieties. Specifically, DOE defined fixed-speed compressor to
mean an air compressor that is not capable of adjusting the speed of the driver continuously in
response to incremental changes in the required compressor flow rate. DOE defined variable-
speed compressor to mean an air compressor that is capable of adjusting the speed of the driver
continuously in response to incremental changes in the required compressor actual volume flow
rate.

In the energy conservation standards NOPR, DOE found that variable-speed compressors
are typically less efficient at full load than comparable fixed-speed compressors, partially due to
efficiency losses within the variable-speed drive. As an example of this difference, Figure 3.4.1
shows the mean isentropic efficiency of air-cooled, lubricated, single-stage compressors within
the scope of the energy conservation standards NOPR, when tested at full-load actual volume
flow rate.!

I The performance data was obtained from data sheets published through the CAGI Performance Verification
Program: www.cagi.org/performance-verification/.
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Figure 3.4.1 Comparison of mean package isentropic efficiency between fixed- and
variable-speed air-cooled lubricated single-stage compressors at full-load
actual volume flow rate.

DOE also found that variable-speed compressors are typically intended for use in systems
where air demand is expected to vary over the course of operation; this takes advantage of the
unit’s ability to operate more efficiently at part load. For this reason, variable-speed compressors
are sometimes optimized for efficiency at part load; this will typically result in full-load
efficiencies lower than those of comparable fixed-speed units, as exemplified in Figure 3.4.1 .
Additionally, variable-speed compressors may function as “trim” compressors in multi-unit
installations. Trim compressors are normally the first ones to adjust their capacity output when
overall system air demand changes. If the overall system air demand changes outside what the
trim compressor is able to accommodate, additional compressors may be turned on or off
according to which configuration would produce most efficient operation. By contrast, a “base
load” compressor is expected to be operated either on or off a large fraction; this compressor is a
poor candidate for variable-speed functionality, because of both the financial and full-load
performance cost of adding that capability.

Due to the difference in utility and attainable efficiency between fixed and variable-speed
compressors, DOE proposed to separate these two compressor styles into separate equipment
classes in the energy conservation standards NOPR. In this final rule, DOE reaffirms this
conclusion and is adopting separate equipment classes for fixed- and variable-speed
COMPressors.

3.4.2 Variations of Rotary Compression Technology

In the energy conservation standards NOPR, DOE did not propose to establish equipment
classes based on variants of rotary compression technology, such as rotary screw or rotary vane.
In response to the energy conservation standards NOPR, DOE received stakeholder comments
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that indicated that vane compressors and screw compressors may have significant differences
that would justify the creation of separate equipment classes.

In response, DOE analyzed the performance of rotary and vane compressors to determine
if separate equipment classes were justified. Specifically, DOE assessed whether vane
compressors provided a unique consumer utility that impacts energy efficiency.

DOE reviewed publicly available performance data for rotary vane compressors to
determine if differences in energy efficiency or consumption exist between vane and screw
compressors.X DOE found that only one vane compressor manufacturer currently participates in
the CAGI performance verification program; therefore, all available vane compressor data is
associated with this manufacturer. For comparison, eight unique rotary compressor
manufacturers currently participate in the CAGI performance verification program.'

DOE found that the available fixed-speed vane compressors perform similarly to fixed-
speed screw compressors. For example, of the 29 in-scope fixed-speed vane compressors for
which data was available, 86 percent were able to reach efficiency level (EL) 2.™ In comparison,
84 percent of fixed-speed screw compressors were able to reach EL 2. Further, for this same set
of fixed-speed vane compressors, 55 percent were able to reach EL 3;" in comparison, 53 percent
of fixed-speed screw compressors were able to reach EL 3.

As an additional example, Figure 3.4.2 shows the CAGI data for air-cooled fixed-speed
vane compressors and screw compressors. The two datasets have similar performance across this
flow rate range.

K The performance data was obtained from data sheets published through the CAGI Performance Verification
Program: www.cagi.org/performance-verification/. For more details on how DOE analyzed the CAGI data, refer to
Chapter 5.

"'For a list of manufacturers currently participating in the CAGI Performance Verification Program, refer to:
www.cagi.org/performance-verification/data-sheets.aspx. Note that Chicago Pneumatic and Quincy are subsidiaries
of Atlas Copco.

™ EL 2 represents the standard level adopted for this equipment in the energy conservation standards final rule.

" EL 3 represents the approximate middle of the market, with respect to efficiency.
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Figure 3.4.2 Package isentropic efficiency at full-load operating pressure versus full-load
actual volume flow rate, for air-cooled fixed-speed vane and screw
COMpPressors

Given the comparable performance between rotary screw and rotary vane compressors,
DOE is not establishing separate equipment classes for these two variants of rotary compressors
in this final rule.

3.4.3 Cooling Method

Due to considerable heat created during compression, compressors are normally
packaged with cooling systems for both the air itself and, if applicable, the lubricant. The cooling
system may utilize either air or a liquid to remove heat from the system. In the energy
conservation standards NOPR, DOE proposed definitions for air-cooled compressors and water-
cooled compressors and proposed to create separate equipment classes for them. As discuss in
section 3.2.2, DOE ultimately determined that the definition of water-cooled compressors was
too limiting to include all compressors cooled using a liquid coolant. Thus, DOE broadened the
definition and established new terminology for the equipment, i.e., liquid-cooled compressors.
DOE also modified the definition of air-cooled compressor in order to avoid ambiguity with
liquid-cooled compressors and hybrid systems. As discussed in section 3.2.2, DOE defines air-
cooled compressor to mean a compressor that utilizes air to cool both the compressed air and, if
present, any auxiliary substance used to facilitate compression, and that is not a liquid-cooled
compressor. DOE also defines liquid-cooled compressor to mean a compressor that utilizes
liquid coolant provided by an external system to cool both the compressed air and, if present, any
auxiliary substance used to facilitate compression.

In determining whether to adopt separate equipment classes for air-cooled and liquid-
cooled compressors in this final rule, DOE assessed whether these varieties provide a unique
consumer utility that affects energy efficiency.
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With respect to utility, air-cooled compressors can operate in applications where liquid
coolant is not available. On the other hand, liquid-cooled compressors can operate in warm
environments, where ambient air may not provide sufficient cooling. Thus, each cooling method
offers consumer utility that the other does not.

With respect to performance, air-cooled compressors typically require fans to circulate air
through the heat exchangers; these fans increase the total package energy consumption, thus
decreasing the total package efficiency. In contrast, the cooling system for liquid-cooled
compressors does not require additional energy from the package, because the liquid is pumped
and, if necessary, cooled at a separate location. Thus, air-cooled compressors tend to have lower
package isentropic efficiency than liquid-cooled compressors of otherwise identical design.

Figure 3.4.3 and Figure 3.4.4 illustrate this fact using data for lubricated fixed-speed
single-stage compressors within the scope of the energy conservation standards NOPR.° To
create these figures, DOE found pairs of water-cooled and air-cooled compressors of similar
design by matching them based on manufacturer, full-load operating pressure, lubricant
presence, number of stages, compressor motor nominal horsepower, and similar actual volume
flow rate.

Figure 3.4.3 provides a direct comparison of the efficiencies of the compressors in each
pair. The efficiency of the air-cooled compressor is shown in the vertical axis and the efficiency
of the water-cooled compressor is shown in the horizontal axis. Most data points fall below the
line of equal isentropic efficiency (dashed line), which means that water-cooled compressors are
generally more efficient than their air-cooled counterparts. Figure 3.4.4 shows the same data as a
function of full-load actual volume flow rate and separated by cooling method. Furthermore,
Figure 3.4.4 shows the mean isentropic efficiency curves for fixed-speed air- and water-cooled
from the NOPR. Note the clear upward shift in efficiency between analogous air-cooled and
water-cooled points, as well as in the mean isentropic efficiency curve. These features also
indicate greater efficiency for water-cooled compressors compared to air-cooled compressors.

° The performance data was obtained from data sheets published through the CAGI Performance Verification
Program: www.cagi.org/performance-verification/.
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Figure 3.4.3 Comparison of package isentropic efficiency at full-load operating pressure
between air-cooled and water-cooled compressors with similar designs
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Figure 3.4.4 Isentropic efficiency as a function of full-load actual volume flow rate for
select air-cooled and water-cooled compressors with similar designs. The
mean isentropic efficiency curves from the NOPR are also shown

Based on these considerations, DOE concludes that air- and liquid-cooled compressors
each offer unique consumer utility that impacts energy efficiency, and consequently DOE is
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adopting separate equipment classes for air-cooled compressors and liquid-cooled compressors
in this final rule.

3.4.4 List of EQuipment Classes

Based on the scope definitions in section 3.3 and the performance-related features and
distinguishing characteristics described in this section, DOE is establishing the equipment classes
listed in Table 3.4.1.

Table 3.4.1 DOE Equipment Classes for Compressors
Compressor | Lubrication | Cooling | Driver | Motor | Equipment class

type type method | type | phase designation
Air-
Liquid- | speed RP ES L WC
. cooled Three- S
Rotary Lubricated Air ohase
Liquid- | speed RP VS L WG
cooled _vo_L_

3.5 TEST PROCEDURES AND ENERGY USE METRIC

In the test procedure final rule, DOE adopted a test method for calculating the package
isentropic efficiency of compressors. DOE adopted methods based on (with modifications) ISO
Standard 1217:2009(E), “Displacement compressors — Acceptance tests.”?

The test procedure requires that the energy conservation standards for compressors be
expressed in terms of full-load package isentropic efficiency (nisen,rL) for fixed-speed
compressors, and part-load package isentropic efficiency (nisen,pL) for variable-speed
compressors. Tisen,FL and nisen,pL describe the power required for an ideal isentropic compression
process, divided by the actual input power of the packaged compressor. The njisen,rL COnsiders this
ratio at full-load operating pressure, and nisen,pL CONSiders this ratio at a weighted-average of full-
load and part-load operating pressures. The metrics are defined as follows:

_ _ Pisen,lOO%
nisen,FL - nisen,IOO% - P
real,100%

Equation 3.1

P In the test procedure final rule, DOE incorporated by reference 1ISO 1217:2009(E) as amended by 1SO
1217:2009(E)/Amd.1:20186, titled “Calculation of isentropic efficiency and relationship with specific energy.”
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Where:

Nisen,r1 (OF, equivalently, n;s. 1009) IS the package isentropic efficiency at full-load operating
pressure,

Pisen,100% IS the isentropic power required for compression at full-load operating pressure, and
Preal,100% IS the packaged compressor power input at full-load operating pressure.

_ p isen,i
nisen,PL - w; P
7 real,i

Equation 3.2
Where:

Nisen,pL 1S the part-load package isentropic efficiency,

wi 1S the weighting factor for rating point i,

Pisen,i IS the isentropic power required for compression at rating point i,

Preali IS the packaged compressor power input at rating point i, and

i =load points at 100, 70 and 40 percent of full-load actual volume flow rate.

3.6 MARKET ASSESSMENT

The market assessment provides a summary of the market for compressors, including a
description of trade associations, existing regulatory and volunteer programs, manufacturer
market shares; and market trends and quantities of equipment sold. The market assessment is
helpful in identifying the major manufacturers and the characteristics of the equipment they
produce, which will be examined further in the engineering and life-cycle cost analyses (chapters
5 and 8 of this TSD, respectively).

3.6.1 Trade Associations

DOE is aware of one U.S.-based trade association for manufacturers of compressors, the
Compressed Air and Gas institute. CAGI was established in 1915 to service the compressed air
industry and users of compressed air systems. CAGI members consist of U.S.-based and
international manufacturers of compressors and other compressed air system products.

CAGI is organized into three standing committees. The first, Educational and
Promotional Marketing, prepares literature and media that provide industry and the public with
information from CAGI. The second, Energy Efficiency, works to enhance energy efficiency of
compressed air systems, and has worked with the DOE on the Compressed Air Challenge in the
past.® The third committee, Standards, coordinates the development of standards with other
industry groups such as ISO, PNEUROP (the name of the European Association of

9 www.compressedairchallenge.org/
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Manufacturers of Compressors), the American National Standards Institute (ANSI), and the
American Society of Mechanical Engineers (ASME).

CAGI members voluntarily publish performance data in standardized datasheets. These
allow consumers to compare relevant data (e.g., full-load operating pressure, full-load capacity,
drive motor nominal power, and specific package input power) on a common basis. CAGI
members use a simplified test procedures contained in annexes of 1ISO 1217:2009, which CAGI
helped develop, to measure and report these parameters.

3.6.2 Manufacturers and Industry Structure

Table 3.6.1 lists some major manufacturers of rotary air compressors within the scope of
this final rule. For reference, Table 3.6.1 highlights whether these organizations also
manufacturer reciprocating and dynamic compressors; these varieties of compressors are
discussed in this final rule, but do not fall within its scope.

Table 3.6.1 Major Manufacturers of Air Compressors by Equipment Type

Compressor Types Manufactured

Manufacturer ) ) .
Rotary Reciprocating Centrifugal

Atlas Copco AB X X X

BelAire Compressors

BOGE International GmbH

Campbell Hausfeld

X | X[ X|X

DV Systems Inc.

Elgi Equipments Limited

Fusheng Group

Gardner Denver, Inc.

GHS Corporation (Sullair, Sullivan-
Palatek, and Saylor-Beall)

X| X | XX

Ingersoll Rand

X|X| X [ X[X|X|X|X|X]|X

Kaeser Kompressoren

MAT Industries X

X

Ing. Enea Mattei SpA.

Puma Industries X
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Although the compressor market is predominantly supplied by large manufacturers, some
small businesses participate in the compressor industry. The Small Business Administration
(SBA) defines a small business for “Air and Gas Compressor Manufacturing” as a company with
1,000 or fewer employees. The number of employees in a small business is rolled up with the
total employees of the parent company; it does not represent the division manufacturing
compressors. SBA lists small business size standards for industries as they are described in the
North American Industry Classification System (NAICS). For compressors, the size standard is
matched to NAICS code 333912, Air and Gas Compressor Manufacturing.” DOE studied the
potential impacts to small businesses in greater detail during the manufacturer impact analysis
(MIA), which is described in chapter 12 of this technical support document. For reference, Table
3.6.2 highlights whether these organizations also manufacturer reciprocating and dynamic
compressors; these varieties of compressors are discussed in this final rule, but do not fall within
its scope. Chapter 12 contains more detail.

Table 3.6.2 Small-Business Manufacturers of Air Compressors by Equipment Type

Compressor Types Manufactured

Small-Business Manufacturer - - -
Rotary Reciprocating Dynamic

Airbase Industries X X

Castair, Inc.

Compressed Air Systems

DV Systems, Inc.

GHS Corporation

Jenny Products

X | X[ X[ X|[X]|X

Rogers Machinery

X | X|X| X[ X]|X]|X

Patton"s Inc.

" Source: www.sba.gov/sites/default/files/files/Size Standards Table.pdf
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3.6.3 Regulatory Programs

DOE reviewed several existing and proposed regulatory programs that apply to
compressors. These programs are described in the following sections.

3.6.3.1  European Union

The EU Ecodesign directive established a framework under which manufacturers of
energy-using products are obligated to reduce the energy consumption and other negative
environmental impacts occurring throughout the product life cycle.® Products are broken out in to
different “lots,” with compressors studied in Lot 31. In June 2014, the EU completed and
published its final technical and economic study of Lot 31 compressors.

As part of its study, the EU examined the entire compressors market to determine an
appropriate scope of coverage for its energy conservation standards.

The EU the published a draft regulation that proposed to cover the following
compressor types:

e Oil-lubricated rotary air compressor packages with:
o rated output flow rate between 5 and 1,280 liters per second,”
0 three-phase electric motors,
o fixed or variable-speed drives, and
o full-load operating pressure between 7 and 14 bar gauge.
e Oil-lubricated reciprocating air compressor packages with:
o rated output flow rate between 2 and 64 liters per second,
0 three-phase electric motors,
o fixed-speed drives, and
o full-load operating pressure between 7 and 14 bar gauge.

The EU Lot 31 study used data collected from CAGI Performance Verification Program
data sheets to determine the market distribution of compressor efficiency for rotary compressors
and data collected from a confidential survey conducted of European manufacturers of
reciprocating compressors.

$ Source: www.requlations.gov/document?D=EERE-2013-BT-STD-0040-0074

tFor copies of the EU Lot 31 Final Report on Compressors, please go to:

www.regulations.gov/#!documentDetail; D=EERE-2013-BT-STD-0040-0031

U For copies of the EU draft regulation: www.regulations.gov/contentStreamer?documentld=EERE-2013-BT-STD-
0040-0031&disposition=attachment&contentType=pdf

V'When express in terms of inlet conditions, as is industry convention.
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The EU draft regulation proposed to separate the covered products into the following
three equipment classes and to set a different standard level, based on isentropic efficiency, for

each class:

o fixed-speed rotary standard air compressors — standard level set as isentropic
efficiency at full-load operating conditions;

e variable-speed rotary standard air compressors — standard level set as a weighted
average of isentropic efficiency at 100 percent, 70 percent, and 40 percent of full-load
operating conditions; and

e piston standard air compressors — standard level set as isentropic efficiency at full-
load operating conditions.

The EU draft proposal suggests compliance beginning in 2018, with a second tier of more
stringent efficiency levels starting in 2020 for certain compressor types, as explained in Table

3.6.3 and Table 3.6.4:

Table 3.6.3 Draft First Tier EU Minimum Energy Efficiency Requirements for Standard
Air Compressors beginning January 1, 2018

Standard Air
Compressor Type

Formula to calculate the minimum
isentropic efficiency, depending on the full-
load actual volume flow rate (V1) an
proportional loss factor (d)

Proportional loss factor (d)
to be used in the formula

Fixed-Speed (-.0928 In? (V1) + 13.911 In (V1) + 27.110) +
Rotary Standard (100 - (-.0928 In? (V1) + 13.911 In (V1) + -5
Air Compressor 27.110) *d/100
Variable-Speed (-1.549 In? (V1) + 21.573 In (V1) + 0.905) +
Rotary Standard (100 - (-1.549 In? (V1) + 21.573 In (V1) + -5
Air Compressor 0.905) * d/100
Piston Standard | (8.931 In (V1) + 31.477) + (100 - (8.931 In (V1) 5
Air Compressor + 31.477) * d/100
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Table 3.6.4 Draft Second Tier EU Minimum Energy Efficiency Requirements for Standard
Air Compressors beginning January 1, 2020

Formula to calculate the minimum
Standard Air isentropic efficiency, depending on the full- | Proportional loss factor (d)
Compressor Type load actual volume flow rate (V1) an to be used in the formula
proportional loss factor (d)

Fixed-Speed (-0.928 In? (V1) + 13.911 In (V1) + 27.110) +
Rotary Standard (100 - (-0.928 In? (V1) + 13.911 In (V1) + 0
Air Compressor 27.110) * d/100
Variable-Speed (-1.549 In? (V1) + 21.573 In (V1) + 0.905) +
Rotary Standard (100 - (-1.549 In? (V1) + 21.573 In (V1) + 0
Air Compressor 0.905) * d/100
Piston Standard | (8.931 In (V1) + 31.477) + (100 - (8.931 In (V1) 0
Air Compressor + 31.477) * d/100

As stated previously, the EU draft regulation has not yet been adopted and its ultimate
fate is still unknown. Based on the process outlined on the public Ecodesign website, the
document may need to be reviewed internally by the European Commission, sent to the World
Trade Organization, submitted to the Regulatory Committee (composed of one representative
from each EU member state), and then finally sent to the European Parliament and Council for
scrutiny."

In parallel, the EU has announced a second compressors study focusing on low-pressure
and oil-free equipment. According to the website,* the study was initiated on June 17, 2015, draft
publications for the relevant Task 1-4 were posted on March 31, 2016, and additional draft
publications and stakeholder meetings are planned, with dates not yet determined. Publication of
the final report is scheduled for April 2017.

3.6.3.2  The People’s Republic of China

The People’s Republic of China has a mandatory minimum energy performance standard
called GB 19153-2009, “Minimum allowable values of energy efficiency and energy efficiency
grades for displacement air compressors.”¥ *? To compliment this, there is a labeling requirement
called “China Energy Label-Air Compressor (Displacement Air Compressor).” These apply to
the equipment types below:*

e direct drive portable reciprocating piston air compressors
e reciprocating piston minitype air compressors

w As detailed here: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0075
x As viewed here: www.requlations.gov/document?D=EERE-2013-BT-STD-0040-0076
y Source: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0071

z Source: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0070

aa Source: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0072
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¢ oil-free reciprocating piston air compressors

e stationary reciprocating piston air compressors for general use
e o0il injected screw air compressors for general use

e oil injected single screw air compressors for general use

¢ o0il flooded sliding vane air compressors for general use

The scope for each equipment type varies, but the standard applies to certain equipment
as low as 0.18 kW and up to 630 kW (approximately 0.25- to 844-hp), and from 0.25 to 1.40
MPa (approximately 36 to 203 psi). Minimum efficiency is measured in specific power
(kW/(m3/min)) and is determined based on number of stages, lubrication, motor power, and full-
load operating pressure for each equipment type. Equipment is tested according to GB/T 385-
1998.°b

3.6.4 Nonregulatory Programs

DOE reviewed voluntary programs that promote energy efficient compressors in the
United States, including the Compressed Air Challenge and CAGI’s performance verification
and datasheet program.

3.6.41  Compressed Air Challenge

The Compressed Air Challenge is composed of members of all aspects of the compressed
air field, including industrial end users, manufacturers, distributors, consultants, energy
efficiency organizations, utilities, and state agencies. DOE is a sponsor of the Compressed Air
Challenge.

The Compressed Air Challenge’s mission is to be the leading source of product-neutral
compressed air system information and education, enabling end users to take a systems
approach, leading to improved efficiency and production and increased net profits. It met this by
hosting a variety of trainings and workshops in areas such as fundamentals of compressed air,
management of compressed air systems, and AirMaster+ training.°

The Compressed Air Challenge publishes magazine and journal articles, case studies, fact
sheets, and its own best practices manual. Much of this material is publicly available on its
website; some material is available for a fee.

3.6.4.2  CAGI Performance Verification Program

In an effort to create a uniform method for determining compressor efficiency, CAGI and
its industry partners developed a voluntary performance verification program for 5- to 200-hp

b Source: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0071
¢« AIRMaster+ is a free online software tool developed by DOE that helps users analyze energy use and savings
opportunities in industrial compressed air systems: www.energy.gov/eere/amo/articles/airmaster
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rotary compressors, which is open to all manufacturers, even those that are not CAGI members.
CAGI currently lists 12 manufacturers, representing nearly 2,000 individual compressor package
models that participate in the Rotary Compressor Performance Verification Program, all of
whom are CAGI members. %

The Performance Verification Program specifies that manufacturers test each compressor
model at a third-party lab using 1SO 1217:2009. CAGI and its industry partners developed data
sheets that specify measuring and reporting the following performance characteristics for each
compressor tested:

e lubrication type

e cooling method

e rated capacity at full-load operating pressure

e full-load operating pressure

e driver motor nominal rating and efficiency

e fan motor nominal rating and efficiency (if applicable)

e total package input power at zero flow and at the rated capacity at full-load operating
pressure

e specific package input power at rated capacity at full-load operating pressure

Data sheets for all compressors tested must be published on each manufacturer’s website.
Although the Performance Verification Program is only applicable to compressors from 5 to 200
hp, manufacturers may post data sheets for compressors outside this range. There are currently
data sheets from CAGI members for compressors from 3 to 700 hp.

Participating manufacturers are subject to random testing of two units annually, which
are compared to certified published performance ratings. Units that do not pass may either be
subject to additional testing or re-rated to generate new verified data sheets. Failure may result in
ejection from the verification program. For units that pass the verification program test
procedures, manufacturers may use the CAGI Verification Seal to advertise that equipment
specifications have been tested by an independent laboratory

dd www.cagi.org/performance-verification/overview.aspx

3-36


http://www.cagi.org/performance-verification/overview.aspx

3.6.5 Market and Industry Trends

DOE gathered data on compressor market and industry trends. Several of DOE’s
observations and conclusions are noted in the following sections.

3.6.5.1  Equipment Efficiency

DOE assembled a compressor performance database that contains, among other
parameters, information on capacity, pressure, and estimated efficiency of the majority of
compressors that are available on the market.®® The engineering analysis, found in chapter 5 of
this TSD, provides a full discussion of compressor efficiency data for all of the equipment
classes. Figures in this section are generated using information from the compressor performance
database and illustrate the distribution of isentropic efficiency available in the U.S. compressor
market.

Figure 3.6.1 and Figure 3.6.2 illustrate the distribution of isentropic efficiency, by
efficiency level™, for the RP_FS_L_AC and RP_FS_L_WC equipment classes, respectively.
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Package Isentropic Efficiency

— . = Baseline

Figure 3.6.1 RP_FS_L_AC Efficiency Levels

¢ See chapter 5 of this TSD for more information regarding the compressor performance database.
T ELs are defined and explained in chapter 5 of this TSD and presented here for reference.
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Figure 3.6.2 RP_FS_L_WC Efficiency Levels

Figure 3.6.3 and Figure 3.6.4 illustrate the distribution of isentropic efficiency for the
RP_VS L ACand RP_VS_L_WC equipment classes respectively.
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Figure 3.6.3 RP_VS_L_AC Efficiency Levels

3-38



100% RP_VS_L_WCEfficiency Levels
90%

80%
70%
60%
50% | .o
0% |-
30%
20%
10%
0%

CAGI Data
EL 6

T e EL5
-~

Package Isentropic Efficiency

— - = Baseline

10 100 1000
Full-load Actual Volume Flow Rate (cfm)

Figure 3.6.4 RP_VS_L_WC Efficiency Levels

3.6.5.2 Market Share, Compressors in Final Rule Scope

DOE obtained 2016 shipment data from interested parties for lubricated rotary
compressors, these were then projected to future years based on the shipments analysis (see
chapter 9).

Table 3.6.5 shows the distribution of shipments by compressor full load actual volume
flow rate (cfm) in 2016 for compressors within the scope of this final rule. These data showed
that there were an estimated 25,420 units shipped of rotary compressors in 2016, of which 3,550
of those units were variable-speed. Table 3.6.6 displays the same information by percentage.
Table 3.6.7 displays shipments by full-load operating pressure instead of full-load actual volume
flow rate.
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Table 3.6.5 Rotary Compressor Shipments by Equipment Capacity, 2016

Villjlljlr-rllgalglop\\/\(/:t;gie All Shipments FS Shipments VSD Shi_pments
(cfm)* (units) (units) (units)
35-50 384 384 0
50 - 100 1,793 1,722 71

100 - 200 6,331 5,689 642
200 - 500 9,232 7,770 1,462
500 - 1000 6,818 5,609 1,209

1,000 - 1250 862 695 167
Total 25,420 21,870 3,550

*Values falling on the boundary are included in the higher flow bin.

Table 3.6.6 Rotary Compressor Shipment Percentages by Flow, 2016

Full-load Actual
Volume Flow Rate All Shipments (%) FS Shipments (%) | VSD Shipments (%0)

(cfm)*

35-50 1.5% 1.5% 0.0%

50 - 100 7.1% 6.8% 0.3%

100 - 200 24.9% 22.4% 2.5%

200 - 500 36.3% 30.6% 5.8%

500 - 1000 26.8% 22.1% 4.8%

1,000 - 1250 3.4% 2.7% 0.7%

Total 100% 86% 14%

“Values falling on the boundary are included in the higher flow bin.

Table 3.6.7 Rotary Compressor Shipment Percentages by Pressure, 2016

FUF!L:(S):SI,S& eSES;LHQ All Shipments (%) FS Shipments (%) | VSD Shipments (%)

75 0.0% 0.0% 0.0%

100 16.1% 13.8% 2.4%

125 40.1% 32.7% 7.4%

150 30.0% 25.8% 4.2%

175 13.8% 13.8% 0.0%

200 0.0% 0.0% 0.0%
Total 100% 86.0% 14.0%

*Values falling on the boundary are included in the higher pressure bin.
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3.6.5.3  Market Share, All Electrically-Driven, Stationary Compressors

Although the scope of this final rule includes only rotary, lubricated air compressors,
DOE was able to assess the relative market share of rotary, reciprocating, and dynamic air
compressors. Table 3.6.8 shows that reciprocating air compressors represent the vast majority of
shipments, at 97.5 percent. Rotary air compressors are the second most common type and
account for 2.4 percent of shipments (with 2.3 percent and 0.1 percent of shipments accounting
for lubricated and lubricant-free rotary positive compressors, respectively). Finally, dynamic air
compressors account for 0.02 percent of shipments.

The data below represents all electrically driven, stationary compressors of less than 500
compressor motor nominal horsepower, except for reciprocating compressors with either brushed
motors or compressor motor nominal horsepower of less than or equal to 1 hp.

Table 3.6.8 Market Share of Air Compressors by Compression Principle, 2016

Unit Shipped Market Share
Reciprocating 1,232,508 97.54%
Rotary Positive — All 30,819 2.44%
Rotary Positive — Lubricated 29,172 2.31%
Rotary Positive — Lubricant-free 1,647 0.13%
Dynamic 296 0.02%
Total 1,263,623 100%

3.6.6 Applications

Compressed air is used in a wide range of commercial and industrial applications. For
this document, DOE considered three primary application categories light commercial, heavy
commercial, and industrial

Light commercial consists mostly of reciprocating compressors. Duty cycles range from
extremely light to medium. Dominant control methods are start/stop with a storage tank to
reduce cycling. Common applications include gas stations, dental, automotive service, light
tools, and inflation.

Heavy commercial consist mostly of rotary positive, with some large, durable
reciprocating and, less commonly, dynamic compressors. Dominant control methods are
load/unload with some start/stop and some variable-displacement and variable-speed. Common
applications include hospitals and medical, large automotive, machining, sandblasting,
instrument air, woodworking, dust collection, packaging, painting, food processing, amusement
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parks, and construction.

Industrial consists mostly of medium and large rotary positive and dynamic. Dominant
control methods are load/unload, with multi-compressor installations regulated by a master
controller common for large sites. Compressors of multiple types may be employed in tandem.
Common applications include painting, tool operations, injection molding, material conveying,
soot blowing, electronic and semiconductor manufacturing, water and sewage treatment, glass
manufacturing, pulp and paper, mining, and chemical production.

3.6.7 Controls Methods

Buyers of compressors may be able to save significant energy by using controls and heat
recovery. Controls are used to match compressor output (flow) to air demand, which may occur
in different patterns according to application.

The simplest demand pattern would be constant demand, wherein required air does not
vary over time. In this case, required compressor size is simple to determine, and no controls are
needed other than an on/off switch. In practice, air demand as a function of time can be
complicated. It may have sharp peaks, periods of zero demand, and even requirements for
different pressure simultaneously. As a result, manufacturers have introduced several ways to
match supply to demand. Broadly, they are “start/stop,” “load/unload,” “inlet modulation,”
“variable-capacity,” “variable-speed,” and use of multiple compressors that incorporate these
technologies.

Start/stop and load/unload can be considered cycling technologies, in the sense that they
adjust supply by switching compressor output on and off in a binary fashion. Often, these
schemes will include compressed air storage to help the system serve large demand spikes and to
allow the compressor to cycle on and off less frequently. A downside to storage is that air must
be pressurized above the level that is ultimately required (and then regulated to a reduced
pressure while leaving the storage), which consumes greater energy. In general, larger storage
volume reduces the degree of over-pressurization required and, therefore, system energy
consumption.

Start/stop is typically used to describe schemes in which the compressor driver is
depowered. Load/unload, by contrast, typically means that the motor is kept running and
compressor output is eliminated by closing the air inlet. The unit still consumes power during
unload periods. Load/unload is more commonly used in larger units where turning the
compressor on and off would create secondary problems. For example, the motor may overheat
if cycled beyond a certain frequency.

Inlet modulation provides the ability to operate a compressor in steady-state at partial
output. This is accomplished by modulating, or partially closing, the air intake, so that the
compressor ingests less ambient air and generates correspondingly less output. Energy
consumption per unit of output rises, however, because the compressor must work harder to
intake each unit of air. Advantages of inlet modulation are simplicity, low cost, and possible
reduced need for storage. The chief disadvantage is that inlet modulation tends to be less
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efficient than other control schemes. The difference becomes even more pronounced at lower
output levels.

Variable-capacity (sometimes called variable-displacement) and variable-speed both
work, respectively, either by effectively shrinking or by slowing the compressor, but still
allowing it to operate relatively efficiently. Variable-capacity is normally used to describe an air-
end with some type of variable geometry. The compression volumes shrink, so that less air is
compressed during each stroke, turn, or cycle. Normally, the compressor still operates at full
speed. Relative to inlet modulation, variable-capacity may cost more but perform better at lower
output levels. Relative to variable-speed, variable-capacity may be simpler and less expensive
but cede efficiency, especially at low outputs.

Variable-speed usually refers to compressors with the ability to continuously vary motor
speed to match demand. Normally, this is accomplished by using a motor controller with power
electronics that can create a range of frequencies and voltages.% Variable-speed is generally
considered to be the most efficient control method, especially at lower output levels, and often
also the most costly and complex. Because the motor controller introduces losses not present in
other control schemes, however, variable-speed equipment may actually be less efficient at or
near full output. Switching all compressors in an installation to variable-speed without carefully
considering load patterns may increase overall system energy consumption. A load profile may
be more efficiently served, for example, by using storage or employing multiple compressors as
an ensemble.

Finally, using multiple compressors, or an ensemble, in place of one can be viewed as
final way to control output. Each compressor in the ensemble may employ any of the other
control methods discussed in this section. Often, a master controller will be used to manage the
ensemble, instead of allowing individual compressors to make their own decisions. Multi-
compressor installations may have advantages of flexibility and robustness to failure in addition
to potentially reduced energy consumption for suitable demand patterns. Disadvantages may
include added cost and complexity.

3.7 TECHNOLOGY ASSESSMENT

The purpose of the technology assessment is to develop a preliminary list of technologies that
could improve the efficiency of compressors. The following assessment provides descriptions of
technologies and designs that unless otherwise noted apply to all compressor equipment classes.

In the Framework document, DOE identified several technology options that could be
used to improve compressor package efficiency, including:

e improved controls,
e improved bare compressor efficiency,

99 Sometimes called an inverter
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e cooling fan efficiency,
e improve drivers,
e multi-stage compressors.

DOE research indicated that even though all of the options Framework document were
valid paths to higher efficiency, in practice, they were not considered independently by
manufacturers. Rather, they were deployed as needed depending on the specifics of the
compressor design and ultimate desired efficiency level. Further, DOE found that the options
listed above are in some cases able to be deployed independently (e.g., cooling fan efficiency)
and in other cases require coordination (e.g., using a more efficient motor). Thus, DOE altered its
proposed categorization of options to improve efficiency in the energy conservation standards
NOPR. Instead of a bottom-up approach, wherein DOE could attempt to assign a characteristic
improvement, DOE’s proposed approach was top-down, where the primary consideration was
the overall package efficiency and the overall cost required to achieve certain efficiencies.
Instead of independent options, DOE generally considered all efficiency improvement to come
from a package redesign, which could include any or all of the listed options from the
Framework document. This package redesign can be thought of as including three broad
categories of improvements:

o multi-staging;
e air-end improvement; and
o auxiliary component improvement.

DOE maintained this approach in this final rule with the same package redesign options
considered in the energy conservation standards NOPR. The package redesign options
considered by DOE are discussed in detail in sections 3.7.1 through 3.7.3.

3.7.1 Multi-Staging

Compressors ingest air at ambient conditions and compress it to a higher pressure as
required by the specific application. Compressors can perform this compression in one or
multiple stages, where a stage corresponds to a single air-end and offers the opportunity for heat
removal before the next stage. Units that compress the air from ambient to the design pressure in
one step are referred to as single-stage compressors, and units that use multiple steps are referred
to as multistage compressors.

The act of compression generates inherent heat in a gas. If the process occurs quickly
enough to limit the transfer of that heat to the environment, the compression is known as
“adiabatic.” By contrast, compression may be performed slowly such that heat flows from the
gas at the same rate it is generated, and such that the temperature of the gas never exceeds that of
the environment. This process is called “isothermal.” A hotter gas requires more physical work
to compress; the compressor must conceptually overcome the heat energy present in the gas in
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order to continue the compression process. As a result, compression to a given volume requires
less work if performed isothermally. Real (i.e., not idealized in any respect) compressors are
neither adiabatic nor isothermal, and dissipate some portion of compressive heat during the
process. If a compressor is able to dissipate more heat, the resulting act of compression becomes
easier and the compressor requires less input energy.

Multistage compressors are specifically designed to take advantage of this principle and
split the compression process into two or more stages (each performed in a single air-end). This
allows heat removal between the stages using a heat-exchange device, sometimes called an
“intercooler.” The more stages used, the closer the compressor behavior comes to the isothermal
ideal. Eventually, however, the benefits to adding further stages diminish; gains from each
marginal stage are countered by the inherent inefficiencies of using smaller compressor units.
Depending on the specific pressure involved, the optimal number of stages may vary widely.
Most standard industrial air applications do not use more than two stages. Specialty gas
applications with extreme pressure requirements, however, may employ many more.

Figure 3.7.1 and Figure 3.7.2 illustrate the difference between single-stage and multistage
compression. In Figure 3.7.1, the line labeled “Single-Stage Compression” represents the
compression process for a single-stage compressor, and the shaded area in the pressure volume
diagram represents the total work required to complete that process. Figure 3.7.2 shows the same
initial volume of gas being brought to the same discharge pressure but in a two-stage
compressor. The horizontal portion of the line labeled “Intercooling” shows the effect of cooling
the air between stages, which is a decrease in both temperature and volume, while pressure
remains constant. The shaded area in the pressure-volume diagram represents the amount of
work required for compression.

Figure 3.7.1 and Figure 3.7.2 reveal that the multistage compression process reduced the
volume of the shaded area, and therefore reduced the total work required and increased
efficiency when compared to the single-stage compression process. Both figures are illustrative
rather than quantitative, and intended to overview the concept rather than characterize the
specific amount of work involved in each case.
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Figure 3.7.2 Multistage Compression Process

In order to estimate the gain in efficiency that two-stage compressors can offer over
single-stage compressors, DOE analyzed pairs of single- and two-stage lubricated rotary screw
compressors that had CAGI performance data sheets. Pairs were matched by manufacturer, full-
load operating pressure, similar capacity, motor horsepower, and fan horsepower. The set of
pairs showed that two-stage units improved specific power 11-percent over similar single-stage
units.
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3.7.2 Air-End Improvement

The efficiency of any given air-end depends upon a number of factors, including:

e rated compressor output capacity
e compression chamber geometry
e operating speed

« surface finish

e manufacturing precision

e designed equipment tolerances

The effects of these different design decisions can be seen by comparing the performance
curves for multiple air-ends. Every bare compressor can be characterized by a single
performance curve, on which actual volume flow rate and isentropic efficiency are normally
plotted on the x- and y-axes, respectively. Figure 3.7.3 provides an example design curve for a
single-stage bare compressor, as detailed in the Lot 31 final report. "

Isentropic Efficiency

Output Capacity (acfm)

Figure 3.7.3 Representative Single-stage Bare Compressor Performance Curve

An individual bare compressor has a best efficiency point, represented by the dot at the
top of the curve. The decreases in efficiency seen on opposite sides of the curve are caused by
conflicting effects, including leakage losses and increased friction experienced at high speeds.

fh See: Page 15 of https://www.regulations.gov/contentStreamer?documentld=EERE-2013-BT-STD-0040-
0031 &attachmentNumber=2&disposition=attachment&contentType=pdf
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The curves for other compressor types follow a similar shape, with a best efficiency point in the
middle of the curve.

Because bare compressors can operate at multiple actual volume flow rates,
manufacturers commonly utilize a given bare compressor in multiple compressor packages in
which one or more of the following are changed:

e operating point (i.e., speed, flow, discharge pressure or input power)
o frame size of the package
« the package’s configuration

These changes in compressor packages result in multiple operating points for a single
bare compressor that are not its best efficiency point on the performance curve, as represented in
Figure 3.7.4 by additional blue dots. "

Isentropic Efficiency

Output Capacity (acfm)

Figure 3.7.4 Representative Operating Points for a Single-stage Bare Compressor Used in
Multiple Compressor Packages

Using one bare compressor in multiple compressor packages reduces the total number of
bare compressors a manufacturer needs to provide across the entire market, reducing (monetary)

il See: Page 16 of https://www.regulations.gov/contentStreamer?documentld=EERE-2013-BT-STD-0040-
0031&attachmentNumber=2&disposition=attachment&contentType=pdf
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costs in exchange for reduced efficiency for those packages operating outside of the best
efficiency point for each bare compressor. To minimize the effects of the reduced efficiency,
manufacturers generally optimize bare compressor designs for the most common equipment
applications. However, a manufacturer could redesign and optimize bare compressors for any
given actual volume flow rate and discharge pressure, increasing the overall efficiency of the
compressor package. Currently manufacturers do not provide an infinite number of optimized
bare compressors for several reasons:

o Each new bare compressor requires expensive retooling of manufacturing equipment;

« Increasing the number of bare compressors erases the economy of scale production
benefits; and

« Each bare compressor must be kept as a spare part for approximately 15 years after
the end of production of the related packages.

3.7.3 Auxiliary Component Improvement

As discussed in the previous section, compressor manufacturers normally use one air-end
in multiple compressor packages that are designed to operate at different discharge pressures and
actual volume flow rates. Each compressor package consists of multiple design features that
affect package efficiency, including valves, piping system, motor, capacity controls, fans, fan
motors, filtration, drains, and driers. This equipment, for example, may control the flow of air,
moisture, or oil, or the temperature and humidity of output air, or regulate temperature and
operation. Compressor manufacturers do not normally provide the option to replace any
individual part of a compressor package to increase efficiency, as each feature also has a direct
effect on compressor performance. However, improving the operating characteristics of any of
these “auxiliary” components may offer a chance to improve the overall efficiency of the
compressor package.

For example, package isentropic efficiency can be increased by reducing the internal
pressure drop of the package using improved valves and pipe systems, or by improving the
efficiency of (1) both the drive and fan motors (if present), (2) the fan itself (if present), (3)
condensate drains, (4) both air and lubricant filters, and (5) controls (if present). The
improvement must be considered relative to a starting point, however. Even if the modifications
could be deployed independently of each other, and not all can, the spread of efficiencies
available in the market likely already reflects the more cost effective choice for improving
efficiency at any given point. Perhaps one manufacturer, by virtue of features of its product lines,
finds that reaching a given efficiency level in a particular equipment class is most cost
effectively done by improving Technology X. Another may find that it is more cost effective to
improve Technology Y. And both could be correct, because each may have had a different
starting point.

DOE notes that, because the compressor packages function as an ensemble of
complementary parts, changing one part often requires changing others. A special case may
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come with more efficient electric motors. Compressors normally use induction motors, which
generally vary operating speed as efficiency is improved. Using a more efficient (but otherwise
identical) induction motor without considering the rest of the compressor design could be
counterproductive if the gains in motor efficiency were more than offset by subsequent loss in
performance of the air-end and other parts. DOE’s proposal assumes that the best-performing
compressors on the market are built using the most-efficient available electric motors that are
suited to the task. However, DOE could not confirm instances of a manufacturer using “super
premium” or “IE4” induction motors, which appear to only recently have been made available
commercially./ These terms (“super premium” and “1E4”) have been used (in the United States
and Europe, respectively) to describe the motor industry’s next tier of efficiency. Possible
reasons for this include the motors not being suitable for use in compressors, manufacturers still
exploring the relatively new motors and not having yet introduced equipment redesigned to make
use of them, or that manufacturers are already using the motors in the most efficient compressor
offerings.

As an example of the influence of auxiliary componentry on compressor efficiency, in the
test procedure final rule, DOE presents two lists of components to describe compressor
configuration requirements. The first includes components that must be included as part of a
compressor package when testing, regardless of whether they are distributed in commerce with
the basic model under test; the second list contains components that are only required if they are
distributed in commerce with the basic model under test. Any component on these lists may
affect efficiency, and these lists illustrate the set of componentry that needs to function
harmoniously for the package to perform well.

Il One manufacturer, for example, describes its IE4 offerings here: www.regulations.gov/document?D=EERE-2013-
BT-STD-0040-0073
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Table 3.7.1 List of Equipment Required During Test

. Fixed-speed rotary air Variable-speed rotary air
Equipment
COmMpressors COMPressors
Driver Yes Yes
Bare compressors Yes Yes
Inlet filter Yes Yes
Inlet valve Yes Yes
Minimum pressure check valve / Yes Yes
backflow check valve
Lubricant separator Yes Yes
Air piping Yes Yes
Lubricant piping Yes Yes
Lubricant filter Yes Yes
Lubricant cooler Yes Yes
Thermostatic valve Yes Yes
Electrical switchgear or f_requency Yes Not applicable*
converter for the driver
Device to control the speed of the .
driver (e.g., variable-sgeed drive) Not applicable Yes
Compressed air cooler(s) Yes Yes
Pressure switch, pressure
transducer, or similar pressure Yes Yes
control device
Moisture separator and drain Yes Yes

Table 3.7.2 List of Equipment Required During Test, if Distributed in Commerce with the

Basic Model
Equipment Fixed-speed rotary air Variable-speed rotary air
COMPressors COmMpressors
Cooling fan(s) and motors Yes Yes
Mechanical equipment Yes Yes
Lubricant pump Yes Yes
Interstage cooler Yes Yes
Electronic or electrical controls and
. Yes Yes
user interface

All protective and safety devices Yes Yes
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CHAPTER 4. SCREENING ANALYSIS

4.1 INTRODUCTION

This chapter details the screening analysis that the U.S. Department of Energy (DOE)
conducted in support of the energy conservation standards rulemakings for compressors.

In chapter 3, the market and technology assessment (MTA), DOE presented an initial list
of technologies that can improve the energy efficiency of air compressors. The purpose of the
screening analysis is to evaluate the technologies that improve equipment efficiency to determine
which technologies to consider further and which to screen out. DOE consulted with a range of
parties, including industry, technical experts, and others to develop a list of technologies for
consideration. DOE evaluated the technologies pursuant to the criteria set out in the Energy
Policy and Conservation Act (EPCA), as amended. (42 U.S.C. 6311-6317)

Section 325(0) EPCA establishes criteria for prescribing new or amended standards
designed to achieve the maximum improvement in energy efficiency. Further, EPCA directs the
Secretary of Energy to determine whether a standard is technologically feasible and
economically justified. (42 U.S.C. 6295(0)(2)(A), as directed by 42 U.S.C. 6316(a)(1)-(3)).
EPCA also establishes guidelines for determining whether a standard is economically justified.
(42 U.S.C. 6295(0)(2)(B)) Appendix A to subpart C of Title 10, Code of Federal Regulations,
Part 430 (10 CFR Part 430), “Procedures, Interpretations and Policies for Consideration of New
or Revised Energy Conservation Standards for Consumer Products” (the Process Rule), sets forth
procedures to guide DOE in its consideration and promulgation of new or revised equipment
energy conservation standards. These procedures elaborate on the statutory criteria provided in
42 U.S.C. 6295(0) and, in part, eliminate problematic technologies early in the process of
prescribing or amending an energy efficiency standard. In particular, sections 4(b)(4) and 5(b) of
the Process Rule guide DOE in determining whether to eliminate from consideration any
technology that presents unacceptable problems with respect to the following criteria:

e Technological feasibility. Technologies incorporated in commercial equipment or in
working prototypes will be considered technologically feasible.

e Practicability to manufacture, install, and service. If mass production of a
technology in commercial equipment and reliable installation and servicing of the
technology could be achieved on the scale necessary to serve the relevant market at
the time of the effective date of the standard, then that technology will be considered
practicable to manufacture, install, and service.

e Impacts on equipment utility or equipment availability. If a technology is
determined to have significant adverse impact on the utility of the equipment to
significant subgroups of consumers, or result in the unavailability of any covered
equipment type with performance characteristics (including reliability), features,
sizes, capacities, and volumes that are substantially the same as equipment generally
available in the United States at the time, it will not be considered further.
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e Adverse impacts on health or safety. If it is determined that a technology will have
significant adverse impacts on health or safety, it will not be considered further.

In sum, if DOE determines that a technology, or a combination of technologies, has
unacceptable impacts on the policies stated in section 5(b) of the Process Rule, it will be
eliminated from consideration. If a particular technology fails to meet one or more of the four
criteria, it will be screened out. Section 4.2 documents the reasons for eliminating any
technology.

4.2 SCREENED-OUT TECHNOLOGIES

Normally, this section describes the technologies that DOE eliminated for failure to meet
one of the following four factors: (1) technological feasibility; (2) practicability to manufacture,
install, and service; (3) impacts on equipment utility or equipment availability; and (4) adverse
impacts on health or safety.

However, of the identified technology options, DOE was not able to identify any that fail
the screening criteria.

4.3 REMAINING TECHNOLOGIES

After reviewing each technology, DOE concluded that all of the identified technologies
listed in chapter 3 of the technical support document met all four screening criteria to be
examined further as design options in DOE’s analysis. In summary, DOE did not screen out the
following technology options, all of which are considered options in a compressor package
redesign:

multi-staging
air-end improvement
auxiliary component improvement

DOE determined that these technology options are technologically feasible because they
are used or have previously been used in commercially-available products or working
prototypes. DOE also finds that all of the remaining technology options meet the other screening
criteria (i.e., practicable to manufacture, install, and service and do not result in adverse impacts
on consumer utility, equipment availability, health, or safety).
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CHAPTER 5. ENGINEERING ANALYSIS

5.1 INTRODUCTION

The engineering analysis establishes the relationship between manufacturer
selling price (MSP) and energy consumption for the air compressors examined in this
rulemaking. The “price-efficiency” relationship serves as the basis for downstream cost-
benefit calculations with respect to individual consumers, manufacturers, and the Nation.

5.2 METHODOLOGY OVERVIEW

This section describes the analytical methods the U.S. Department of Energy
(DOE) used for the engineering analysis. In this rulemaking, DOE adopted an efficiency
level approach to produce analytically derived curves representing the price-efficiency
relationship for each equipment class analyzed. In an efficiency-level approach, DOE
uses estimates of costs and efficiencies of equipment available on the market at distinct
efficiency levels to develop the cost-efficiency relationship. The decision to use this
approach was based on several factors, including the wide variety of equipment sizes
analyzed, the availability of reliable performance data, the availability of a comparable
European Union study, and the nature of the design options available for the equipment.

5.3 SUMMARY OF DATA SOURCES

For the engineering analysis, DOE utilized three principal data sources: (1) a
database of air compressor performance data from the Compressed Air and Gas Institute
(CAGI) data sheets, (2) results from the EU Lot 31 Ecodesign Preparatory Study on
Compressors, and (3) a dataset of confidential manufacturer price data. The following
subsections provide a brief description of each significant data source.

5.3.1 CAGI Data Sheets

CAGI’s Performance Verification Program provides manufacturers a standardized
test method and performance data reporting format for rotary positive air compressors.
CAGI uses ISO 1217:2009, Displacement compressors — Acceptance tests, Annex C
Simplified acceptance test for electrically driven packaged displacement compressors, for
its Performance Verification Program, which is similar to the method DOE adopted in the
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compressors test procedure final rule (test procedure final rule).? In the energy
conservation standards NOPR, DOE compiled the information contained in every CAGI
Performance Verification data sheet found on the websites of ten individual
manufacturers into one database, all of which are CAGI members. 81 FR 31680, 31704
(May 19, 2016). This was referred to this as the “CAGI database.” This resulted in data
on 1,403 fixed-speed rotary compressors and 519 variable-speed rotary compressors
which ranged from 4- to 700-hp.>¢

As part of this final rule, DOE compiled information from newly available CAGI
data sheets, as well as updated data sheets from the same compressor models, and
compiled them into a new database; this is referred to as the “updated CAGI database” in
this final rule. The updated CAGI database contains data on 1,372 fixed-speed rotary
compressors and 963 variable-speed rotary compressors which ranged from 3 to 700
horsepower (hp).

Package isentropic efficiency is not directly reported on CAGI data sheets;
however, it was needed because it is the metric on which the standard is based. For all
compressors, DOE calculated full-load package isentropic efficiency (i.e., package
isentropic efficiency at 100 percent of full-load actual volume flow rate) using values of
full-load operating pressure, full-load actual volume flow rate, and packaged compressor
power input at full-load operating pressure per the test procedure final rule. These
parameters were then used in subsequent analyses discussed in this chapter.

Generally, variable-speed air compressors are rated by testing at multiple load
points. The CAGI Performance Verification Program specifies testing at full-load
operating pressure for fixed-speed compressors, and at a minimum of six test points for
variable-speed compressors according to Annex E of 1ISO 1217:2009, including:

e maximum volume flow rate;

e three or more volume flow rates evenly spaced between the minimum and
maximum volume flow rate;

e minimum volume flow rate; and

e no load power.

The test procedure final rule instructs testing at three points for variable-speed
compressors, 40 percent, 70 percent, and 100 percent of full-load actual volume flow
rate. Testing must then calculate package isentropic efficiency at each point, and weight
those into a single metric. The variable-speed tested points in the CAGI data sheets may
not necessarily line up with the test points in the test procedure final rule. Therefore, for
variable-speed compressors, DOE linearly interpolated between values of flow rate and

2 For more information on the test procedure final rule, see
www1.eere.energy.gov/buildings/appliance_standards/product.aspx/productid/78
® An example CAGI data sheet for fixed-speed compressors is available here:
www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0077

¢ An example CAGI data sheet for variable-speed compressors is available here:
www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0078
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input power, to find values at 40 and 70 percent of maximum reported volume flow rate
on the CAGI data sheet. Specifically, DOE interpolated between the closest tested values
reported on the CAGI data sheet greater than and less than 40 and 70 percent of
maximum reported volume flow rate. DOE notes that, for all variable-speed compressors
considered, the relationship between flow rate and input power is well characterized by a
linear regression. As shown in Figure 5.3.1, full-load actual volume flow rate in cubic
feet per minute (cfm) and input power data from an example CAGI datasheet show a
strong linear relationship, with an R? (a statistical measure of goodness of fit) value of
0.9962 (where 1 represents a perfect match). Ultimately, DOE used the interpolated
values for flow rate and input power to calculate package isentropic efficiency at each
load point and weighted those results in a manner consistent with the test procedure final
rule.

Example Rotary Variable-Speed Compressor Power
Input vs. Full-Load Actual Volume Flow Rate

100
% .
80 Y
70 e
50 e
50 R? = 0.9962
40
30
20
10

0
100 200 300 400 500

Full-Load Actual Volume Flow Rate (cfm)

Packaged Compressor Power Input
(kW)
®

Figure 5.3.1 Example Rotary Variable-Speed Compressor Input Power vs. Flow
Rate

5.3.2 Lot 31 - European Union Ecodesign Preparatory Study on Compressors

The Lot 31 Ecodesign Preparatory Study on Compressors (“Lot 31 study”)
investigated the appropriateness and effectiveness of establishing an energy conservation
standard for air compressors in the European Union.® The results of this study led the
Commission of the European Communities to establish a working document proposing
possible energy efficiency requirements for air compressors (“Lot 31 draft regulation™).®
This working document represents an initial step towards establishing an Ecodesign energy
conservation standard in the European Union.

dVHK. Lot 31 — Ecodesign Preparatory Study on Compressors, 2014. Delft, Netherlands.
www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0031.

¢ The Commission of the European Communities. Working Document on Possible requirements for
compressors for standard air applications, 2013. Brussels, Belgium.
www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0031.
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The Lot 31 study investigated three types of air compressors: fixed-speed rotary
standard air compressors, variable-speed rotary standard air compressors, and piston standard
air compressors. For each compressor type, the study established two types of relationships
between package isentropic efficiency and full-load actual volume flow rate. The first
relationship represents the market average package isentropic efficiency, as a function of
full-load actual volume flow rate, for each air compressor type; this relationship is referred to
as the “Lot 31 regression curve.” The general form of the Lot 31 regression curve is shown in
Equation 5.1 and the coefficients used for each compressor type are show in Table 5.3.1.

Nisen_Regr = A X In(V; )2 +bxIn(Vy) +c¢

Equation 5.1

Where:

Nisen_Regr = LOt 31 regression curve package isentropic efficiency,

V1 = full-load actual volume flow rate (liters per second),

a = coefficient determined by the compressor type in Table 5.3.1,

b = coefficient determined by the compressor type in Table 5.3.1, and
¢ = coefficient determined by the compressor type in Table 5.3.1.

Table 5.3.1 Lot 31 Regression Curve Coefficients
Standard Air Compressor Type a b c

Fixed-speed rotary standard air compressor

-0.928

13.911

27.110

Variable-speed rotary standard air compressor

-1.549

21.573

0.905

8.931

31.477

Piston standard air compressor 0

The second relationship is derived from each Lot 31 regression curve and is known as
the “Lot 31 regulation curve.” Each Lot 31 regulation curve is a scaled version of the Lot 31
regression curves. The regression curves allowed the Lot 31 study to evaluate various
standard levels, similar to how DOE would typically investigate various efficiency and trial
standard levels. The Lot 31 regulation curves for each compressor type are represented by
Equation 5.2 and Table 5.3.2. The Lot 31 draft regulation has regulation curves that would
be enforced on January 1, 2018 and January 1, 2020. The curves take the following form:

77Isen_Regulal:ion = 77Isen_Regr + (100 - nlsen_Regr) X d/100

Equation 5.2
Where:

Tisen_Regulation = LOt 31 regression curve package isentropic efficiency,
Nisen_Regr = LOt 31 regression curve package isentropic efficiency, and
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d = d-value which expresses relative improvement in efficiency (or, reduction in losses
relative to the regression curve) for each compressor type as shown in Table 5.3.2.

Table 5.3.2 Lot 31 Draft Regulation Curve d-values

Standard air compressor type 2018 d-values | 2020 d-values
Fixed-speed rotary standard air compressor -5 0
Variable-speed rotary standard air compressor -5 0
Piston standard air compressor -5 0

To evaluate the energy savings potential of these efficiency levels, the Lot 31 study
established relationships between air compressor package isentropic efficiency, full-load
actual volume flow rate, and list price for each air compressor type. List price represents the
price paid by the final customer. To determine the MSP, or the price paid by the
manufacturer’s first customer, the Lot 31 study assumed an average 45-percent discount (also
described as a price factor of 0.55) on all equipment to scale the list price down to the first
customer purchase price. This factor along with the equations in Table 5.3.3 are used
throughout this final rule, and referred to as the “Lot 31 MSP-flow-efficiency relationships.”

Table 5.3.3 Lot 31 List Price Curves

Standard Air Compressor Type List Price

Fixed-speed rotary standard air List Price = (10 x V; + 2500)

compressor + (290 x V; + 10000) x n3
Variable-speed rotary standard air List Price = [(10 x V; + 2500)

compressor + (290 X V; + 10000) x 3] x 1.5
Piston standard air compressor List Price = (3500 x In(V;) + 3800) x n3*

Notes: List Price = the list price for a selected air compressor, 1 = package isentropic efficiency for a selected air
compressor, and V1 = full-load actual volume flow rate (liters per second).

5.3.3 Confidential Manufacturer Equipment Data

DOE'’s contractor collected MSP and performance data for a range of air
compressor sizes and equipment classes from manufacturers. This data is confidential and
covered under non-disclosure agreement between the DOE contractor and the
manufacturers. Throughout this final rule these are referred to as the “confidential U.S.
MSP data.”

DOE received rotary equipment data with full load actual volume flow rates ranging from
50 to 1,500 cfm. Data collected included the following for base models, next size larger
air-ends, high efficiency motors, and variable speed drives (where applicable):

horsepower

full-load operating pressure

MSP

full-load actual volume flow rate

packaged compressor power input at full-load operating pressure
motor efficiency

specific power

5-5



5.4 IMPACT OF SAMPLING PLAN ON CAGI DATA

5.4.1 Introduction

In the energy conservation standards NOPR, DOE directly calculated the certified
full- or part-load package isentropic efficiency of each compressor basic model using
performance data in the updated CAGI Database (which is discussed further in section
5.3.1). DOE understands that the sampling plan defined in the test procedure final rule
could result in certified full- or part-load package isentropic efficiency values that differ
from the values that DOE calculated directly from the updated CAGI Database in the
energy conservation standards NOPR analysis. Specifically, the sampling plan in the test
procedure final rule requires a minimum of two tested compressors to calculate the full-
or part-load package isentropic efficiency of a compressor basic model.

Ideally, to assess the impact of the sampling plan, DOE would directly calculate
the certified full- or part-load package isentropic efficiency using the raw source data
from each compressor test sample. However, such raw test is not available to DOE. In the
absence of raw test data, DOE used a Monte Carlo analysis, built in the Crystal Ball risk-
analysis software package, to assess if and how rated efficiency might differ under the
test procedure final rule sampling plan, compared to those used in the energy
conservation standards NOPR. Ultimately, based on the results of this model, DOE
concludes that efficiency ratings will not differ. The following sections review DOE
methods, results, and conclusions, in detail.

5.4.2 General Approach

A Monte Carlo analysis reflects the interactions between known “input”
distributions and a resulting “output;” for the purposes of this analysis, the Monte Carlo
analysis reflects the interaction between the distribution of specific power for each
compressor, the known sampling plan adopted in the DOE test procedure, and the
resulting compressor package isentropic efficiency rating. The flowchart in Figure 5.4.1
walks through the steps and calculations performed for each compressors in the updated
CAGI database, as a part of the Monte Carlo analysis.

As shown in the flowchart, the Monte Carlo analysis simulates the process of
testing each compressor in the updated CAGI database by first creating samples values
for specific power, for each tested compressor. From those samples, the model calculates
the rated package isentropic efficiency, according to the test procedure sampling plan.
This process is iterated 10,000 times for each compressor in the updated CAGI database.
After 10,000 iterations, the model assess the frequency that the simulated value for
package isentropic efficiency was less than the directly calculated value for package
isentropic efficiency. The model also assesses the average magnitude of the difference
between the simulated value for package isentropic efficiency and the directly calculated
value of package isentropic efficiency. These results were used to assess the impact of the
sampling plan on the directly calculated efficiency for each compressor in the updated
CAGI database.
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Figure 5.4.1 Flowchart of Monte Carlo Simulation in Oracle Crystal Ball for Fixed-
Speed Compressors

5.4.3 Assumptions

DOE did not have data detailing the unit-to-unit variability and the number of
compressors tested for each basic model in the CAGI Performance Verification Program.
As a result, for each basic model compressors in the updated CAGI database, DOE made
assumptions regarding:

e the variation of compressor performance,

e the number of compressors in the test sample, and

e the correlation between part-load specific power measurements for a given
variable-speed compressor test.
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Discussion of each assumption and rationale behind the assumptions are in the
preceding sections.

5.4.3.1  Variation of Compressor Performance for Each Basic Model

To characterize the variation of compressor performance, DOE made assumptions
regarding the mean, bounds, and shape of the specific power distribution for each basic
model. The following sections describe each tenant of the specific power distribution.

Mean of Specific Power Distribution. Based on comments provided by interested
parties, DOE finds that the specific power data represented on CAGI performance
verification data sheets are representative of the “true mean” of the population of each
compressor basic model. Accordingly, for the purpose of the Monte Carlo analysis, DOE
assumed that these specific power values represent the population mean.

Statistical Distribution of Specific Power. DOE considered two distributions that
could characterize tested compressor specific power: (1) a uniform distribution that
assumed equal probability of values between the lower and upper limit of specific power
variation, and (2) a normal distribution.

A literature review conducted by DOE found that a uniform probability
distribution, which has an equal probability of values between the lower and upper
tolerance, does not commonly represent distributions that have continuous outcomes
(such as specific power). Alternatively, literaturef states that of the commonly occurring
probability distributions, a normal distribution is the most appropriate choice to represent
the probability of a continuous outcome that is a function of the interaction between
random and independent variables. Because tested specific power is indeed a function of
random and independent variables, including manufacturing tolerances and test-to-test
variation,? a normal probability distribution is the most representative of a compressor’s
specific power distribution. For these reasons, DOE concludes that a normal distribution
is the most appropriate to represent the unit-to-unit variability of compressor specific
power. A sensitivity analysis of this assumption is in section 5.4.6.

Standard Deviation or Bounds of Specific Power Distribution. The CAGI
Performance Verification Program guarantees that the tested specific power of any
participating compressor will be within the bounds of Table 5.4.1."

f Tennett, Geoff. Six Sigma: SPC and TQM in Manufacturing and Services. 2001. Gower Publishing
Company: Burlington, VT.

9 Per Table C.2 of Annex C of 1SO 1217:2009(E), the rationale for establishing a tolerance for specific
power is to account for variation due to manufacturing and measurement tolerances. DOE interprets the
statement to mean that the specific power tolerance accounts for unit-to-unit performance differences due
to manufacturing tolerances as well as the inherent repeatability of the 1ISO 1217:2009(E) test procedure.
P International Organization for Standardization (1SO), ISO 1217 (E), Displacement compressors—
Acceptance tests, International Organization for Standardization (ISO), 2009, Annex H, Table H.3.
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Table 5.4.1 Permissible Deviation of Specific Power and Package Isentropic
Efficiency During Customer Acceptance Test for Electrically Driven
Packaged Displacement Compressors

Volume Flow Rate -
g Specific Power
at Specified
e Tolerances
Conditions %
(m3/s)*10°3
Upper Lower
Limit Limit
0<v<83 +8 -8
83<v<25 +7 -7
25 <v <250 +6 -6
v > 250 +5 -5

* The column titles are edited from the source document for clarity.

A normal distribution’s variability (or spread) is a function of the standard
deviation of the population. In other words, the standard deviation defines the probability
of a value being between a lower and upper bound.

Because the CAGI Performance Verification Program guarantees performance
within the tolerance specified in Table 5.4.1, DOE interprets the guarantee to mean that
most, if not all, compressors have a tested specific power that falls with the tolerance
range specified in Table 5.4.1. Therefore, DOE assumes that Table 5.4.1 represents a
range of plus or minus three standard deviations from the mean of specific power for a
given compressor basic model; i.e., a 99.7-percent likelihood of a compressor achieving
the results guaranteed by the CAGI Performance Verification Program. Functionally, this
translates to a standard deviation of compressor specific power that represented one-third
of the tolerance listed in Table 5.4.1. As an example, if the tolerance for a compressor’s
represented specific power was +6 percent, the standard deviation for the distribution of
specific power for that compressor would be 2 percent of the calculated specific power. A
sensitivity analysis of this assumption is in section 5.4.6.

5.4.3.2  Number of Compressors in Test Sample

The compressor test procedure specifies that a minimum of two samples are
necessary to calculate the full- or part-load package isentropic efficiency of a compressor
basic model. DOE assumes that more than two units would be tested if the calculated
full- or part-load package isentropic efficiency (according to the sample plan) does not
meet the expectations of the manufacturer. However, DOE believes that there is a
practical limit to the number of units that can be tested and assumes that four units of
each basic model would be tested in the simulation, to calculate the full- and part-load
package isentropic efficiency of the compressor. A sensitivity analysis of this assumption
is in section 5.4.6.
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5.4.3.3  Correlation Between Part-Load Specific Power Measurements

Part-load package isentropic efficiency is a function of package isentropic
efficiency at 100, 70, and 40 percent of full-load actual volume flow rate. Section 5.4.3.1
discusses that a given compressor’s tested specific power has a variation defined by a
normal distribution, yet does not discuss the relationship (if any) between performance at
each part-load package isentropic efficiency load point. In other words, Section 5.4.3.1
does not discuss whether different load points are correlated (i.e., whether a higher than
average measured specific power at 100 percent capacity will result in higher than
average measured specific power at 70 percent and 40 percent capacity).

Before structuring the Monte Carlo analysis, DOE assessed two correlation
scenarios: one with no correlation and one with a strong correlation. In the case of no
correlation, specific power values at 100, 70, and 40 percent of full-load actual volume
flow rate would be randomly drawn from their distribution, with no relationship to each
other. Due to the random nature of this scenario, for each test sample, specific power
values at each load point may fall above, below, or close to the mean (i.e., some may be
high and some may be low). Ultimately, this scenario limits overall variation in part-load
package isentropic efficiency, as individual high and low load point may cancel each
other out, resulting in simulated part-load package isentropic efficiency values that are
closer to the mean.

Alternatively, in the strongly correlated scenario, specific power values at 100,
70, and 40 percent of full-load actual volume flow rate would be tied together (i.e., all
values might be high, or all might be low). Compared to the no correlation scenario, this
scenario creates more variation in part-load package isentropic efficiency, and could be
considered more conservative. In other words, assuming that the values of specific power
at 100 percent, 70 percent, and 40 percent capacity have a positive correlation is a
conservative assumption that is more likely to produce a change in compressor rating
under the sampling plan.

DOE has no data to indicate whether or not the measured specific power of a
compressor at 100, 70, and 40 percent of full-load actual volume flow rate have a
correlation. In the absence of data, DOE pursued the more conservative option, and
models a correlation of 1.0 for compressor specific power values from a given
compressor sample. In practice, the simulation randomly generates a number for the
probability distribution at 100 percent, 70 percent, and 40 percent capacity that is the
same number of standard deviations from each distribution’s mean.

5.4.4 Population of Compressors in Sampling Plan Analysis

The updated CAGI database defines the population for the sampling plan analysis.
Specifically, for each compressors in the database, the Monte Carlo analysis generates
10,000 unique, simulated package isentropic efficiencies, based on the rules of the
sampling plan. DOE ran two unique simulations, one for fixed-speed compressors and
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one for variable-speed compressors. Equipment that meets the definition' of a variable-
speed compressor (as established in the test procedure final rule) and with test data at, or
below, 40 percent of full load actual volume flow rate is included in the part-load
package isentropic efficiency simulation. Similarly, all of the compressors that meet the
definition of a fixed-speed compressor are included in the fixed-speed compressors
analysis, based on their performance at full-load actual volume flow rate.

5.4.5 Results

This section presents the results of the compressor test procedure sampling plan
analysis. Sensitivity analyses on areas of uncertainty, including the type of distribution
representing specific power, the number of compressor samples to certify the full- or
part-load package isentropic efficiency, and the number of trials for the Monte Carlo
analysis, are included in section 5.4.6.

The results of the sampling plan conclude that, on average, the certified efficiency
of a random compressor sample of four units under the compressor test procedure
sampling plan would not result in a lower value compared to the direct calculation of the
certified efficiency from the CAGI Performance Verification data sheets. Put differently,
for each iteration of the Monte Carlo simulation, given a random sample of four units, the
mean of the sample was lower than the 95th lower confidence interval divided by 0.95
over 99.7 percent of the time.

5.4.6 Sensitivity Analysis

DOE conducted additional analyses with the Monte Carlo simulation to
understand the sensitivity of three key assumptions that were made as part of the analysis:

1) The assumed distribution of compressor specific power,
2) The number of tested compressors, and
3) The number of trials required for a representative result.

The following sections discuss the changes made to the model as well as the results
of the sensitivity analyses.

5.4.6.1  Assumed Distribution of Compressor Specific Power

To determine the impact of the assumed distribution, DOE conducted the Monte
Carlo analysis scenario with package specific power represented by a uniform
distribution. The uniform distribution is defined by the allowable tolerances in Table
5.4.1 for each compressor in the Monte Carlo simulation. As noted in section 5.4.3.1, a
uniform distribution represents the most conservative assumption for the distribution of
compressor specific power as a uniform distribution assumes an equal probability of a
compressor meeting any value of specific power within the bounds of the allowable
tolerance. DOE asserts that this is unlikely given that most distributions of a continuous

" DOE excludes variable-speed compressors that cannot reach 40 percent compressor capacity
(approximately 140 compressors in the CAGI database).
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outcome (i.e., manufacturing and testing tolerances) are of a normal distribution, which
has a much higher probability that a value is closer to the mean. All other assumptions,
including the number of trials, remain unchanged from the previous analysis.

5.4.6.2  Number of Tested Compressors in Sample

To determine the impact of the number of compressors assumed to be part of the
tested sample, DOE reduced the sample size and conducted a Monte Carlo analysis
scenario with three tested compressors comprising the sample (rather than four unit in the
baseline case).

5.4.6.3 Number of Trials Required for a Representative Result

To determine the impact of the trials required in the Monte Carlo analysis to
achieve a representative result, DOE ran up to 100,000 simulations for each of the results
presented to evaluate whether 10,000 trials were sufficient to provide representative
results. DOE defines the number of trials to be sufficient if the results of the simulation
change by less than 0.005 points when incrementing the number of trials.

54.64 Results of the Sensitivity Analyses

The results of the specific power distribution and sample size sensitivity analyses
are in Table 5.4.2 and Table 5.4.3. Table 5.4.2 and Table 5.4.3 refer to the average
decrement in package isentropic efficiency, or the average difference between the
calculated value from the CAGI data sheets and the rating from the Monte Carlo
simulation in points of efficiency. For example, if the calculated full-load package
isentropic efficiency from a direct calculation of data in the updated CAGI database was
70 percent and the Monte Carlo simulation calculated an average value of 69.5 percent,
the average change in rating is -0.5 points.
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Table 5.4.2 Impact of Specific Power Distribution and Sample Size to Average
Change in Compressor Full-Load Package Isentropic Efficiency Rating

Number of Units in
Sample

Uniform Distribution of
Specific Power

Normal Distribution of
Specific Power

3

-0.7 points

0.0 points

4

0.0 points

0.0 points

Table 5.4.3 Impact of Specific Power Distribution and Sample Size to Average
Change in Compressor Part-Load Package Isentropic Efficiency

Rating

Number of Units in
Sample

Uniform Distribution of
Specific Power

Normal Distribution of
Specific Power

3

-0.7 points

0.0 points

4

0.0 points

0.0 points

The results of the sensitivity analysis examining the number of trials needed for
simulation convergence are in Figure 5.4.2, Figure 5.4.3, Figure 5.4.4, Figure 5.4.5,

Figure 5.4.6, Figure 5.4.7, Figure 5.4.8, and Figure 5.4.9.
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Average Decrement in Rating Due to Sampling Plan
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Figure 5.4.3 Average Decrement in Compressor Full-Load Package Isentropic
Efficiency Rating Due to Sampling Plan for Normally Distributed
Specific Power Variation, Sample Size of 4
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Average Decrement in Rating Due to Sampling Plan
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Figure 5.4.5 Average Decrement in Compressor Full-Load Package Isentropic
Efficiency Rating Due to Sampling Plan for Uniformly Distributed
Specific Power Variation, Sample Size of 4
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Average Decrement in Rating Due to Sampling Plan
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Figure 5.4.8 Average Decrement in Compressor Part-Load Package Isentropic
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Average Decrement in Rating Due to Sampling Plan
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Figure 5.4.9 Average Decrement in Compressor Part-Load Package Isentropic
Efficiency Rating Due to Sampling Plan for Uniformly Distributed
Specific Power Variation, Sample Size of 4

DOE reiterates that in the absence of test data or detailed information from
manufacturers, a normal distribution best represents the unit-to-unit variability among
compressors; however, the analysis shows that this assumption has little influence on the full-
or part-load package isentropic efficiency rating resulting from the sampling plan.
Additionally, DOE finds that the results of the analysis are not sensitive to the assumption of
testing four units, as the same conclusion is reached with a sample size of three units.
Therefore, DOE concludes that while the assumptions that DOE made were grounded in
reasoned logic and research, the results would be the same with a more conservative set of
assumptions. DOE also confirms that the number of trials in the Monte Carlo analysis are
sufficient for convergence and validates the results presented, showing less than a 0.005 point
difference when using more than 10,000 trials for any of the Monte Carlo analyses. For all of
the reasons discussed in this section, DOE concludes that no adjustments are necessary to the
efficiency levels presented in the energy conservation standards NOPR.

5.5 REPRESENTATIVE EQUIPMENT FOR ANALYSIS

DOE concluded, in agreement with the EU Lot 31 study, that both incremental
MSPs and attainable efficiency are independent of full-load operating pressure for rotary
equipment classes.) However, because absolute equipment MSP may vary by pressure,
DOE selected representative pressures as the basis for the development of the MSP-
efficiency relationships.

DOE selected 125 psi as a representative pressure for all rotary equipment classes.
125 psi was the most common pressure in the CAGI database for fixed- and variable-
speed rotary compressors, as shown in Figure 5.5.1 and Figure 5.5.2 respectively. This is

i See the Lot 31 Ecodesign Preparatory Study on Compressors Task 6 section 1.2.2 and Task 7 section 2.4.1
here: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0031
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consistent with the widespread use of 125 psi equipment and tools that are powered by
these air compressors.

Histogram of Rotary Fixed-speed Full-load
Operating Pressures
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Figure 5.5.1 Histogram of Rotary Fixed-Speed Compressor Pressures in the CAGI
Database
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Figure 5.5.2 Histogram of Rotary Variable-Speed Compressor Pressures in the
CAGI Database

5.6 DESIGN OPTIONS

After conducting the screening analysis and removing technologies that did not
warrant inclusion on technical grounds, package redesign remained as the only design
options to be considered in the final rule engineering analysis.
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5.7 AVAILABLE EFFICIENCY IMPROVEMENTS

For each equipment class, DOE assessed the available energy efficiency
improvements resulting from a package redesign. This assessment was informed by
manufacturer performance and cost data, confidential manufacturer interview responses,
general industry research, and stakeholder input. Potential improvements in efficiency are
represented by the efficiency spread between the lowest efficiency and highest efficiency
air compressors already offered in the marketplace. It is technically feasible for any air
compressor of the baseline configuration to realize efficiency improvements in any
increment, up to the highest efficiency currently present on the market, depending on the
level of effort and capital a manufacturer chooses to invest in a redesign. Sections 5.8 and
5.9 discuss the relationship between efficiency gains and MSP in more detail.

5.8 EFFICIENCY LEVELS

For each equipment class, DOE established and analyzed six efficiency levels and
a baseline to assess the relationship between MSP and package isentropic efficiency. As
discussed previously, DOE’s efficiency levels have been established independent of full-
load operating pressure. However, DOE concluded, in agreement with the Lot 31 study,
that for the compressors within the scope of this rule, attainable package isentropic
efficiency is a function of full-load actual volume flow rate.X As such, each efficiency
level is defined by a mathematical relationship between full-load actual volume flow rate
and package isentropic efficiency. Similar to the Lot 31 study, DOE defines a regression
curve for each equipment class and uses specific “d-values” to shift the regression curve
and establish efficiency levels for each equipment class, as discussed in this section.

5.8.1 Efficiency Level Structure

Similar to the Lot 31 study, DOE defines a regression curve (market average
package isentropic efficiency, as a function of full-load actual volume flow rate) for each
equipment class and uses specific d-values to shift the regression curve and establish
efficiency levels for each equipment class; this is discussed in detail in in sections 5.8.3
and 5.8.4.

Similar to the approach used by the Lot 31 study, DOE defined the d-value as a
percentage improvement from the regression curve to theoretical 100 percent isentropic
efficiency. A d-value of 100 would generate an efficiency level at 100 percent isentropic
efficiency for all full-load actual volume flow rates. Alternatively, a d-value of 50 would
generate a regulation curve that falls halfway between the regression curve and 100
percent isentropic efficiency for all full-load actual volume flow rates. This d-value
represents the improvement of a product, expressed as the reduction of losses going from
average (the regression curve) to 100 percent efficiency (theoretical).

kK Discussed often, e.g., Task 6 Section 1.3. See: www.regulations.gov/document?D=EERE-2013-BT-STD-
0040-0031
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58.1.1 Baseline

The baseline configuration represents the lowest efficiency level commonly
available in the market. Because energy conservation standards did not currently exist for
air compressors, DOE needed to establish a baseline configuration using available
information. The baseline configuration defines the energy consumption and associated
cost for the lowest efficiency equipment analyzed in each class.

DOE performed an analysis on available air compressor data, and determined a d-
value for each equipment class that represents the lowest efficiency equipment currently
in the market. Although air compressors at this baseline level may have different physical
designs, they all represent the baseline efficiency. Because there was no standard,
baseline was not always the literal lowest-performing compressor at a given full-load
actual volume flow rate. Manufacturers can (and sometimes do) produce performance
outliers not representative of the common baseline performance level. The concept of a
baseline is centered on describing the lowest-performing equipment that is sold with
significant frequency. Further detail on what data was used, and what d-value was
selected for each equipment class, is in sections 5.8.3 and 5.8.4.

5.8.1.2 Maximum Technologically Feasible Level

The maximum technologically feasible, or “max-tech,” is the efficiency level that
provides the maximum improvement in energy efficiency that is technologically feasible.
The max-tech level must be attainable across the entire scope of the equipment class.
Generally, the max-tech level results from the combination of design options predicted to
result in the highest efficiency level possible for an equipment class. For this rulemaking,
package redesign was determined to be the only available design option.

Air compressors are considered mature products with the highest levels of
attainable efficiency already present in the marketplace. As such, the max-tech
configuration represents the highest efficiency equipment commonly available in the
market. DOE performed an analysis on available air compressor data, and determined a
d-value for each equipment class that represents max-tech. Although air compressors at
max-tech may have different physical designs, they all represent the max-tech. Further
detail on what data was used, and what d-value was selected for each equipment class is
in sections 5.8.3 and 5.8.4.

5.8.2 Methods Used to Determine Efficiency Levels

For each equipment class, DOE established and analyzed six efficiency levels and
a baseline to assess the relationship between MSP and package isentropic efficiency.
Efficiency levels were set using a d-value as described in section 5.8.1. As discussed
previously, DOE’s efficiency levels have been established independent of full-load
operating pressure.

For each equipment class, DOE established efficiency levels at max-tech (EL 6)
and a d-value of zero (EL 3). DOE also established two intermediary efficiency levels
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between the baseline and a d-value of zero, and two efficiency levels between the d-value
of zero level and max-tech.

For all equipment classes, EL 6 represents the max-tech efficiency level. As
discussed in section 5.8.1.2, the max-tech efficiency level coincides with the maximum
available efficiency already offered in the marketplace. As a result, DOE performed
market-based analyses to determine max-tech/max-available levels.

As discussed in section 5.8.1.1, for all equipment classes the baseline defines the
lowest efficiency equipment present in the market for each equipment class. DOE
established baselines, represented by d-values, for each equipment class by reviewing
available air compressor performance data.

For all equipment classes EL 3 corresponds to a d-value of zero, which represents
the mean efficiency available on the market. The EU Lot 31 draft regulation proposed a
d-value of zero for a minimum energy efficiency requirement in 2020."

EL 1 and 2 are established as intermediary efficiency levels one-third and two-
thirds of the way, respectively, between the baseline and EL 3. EL 4 is an efficiency level
established slightly above EL 3 to evaluate the sensitivity of going above the EU Lot 31
draft regulation. EL 5 is an intermediary efficiency level established approximately
halfway between EL 3 and EL 6. The actual numerical value of the d-values for EL 1, 2,
4,5, and 6 vary for each equipment class.

DOE pursued different analytical methods to establish efficiency levels for
different equipment classes. For air-cooled equipment classes described in section 5.8.3,
DOE used relationships established in the Lot 31 study as the basis for efficiency levels.
For liquid-cooled equipment classes described in section 5.8.4, DOE used the CAGI
database to develop relationship and scaled air-cooled efficiency levels to liquid-cooled
efficiency levels.

5.8.3 Air-Cooled Compressors

When appropriate, DOE chose to use analogous EU Lot 31 regression curves for
equipment classes. Specifically, DOE used the fixed-speed rotary standard air
compressors Lot 31 regression curve for the rotary, lubricated, air-cooled, fixed-speed
equipment class, and the variable-speed rotary standard air compressors Lot 31 regression
curve for the rotary, lubricated, air-cooled, variable-speed equipment class. DOE verified
the use of the Lot 31 regression curves for these equipment classes based on data in the
CAGI database, as described in the following sections.

58.3.1 RP_FS_L_AC Efficiency Levels

The CAGI database contained 835 data points in the rotary, lubricated, air-cooled,
fixed-speed equipment class. DOE used the CAGI data to create a regression curve,

I See Draft Ecodesign Regulation Table 2: www.regulations.gov/document?D=EERE-2013-BT-STD-0040-
0031
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known as the CAGI regression curve, and compared it to the Lot 31 regression curve for
fixed-speed rotary standard air compressors. Figure 5.8.1 plots the resulting regression
curves along with the CAGI data points used to create the CAGI regression curve.
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Figure 5.8.1 CAGI and Lot 31 Regression Curves for RP_FS L_AC

The CAGI and EU Lot 31 regression curves are similar in magnitude and shape.
Package isentropic efficiency from each curve at representative full-load actual volume
flow rates is shown in Table 5.8.1. For all full-load actual volume flow rates considered
in this final rule, the difference between the two curves is less than or equal to one-half of
one percentage point. Ultimately, due to the similarity of the curves and the overall
benefits of harmonizing with the European Union, DOE decided to use the Lot 31
regression curve, rather than the exact regression obtained from the CAGI database.

Table 5.8.1 Efficiency at Representative Flow Rates for CAGI and Lot 31
Regression Curves for RP FS L AC

Full-Load Actual EU Lot31 | CAGI Difference
Volume Flow Rate | Curve Curve %
cfm % %
35 58.8 59.0 0.1
50 61.8 61.8 0.0
100 66.9 66.7 -0.3
200 71.2 70.8 -0.4
500 75.4 74.9 -0.5
1,000 77.6 77.1 -0.5

The regression curve for the rotary, lubricated, air-cooled, fixed-speed equipment class is
as follows:
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Nisen_Regr_ RP_FS_L_AC

= —0.00928 X [n?(0.4719 x V) + 0.13911 X [n(0.4719 x V;)
+0.27110
Equation 5.3
Where:

Tisen_Regr RP_FS_L_AC = regression curve package isentropic efficiency for the rotary,
lubricated, air-cooled, fixed-speed equipment class, and
V1 = full-load actual volume flow rate (cubic feet per minute).

Efficiency levels for the rotary, lubricated, air-cooled, fixed-speed equipment
class are defined by the following equation, in conjunction with the d-values in Table
5.8.2:

Nisen_STD_RP_FS_L_AC = NIsen_Regr RP_FS_L_AC T (1 - UIsen_Regr_RP_Fs_L_Ac) X d/100

Equation 5.4
Where:

Misen_STD_RP_Fs_L_Ac = package isentropic efficiency for the rotary, lubricated, air-cooled,
fixed-speed equipment class, for a selected efficiency level,

N1sen_Regr RP_FS_L_AC = regression curve package isentropic efficiency for the rotary,
lubricated, air-cooled, fixed-speed equipment class, and

d = d-value for each efficiency level, as specified in Table 5.8.2.

To select a baseline, in the energy conservation standards NOPR, DOE analyzed
available performance data in the CAGI database that represented the lowest efficiency
equipment available across the entire market. 81 FR 31680, 31705-31706. (May 19,
2016). Similarly, to select a max-tech level, in the energy conservation standards NOPR,
DOE analyzed available performance data in the CAGI database to select a d-value that
represented the highest efficiency equipment available across the entire market. 81 FR
31680, 31705-31706. In this final rule, DOE compared the NOPR baseline and max-tech
levels to the updated CAGI database and concluded that the NOPR baselines and max-
tech were still valid and accurately represent the new data. Figure 5.8.2 displays the
curves that represent the baseline and max-tech levels for the rotary, lubricated, air-
cooled, fixed-speed equipment class, as well as the updated CAGI database data used to
confirm them.
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Figure 5.8.2 RP_FS_L_AC Baseline and Max-Tech

Efficiency levels were set to span from baseline to max-tech and are represented by the d-
values in Table 5.8.2, and visualized in Figure 5.8.3.
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Figure 5.8.3 RP_FS_L_AC Efficiency Levels
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Table 5.8.2 Efficiency Levels Analyzed for Rotary, Lubricated, Air-Cooled, Fixed-
Speed, Three-Phase

Efficiency Level | d-Value
Baseline -49
EL1 -30
EL?2 -15

EL 3 0

ELA4 5)

EL5 13

EL 6 30

5.8.3.2 RP_VS L _AC Efficiency Levels

The CAGI database contained 303 data points in the rotary, lubricated, air-cooled,
variable-speed equipment class. DOE used the CAGI data to create a regression curve,
known as the CAGI regression curve, and compared it to the Lot 31 regression curve for
variable-speed rotary standard air compressors. Figure 5.8.4 plots the resulting regression
curves along with the CAGI data points used to create the CAGI regression curve.
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Figure 5.8.4 CAGI and Lot 31 Regression Curves for RP_VS L _AC

The CAGI and EU Lot 31 regression curve are similar in magnitude and shape for
full-load actual volume flow rates where CAGI data was available. Package isentropic
efficiency from each curve at representative full-load actual volume flow rates is shown
in Table 5.8.3. CAGI data in this equipment class had full-load actual volume flow rates
ranging from 40 cfm to the upper limit of this final rule scope (i.e., 1,250 cfm). Within
this range of full-load actual volume flow rates the CAGI and EU Lot 31 had similar
magnitudes and were less than four percentage points different. Ultimately, due to the
similarity of the curves and the overall benefits of harmonizing with the European Union,
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DOE decided to use Lot 31 regression curve rather than the regression obtained from the
CAGI database.

Table 5.8.3 Efficiency at Representative Flow Rates for CAGI and Lot 31
Regression Curves for RP VS L AC

Full-Load Actual EU Lot31 | CAGI Difference
Volume Flow Rate | Curve Curve %
cfm % %
35 49.2 53.1 3.9
50 53.6 56.3 2.7
100 61.0 62.0 1.0
200 67.0 67.2 0.2
500 72.5 73.1 0.6
1,000 75.0 76.9 1.9

The regression curve for the rotary, lubricated, air-cooled, variable-speed
equipment class is as follows:
Nisen_Regr RP_VS_L_AC
= —0.01549 x In2(0.4719 x V;) + 0.21573 x In(0.4719 x V,)
+ 0.00905

Equation 5.5
Where:

Tisen_Regr RP_VS_L _AC = regression curve package isentropic efficiency for the rotary,
lubricated, air-cooled, variable-speed equipment class, and
V1 = full-load actual volume flow rate (cubic feet per minute).

Efficiency levels for the rotary, lubricated, air-cooled, variable-speed equipment
class are defined by the following equation, in conjunction with the d-values in Table
5.8.4:

Nisen_STD_RP_VS_L_AC = Tisen_Regr RP_VS_L_AC T (1 - Tllsen_Regr_RP_Vs_L_Ac) X d/100

Equation 5.6
Where:

Misen_STD_RP_vs_L_Ac = package isentropic efficiency for the rotary, lubricated, air-cooled,
variable-speed equipment class, for a selected efficiency level,

1sen_Regr RP_VS_L_AC = regression curve package isentropic efficiency for the rotary,
lubricated, air-cooled, variable-speed equipment class, and

d = d-value for each efficiency level, as specified in Table 5.8.4.
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To select a baseline, in the energy conservation standards NOPR, DOE analyzed
available performance data in the CAGI database to select a d-value that represented the
lowest efficiency equipment available across the entire market. 81 FR 31680, 31705-
31706. Similarly, to select a max-tech level, in the energy conservation standards NOPR,
DOE analyzed available performance data in the CAGI database to select a d-value that
represented the highest efficiency equipment available across the entire market. 81 FR
31680, 31705-31706. In this final rule, DOE compared the baseline and max-tech to the
updated CAGI database and concluded that the baselines and max-tech accurately
represent the new data. Figure 5.8.5 displays the curves that represent the baseline and
max-tech levels for the rotary, lubricated, air-cooled, variable-speed equipment class, as
well as the updated CAGI database data used to confirm them.
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Figure 5.8.5 RP_VS_L_AC Baseline and Max-Tech

Efficiency levels were established to span from baseline to max-tech and are
represented by the d-values in Table 5.8.4, and visualized in Figure 5.8.6.
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Figure 5.8.6 RP_VS_L_AC Efficiency Levels

Table 5.8.4 Efficiency Levels Analyzed for Rotary, Lubricated, Air-Cooled,
Variable-Speed, Three-Phase

Efficiency Level | d-Value
Baseline -30
EL1 -20

EL 2 -10
EL3 0

EL 4 5

ELS 15

EL 6 33

5.8.4 Liquid-Cooled Compressors

DOE scaled efficiency levels for the liquid-cooled fixed-speed equipment class
from the air-cooled fixed-speed equipment class, and the liquid-cooled variable-speed
equipment class from the air-cooled variable-speed equipment class. DOE developed the
scaling relationships based on the CAGI database.

Many air-cooled rotary air compressors are also offered in a liquid-cooled variant.
These variants are typically identical, except for the cooling method employed. The air-
cooled variant will utilize one or more cooling fans and heat exchangers to remove heat
from the compressed air. Alternatively, a liquid-cooled variant utilizes liquid coolant
provided by an external system and one or more heat exchanges to remove heat from the
compressed air. Typically, both variants will remove the same amount of heat and offer
the same output flow and pressure. The key difference is that the fan(s) used in the air-
cooled unit are within the compressor package and cause the air-cooled unit to consume
more energy than the liquid-cooled unit, which receives liquid coolant from a system
external to the compressor package. This means that for liquid-cooled units, the energy
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used to remove heat by the external system is not accounted for in the test procedure and
not reflected in package isentropic efficiency. Consequently, DOE established efficiency
levels for liquid-cooled equipment classes by scaling analogous air-cooled efficiency
levels to account for the lack of a fan motor. Specifically, for each equipment class, DOE
developed a scaling relationship using the CAGI database and applied it to efficiency
levels from the associated air-cooled equipment class.

The following subsections provide the equations and d-values used to establish
the efficiency levels for the rotary, lubricated, liquid-cooled, fixed-speed, and rotary,
lubricated, liquid-cooled, variable-speed equipment classes.

58.4.1 RP_FS_L_WC Efficiency Levels

In the energy conservation standards NOPR, DOE used the CAGI database to
develop pairs of air compressor models from the same manufacturer, which were offered
in air-cooled and liquid-cooled versions. In total, DOE found 348 pairs of lubricated
models to analyze (i.e., 696 total air compressor models). For all pairs, the liquid-cooled
models had higher package isentropic efficiency than the air-cooled models. DOE looked
at the average improvement in package isentropic efficiency points in the data for (1)
single-stage, (2) multistage, and (3) all compressors combined, regardless of number of
stages. This resulted in the average improvements of package isentropic efficiency points
shown in Table 5.8.5.

Table 5.8.5 Lubricated Fixed Speed Improvement in Package Isentropic Efficiency
of Liquid-Cooled versus Air-Cooled from the CAGI Database

Number | Improvement in
Number of - _
Stages of Pairs | Package Isentropic
Efficiency Points
1 269 2.35%
2 79 3.48%
All 348 2.61%

In the energy conservation standards NOPR, DOE chose to use the average
increase in of 2.35 package isentropic efficiency points from the single-stage units
analyzed because it represented the smallest improvement with respect to the air-cooled
equipment class.™ Therefore efficiency levels would be the most conservative.

As part of this final rule, DOE re-evaluated the constant used for the scaling
relationships using the updated CAGI database. In total, DOE found 276 pairs of
lubricated models to analyze (i.e., 552 total air compressor models). This data resulted in
average improvements in package isentropic points shown in in Table 5.8.6.

™ See section 5.7.5.1 of the NOPR TSD here: www.regulations.gov/document?D=EERE-2013-BT-STD-
0040-0037
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Table 5.8.6 Lubricated Fixed Speed Improvement in Package Isentropic Efficiency
of Liquid-Cooled versus Air-Cooled from the Updated CAGI
Database

Number | Improvementin
Number of ) _
Stages of Pairs Pac_kgge Isentropic
Efficiency Points
1 241 2.27%
2 35 4.55%
All 276 2.56%

The results from the updated CAGI database in Table 5.8.6 for single-stage
compressors show a slightly smaller improvement in package isentropic efficiency
points. Specifically, the improvement is 0.08 package isentropic efficiency points less
than the analysis based on the CAGI database (i.e., 2.35 percentage points shown in
Table 5.8.5). DOE notes that these are very similar values, and the original analysis is
based on more data so it may be more representative of the relationship. For these
reasons, DOE maintains the increase in package isentropic efficiency of 2.35 percentage
points from the energy conservation standards NOPR in this final rule.

In the energy conservation standards NOPR, DOE applied the increase in package
isentropic efficiency of 2.35 percentage points equally for all flow rates. 81 FR 31680,
31710-31711 (May 19, 2016). In response to comments received, DOE investigated the
relationship between the improvement in package isentropic efficiency of liquid- versus
air-cooled compressors and full-load actual volume flow rate. DOE utilized pairs of air-
cooled and liquid-cooled compressors that are within the final rule scope from the
updated CAGI database for this analysis, as shown in Figure 5.8.7. The data showed a R?
value for a linear regression of 0.0068, which indicates there is not a relationship between
full-load actual volume flow rate and the improvement in package isentropic efficiency
for these pairs. Therefore, DOE concluded that, within the final rule scope, there was not
a relationship between the improvement in package isentropic efficiency of liquid- versus
air-cooled compressors and full-load actual volume flow rate; DOE therefore maintains
the efficiency level methodology for scaling between air-cooled and liquid-cooled
equipment classes in this final rule.

5-30



9.0%
8.0%
S 7.0% ‘
gg ) o °° -
§ 3 6.0% ° W o R?=0.0068
Sgoon et e « o
cC o
¢ g 4.0% ® ® ®
ES % oo _° ° oo LATI
(= o o ® L ® @ P
> € 3.0% ® ry o 09
°a Q.. 0. 4.~ TR R fo
S2 20% il °® G
E < Ly 4'.‘ o s 0
o ¢ ® (1 f }
1.0% *%%e ® 00® ° ‘o
® @ ¢ of L ®
0.0% ® ® L
- 200 400 600 800 1,000 1,200 1,400
Full-Load Actual Volume Flow Rate (cfm)

Figure 5.8.7 Relationship Between Difference in Package Isentropic Efficiency and
Full-load Actual Volume Flow Rate for Pairs of Air-Cooled and
Liquid-Cooled Compressors

Based on this information, efficiency levels for the rotary, lubricated, liquid-
cooled, fixed-speed equipment class are set 2.35 percentage points higher than those of
the rotary, lubricated, air-cooled, fixed-speed equipment class. To determine the package
isentropic efficiency for an efficiency level and full-load actual volume flow rate in the
rotary, lubricated, liquid-cooled, fixed-speed equipment class, one would first find the
package isentropic efficiency for the rotary, lubricated, air-cooled, fixed-speed
equipment class at the desired full-load actual volume flow rate from Equation 5.3. Then
use a d-value to determine the package isentropic efficiency of an efficiency level with
Equation 5.7. Therefore the efficiency levels for the rotary, lubricated, liquid-cooled,
fixed-speed equipment class are defined by the following equation, in conjunction with
the d-values in Table 5.8.7:

Nisen_STD_RP_FS_L_WC

= 0.02349 + Nisen_regr rP Fs_LAC T (1 - Thsen_Regr_RP_Fs_L_Ac)
x d/100
Equation 5.7
Where:

Misen_sTD_RP_Fs_L_wc = package isentropic efficiency for the rotary, lubricated, liquid-
cooled, fixed-speed equipment class, for a selected efficiency level,

Misen_Regr RP_FS_L_AC = regression curve package isentropic efficiency for the rotary,
lubricated, air-cooled, fixed-speed equipment class, and

d = d-value for each efficiency level, as specified in Table 5.8.7.

The final regression curve (d-value of zero) is presented along with CAGI data for
the rotary, lubricated, liquid-cooled, fixed-speed equipment class in Figure 5.8.8.
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Figure 5.8.8 Final Regression Curve for RP_FS_L_WC and CAGI Data

To select a baseline, in the energy conservation standards NOPR, DOE analyzed
available performance data in the CAGI database to select a d-value that represented the
lowest efficiency equipment available across the entire market. 81 FR 31680, 31705-
31706. Similarly, to select a max-tech level, in the energy conservation standards NOPR,
DOE analyzed available performance data in the CAGI database to select a d-value that
represented the highest efficiency equipment available across the entire market. 81 FR
31680, 31705-31706. In this final rule, DOE compared the baseline and max-tech to the
updated CAGI database and concluded that the baselines and max-tech accurately
represent the new data. Figure 5.8.9 displays the curves that represent the baseline and
max-tech levels for the rotary, lubricated, liquid-cooled, fixed-speed equipment class, as
well as the updated CAGI database data used to confirm them.
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Figure 5.8.9 RP_FS_L_WC Baseline and Max-Tech

Efficiency levels were set to span from baseline to max-tech and are represented
by the d-values in Table 5.8.7, and visualized in Figure 5.8.10.
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Figure 5.8.10 RP_FS_L_WC Efficiency Levels

5-33



Table 5.8.7 Efficiency Levels Analyzed for Rotary, Lubricated, Liquid-Cooled,
Fixed-Speed, Three-Phase

Efficiency Level | d-Value
Baseline -49
EL1 -30
EL?2 -15

EL 3 0

ELA4 5)

EL5 13

EL 6 30

5.8.4.2 RP_VS_ L _WC Efficiency Levels

Due to the similarity in technology, DOE used the same 2.35-percent increase in
package isentropic efficiency shown in section 5.8.4.1 to set the rotary, lubricated, liquid-
cooled, variable-speed efficiency levels higher than the rotary, lubricated, air-cooled,
variable-speed efficiency levels.

To determine the package isentropic efficiency for an efficiency level and full-
load actual volume flow rate in the rotary, lubricated, liquid-cooled, variable-speed
equipment class, one would first find the package isentropic efficiency for the rotary,
lubricated, air-cooled, variable-speed equipment class at the desired full-load actual
volume flow rate from Equation 5.5. Then use a d-value to determine the package
isentropic efficiency of an efficiency level with Equation 5.8. Therefore the efficiency
levels for the rotary, lubricated, liquid-cooled, variable-speed equipment class are defined
by the following equation, in conjunction with the d-values in Table 5.8.8:

Nisen_STD_RP_VS_L_WC

= 0.02349 + Nisen_regr rP.VS. L AC T (1 - Thsen_Regr_RP_vs_L_Ac)
x d/100
Equation 5.8
Where:

Misen_sTD_RP_vs_L_wc = package isentropic efficiency for the rotary, lubricated, liquid-
cooled, variable-speed equipment class, for a selected efficiency level,

N1sen_Regr RP_VS_L_AC = regression curve package isentropic efficiency for the rotary,
lubricated, air-cooled, variable-speed equipment class, and

d = d-value for each efficiency level, as specified in Table 5.8.8.

The final regression curve (d-value of zero) is presented along with CAGI data for
the rotary, lubricated, liquid-cooled, variable-speed equipment class in Figure 5.8.11.
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Figure 5.8.11 Final Regression Curve for RP_VS_L_WC and CAGI Data

To select a baseline, in the energy conservation standards NOPR, DOE analyzed
available performance data in the CAGI database to select a d-value that represented the
lowest efficiency equipment available across the entire market. 81 FR 31680, 31705-
31706. Similarly, to select a max-tech level, in the energy conservation standards NOPR,
DOE analyzed available performance data in the CAGI database to select a d-value that
represented the highest efficiency equipment available across the entire market. 81 FR
31680, 31705-31706. In this final rule, DOE compared the baseline and max-tech to the
updated CAGI database and concluded that the baselines and max-tech accurately
represent the new data. Figure 5.8.12 displays the curves that represent the baseline and
max-tech levels for the rotary, lubricated, liquid-cooled, variable-speed equipment class,
as well as the updated CAGI database data used to confirm them.
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Figure 5.8.12 RP_VS_L_WC Baseline and Max-Tech

Efficiency levels were set to span from baseline to max-tech and are represented
by the d-values in Table 5.8.8, and visualized in Figure 5.8.13.
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Figure 5.8.13 RP_VS_L_WC Efficiency Levels
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Table 5.8.8 Efficiency Levels Analyzed for Rotary, Lubricated, Liquid-Cooled,
Variable-Speed, Three-Phase

Efficiency Level | d-Value
Baseline -45
EL1 -30
EL?2 -15

EL 3 0

ELA4 5)

EL5 15

EL 6 34

5.9 MANUFACTURER SELLING PRICE

This section presents the MSP-efficiency relationship for each equipment class
and discusses the analytical methods used to develop these relationships. For all
equipment classes, DOE defines MSP by a mathematical relationship between full-load
actual volume flow rate and package isentropic efficiency.

For the fixed- and variable-speed, rotary, lubricated, air-cooled equipment classes,
DOE used the Lot 31 study’s MSP-flow-efficiency relationships as a starting point to
construct analogous U.S. MSP-flow-efficiency relationships. To do so, DOE scaled Lot
31 MSP-flow-efficiency relationships for fixed-speed rotary standard air compressors and
variable-speed rotary standard air compressors with analogous air-cooled equipment
classes using confidential U.S. MSP data. Specifically, DOE scaled the Lot 31 study’s
absolute equipment MSPs to a magnitude that represents MSPs offered in the U.S.
market. Although MSP magnitudes were scaled, DOE maintained the incremental MSP
trends established in the Lot 31 study. For example, if the EU relationship showed a MSP
increase of three percent going from a d-value of zero to a d-value of five, the U.S.
relationship would also show a three percent increase going from a d-value of zero to a d-
value of five. However, the absolute magnitude of the change, in dollars, would be
different between the EU and United States.

For the rotary, lubricated, air-cooled, fixed-speed equipment class, DOE based the
MSP-flow-efficiency relationship on the Lot 31 list price curve for fixed-speed rotary
standard air compressors shown in Table 5.3.3. DOE scaled the Lot 31 curve using
confidential U.S. MSP data for equipment in the rotary, lubricated, air-cooled, fixed-
speed equipment class.

First, DOE calculated a d-value for all equipment it had confidential U.S. MSP
data for; the resulting average d-value for this population was 1.2. DOE also found a
relationship between MSP and full-load actual volume flow rate shown in Figure 5.9.1.
Because each point in Figure 5.9.1 is at a different d-value, a linear regression through
the data is used to represent the MSP flow rate relationship only at the average d-value of
1.2.
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Figure 5.9.1 RP_FS_L_AC U.S. Data Flow-Rate Efficiency Relationship

Next, DOE chose a representative full-load actual volume flow rate of 500 cfm to
scale the Lot 31 curve. At this full-load actual volume flow rate the regression from
Figure 5.9.1 for an average d-value of 1.2 results in a U.S. MSP of $31,897. At the same
full-load actual volume flow rate and a d-value of 1.2 the EU relationships described in
section 5.3.2 result in an MSP of €21,392. The U.S. and EU MSP were then used to scale
the Lot 31 curve to a known MSP at a full-load actual volume flow rate of 500 cfm,
essentially using the shape of the EU curve and pegging it to a known U.S. MSP.

The MSP-flow-efficiency relationship for the rotary, lubricated, air-cooled, fixed-
speed equipment class is as follows:

MSPRP_FS_L_AC S 0820
X [(4.72 x Vi + 2500) + (136.88 x V; + 10000)

3
X Nisen_STD_RP_FS_L_AC ]

Equation 5.9
Where:

MSPre rs_L_ac = manufacturer selling price for the rotary, lubricated, air-cooled, fixed-
speed at a selected efficiency level and full-load actual volume flow rate,
Misen_STD_RP_Fs_L_Ac = package isentropic efficiency for the rotary, lubricated, air-cooled,
fixed-speed equipment class, for a selected efficiency level and full-load actual volume
flow rate, and

V1 = full-load actual volume flow rate (cubic feet per minute).

5-38



MSP for each efficiency level for the rotary, lubricated, air-cooled, fixed-speed
equipment class is presented in Table 5.9.1 at representative full-load actual volume flow

rates.

Table 5.9.1 Representative MSPs for the RP_FS L_AC Equipment Class

Efficiency Level

Full-Load Actual Volume Flow Rate cfm

20" 50 100 200 500 1,000
Baseline $2,437 $3,350 $4,975 $8,517 $20,350 | $41,492
EL1 $2,784 $4,007 $6,039 $10,319 | $24,243 | $48,764
EL 2 $3,192 $4,680 $7,063 $11,983 | $27,719 | $55,158
EL3 $3,742 $5,506 $8,264 $13,877 | $31,572 | $62,159
EL 4 $3,960 $5,818 $8,707 $14,562 | $32,943 | $64,633
EL5 $4,349 $6,357 $9,460 $15,716 | $35,230 | $68,739
EL6 $5,349 $7,677 $11,257 | $18,414 | $40,484 | $78,091

*20 cfm is outside of the scope of this final rule, however the MSP at this point was used for interpolation purposes in

downstream analyses.

For the rotary, lubricated, air-cooled, variable-speed equipment class DOE based
the MSP-flow-efficiency relationship on the Lot 31 list price curve for variable speed
rotary standard air compressors shown in Table 5.3.3. DOE scaled the Lot 31 curve using
confidential U.S. MSP data for equipment in the rotary, lubricated, air-cooled, variable-
speed equipment class.

First, DOE calculated a d-value for all equipment it had confidential U.S. MSP
data for; the resulting average d-value for this population was 2.3. DOE also found a
relationship between MSP and full-load actual volume flow rate shown in Figure 5.9.2.
Because each point in Figure 5.9.2 is at a different d-value, a linear regression through
the data is used to represent the MSP flow rate relationship only at the average d-value of

2.3.
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Figure 5.9.2 RP_VS_L_AC U.S. Data Flow-Rate Efficiency Relationship

Next, DOE chose a representative full-load actual volume flow rate of 500 cfm to
scale the Lot 31 curve. At this full-load actual volume flow rate the regression from
Figure 5.9.2 for an average d-value of 2.3 results in a U.S. MSP of $44,207. At the same
full-load actual volume flow rate and a d-value of 2.3 the EU relationships described in
section 5.3.2 result in an MSP of €28,013. The U.S. and EU MSPs were then used to
scale the Lot 31 curve to a known MSP at a full-load actual volume flow rate of 500 cfm,
essentially using the shape of the EU curve and pegging it to a known U.S. MSP.

The MSP-flow-efficiency relationship for the rotary, lubricated, air-cooled, fixed-speed
equipment class is as follows:

MSPRP_VS_L_AC = 1302
X [(4.72 x Vi + 2500) + (136.88 x V; + 10000)

3
X Nisen_sTD_RP_VS_L_AC ]

Equation 5.10
Where:

MSPrp_vs L_ac = manufacturer selling price for the rotary, lubricated, air-cooled, variable-
speed at a selected efficiency level and full-load actual volume flow rate,
Misen_STD_RP_vs_L_Ac = package isentropic efficiency for the rotary, lubricated, air-cooled,
variable-speed equipment class, for a selected efficiency level and full-load actual
volume flow rate, and

V1 = full-load actual volume flow rate (cubic feet per minute).
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MSP for each efficiency level for the rotary, lubricated, air-cooled, variable-speed
equipment class is presented in Table 5.9.2 at representative full-load actual volume flow
rates.

Table 5.9.2 Representative MSPs for the RP_VS L AC Equipment Class

Efficiency Level Full-Load Actual Volume Flow Rate cfm

20 50 100 200 500 1,000
Baseline $3,606 $4,935 $7,577 $13,526 | $33,464 | $68,234
EL1 $3,818 $5,474 $8,526 $15,189 | $37,092 | $75,013
EL2 $4,131 $6,139 $9,624 $17,044 | $41,031 | $82,293
EL3 $4,565 $6,943 $10,883 | $19,101 | $45,292 | $90,093
ELA4 $4,834 $7,401 $11,576 | $20,209 | $47,548 | $94,193
EL5 $5,488 $8,437 $13,097 | $22,590 | $52,317 | $102,806
EL6 $7,109 $10,743 | $16,314 | $27,461 | $61,802 | $119,743

In the energy conservation standards NOPR, DOE used MSPs for air-cooled
equipment classes to represent MSPs for liquid-cooled equipment classes. 81 FR 31680,
31716-31717. DOE stated that the MSP of analogous air- and liquid-cooled equipment,
not factoring in the cooling system, is expected to be equivalent. Furthermore, DOE
expected that any difference in incremental MSP between air- and liquid-cooled systems
will not be significant, when compared to the incremental MSP of the greater package

In response to the energy conservation standards NOPR, commenters brought to
DOE'’s attention one technology option for air-cooled compressors that is not available
for liquid-cooled compressors. Specifically the use of a more-efficient fan motor. In
response, DOE assessed the impact of its assumption that any difference in incremental
MSP between air- and liquid-cooled systems would not be significant when compared to
the incremental MSP of the greater package.

DOE derived MSP at each air-cooled efficiency level from empirical pricing data.
It is therefore reasonable to assume that the MSP at the baseline level represents
compressors with low efficiency fan motors. At each subsequent efficiency level, the
likelihood of improved efficiency fan motors increases. As a result, it is reasonable to
assume that the empirically based MSPs at each subsequent efficiency level already
represent compressors with fan motors of increasing efficiency.

DOE established efficiency levels for liquid-cooled compressors at a uniform 2.35
package isentropic efficiency points above the analogous air-cooled efficiency level. As
discussed in section 5.8.4, this increase of 2.35 package isentropic efficiency points
represents the average difference in package isentropic efficiency between 269 pairs of
analogous fixed-speed air-cooled and liquid-cooled models from the CAGI database. The
air- and liquid-cooled pairs in this analysis represented the range of fan motor efficiency
available on the market. Theoretically, pairs with lower efficiency fan motors should
have greater differences in package isentropic efficiency, and pairs with higher efficiency
fan motors should have smaller differences in package isentropic efficiency. Thus, if
DOE is to account precisely for improvements in fan motor efficiency (while using the
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same incremental MSPs for air- and liquid-cooled efficiency levels), the increase in
package isentropic efficiency between air- and liquid-cooled compressors should be
slightly more than 2.35 at baseline and slightly less than 2.35 at max-tech. Such an
adjustment would result in liquid-cooled compressors gaining slightly less package
isentropic efficiency between each efficiency level, when compared to air-cooled
compressors. However, the increase in MSP at each efficiency level would be the same
for both air- and liquid-cooled compressors.

To quantify the impact of the aforementioned relationship, DOE assessed three
different compressor sizes within the rotary, lubricated, air-cooled, fixed-speed
equipment class: a 200 nominal hp compressor with a 10 hp fan motor, a 100 nominal hp
compressor with a 3 hp fan motor, and a 25 nominal hp compressor with a 1 hp fan
motor. Based on the updated CAGI database, each of these were the most common fan
motor horsepower for the given compressor motor nominal horsepower. For each
capacity analyzed, DOE strived to estimate the improvement in package isentropic
efficiency associated with replacing a low-efficiency fan motor with a high-efficiency fan
motor.

For each capacity analyzed, DOE identified the range of fan motor efficiencies
available within the updated CAGI database. DOE used this information to estimate the
decrease in power associated with replacing the least-efficient fan motor with the most-
efficient fan motor in the updated CAGI database. DOE then used the decrease in power
to re-calculate the change in package isentropic efficiency for each example capacity.

For a 25 nominal hp compressor with a 1 hp fan motor, DOE determined that the
least efficient fan motor was 65.0 percent efficient, and the most efficient was 85.5
percent efficient. There were four compressors with the least-efficient fan motor in the
updated CAGI database and, as Table 5.9.3 shows, the average estimated increase in
package isentropic efficiency was 0.78 percent.
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Table 5.9.3 Estimated Increase in Package Isentropic Efficiency from More-
Efficient Fan Motors for 25 hp Compressors

Sample Unit # 1 2 3 4
Compressor Motor Nominal hp 25 25 25 25
Unit Fan Motor hp 1 1 1 1
Unit Fan Motor Efficiency 65% 65% 65% 65%
Full-load Operating Pressure psig 150 100 110 125
Full-load Actual Volume Flow Rate cfm 84 117 115 114

Packaged Compressor Power Input at
Full-load Operating Pressure kKW

Package Isentropic Efficiency % 60.90 67.44 68.02 67.51
Upgraded Fan Motor Efficiency % 85.5 85.5 85.5 85.5

Estimated Reduction in Input Power from
Upgraded Fan Motor kW*

Estimated Upgraded Package Isentropic
Efficiency %

22.83 | 23.08 | 23.71 | 25.39

0.28 0.28 0.28 0.28

61.65 | 68.26 | 68.83 | 68.24

Estimated Increase in Package Isentropic
Efficiency %

* DOE estimated the reduction in input power from an upgraded fan motor by comparing the estimated input power for
the unit fan motor (1 hp and 65% efficient) to the upgraded fan motor (1 hp and 85.5% efficient). DOE estimated fan
motor input power (kW) as [unit fan motor hp x 0.756/fan motor efficiency].

0.75 0.83 0.81 0.73

For a 100 nominal hp compressor with a 3 hp fan motor, DOE determined that the
least efficient fan motor was 81.5 percent efficient, and the most efficient was 89.5
percent efficient. There were three compressors with the least efficient fan motor in the
updated CAGI database, and as Table 5.9.4 shows, the average estimated increase in
package isentropic efficiency was 0.20 percent.
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Table 5.9.4 Estimated Increase in Package Isentropic Efficiency from More-efficient
Fan Motors for 100 hp Compressors

Sample Unit # 1 2 3
Compressor Motor Nominal hp 100 100 100
Unit Fan Motor hp 3 3 3
Unit Fan Motor Efficiency % 81.5 81.5 81.5
Full-load Operating Pressure psig 125 100 110
Full-load Actual Volume Flow Rate cfm 436 495 495

Packaged Compressor Power Input at
Full-load Operating Pressure kKW

Package Isentropic Efficiency % 7251 | 74.00 | 76.55
Upgraded Fan Motor Efficiency % 89.5 89.5 89.5

Estimated Reduction in Input Power from
Upgraded Fan Motor kW*

Estimated Upgraded Package Isentropic
Efficiency %

90.4 89 90.7

0.25 0.25 0.25

7270 | 7421 | 76.76

Estimated Increase in Package Isentropic
Efficiency %

* DOE estimated the reduction in input power from an upgraded fan motor by comparing the estimated input power for
the unit fan motor (3 hp and 81.5% efficient) to the upgraded fan motor (3 hp and 89.5% efficient). DOE estimated fan
motor input power (kW) as [unit fan motor hp x 0.756/fan motor efficiency].

0.20 0.20 0.21

For a 200 nominal hp compressor with a 10 hp fan motor, DOE determined that
the least efficient fan motor was 88.5 percent efficient, and the most efficient was 90.2
percent efficient. There were three compressors with the least efficient fan motor in the
updated CAGI database, and as Table 5.9.5 shows, the average estimated increase in
package isentropic efficiency was 0.18 percent.
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Table 5.9.5 Estimated Increase in Package Isentropic Efficiency from More-
Efficient Fan Motors for 200 hp Compressors

Sample Unit # 1 2 3
Compressor Motor Nominal hp 200 200 200
Unit Fan Motor hp 10 10 10
Unit Fan Motor Efficiency % 88.5 88.5 88.5
Full-Load Operating Pressure psig 100 125 150

Full-Load Actual VVolume Flow Rate cfm 934 802 715

Packaged Compressor Power Input at
Full-Load Operating Pressure kW

Package Isentropic Efficiency % 71.15 | 7159 | 66.75
Upgraded Fan Motor Efficiency % 90.2 90.2 90.2

Estimated Reduction in Input Power from
Upgraded Fan Motor kW*

Estimated Upgraded Package Isentropic
Efficiency %

174.3 168 177.3

0.16 0.16 0.16

71.36 | 71.84 | 66.81

Estimated Increase in Package Isentropic
Efficiency %

* DOE estimated the reduction in input power from an upgraded fan motor by comparing the estimated input power for
the unit fan motor (10 hp and 88.5% efficient) to the upgraded fan motor (10 hp and 90.2% efficient). DOE estimated
fan motor input power (kW) as [unit fan motor hp x 0.756 / fan motor efficiency].

0.21 0.25 0.07

With the estimates of improvement in package isentropic efficiency associated
with replacing a low-efficiency fan motor with a high-efficiency fan motor for three
compressor sizes, DOE then used this data to estimate the improvement at different
efficiency levels. These estimates are presented in Table 5.9.6. The following paragraphs
discuss the methodology DOE used to obtain these estimates.

EL 3 represents the mean efficiency available on the market. The offset of 2.35
percentage points was determined based on an average value from pairs of compressors
across all efficiency levels, and also represents the mean offset of the market. Therefore
in this analysis, the offset at EL 3, as shown in Table 5.9.6, remains at 2.35 percentage
points.

At max-tech the offset would be smaller than 2.35 percentage points because all
air-cooled compressors have implemented the most efficient fan motor. At the baseline
the offset would be greater than 2.35 percentage points because the air-cooled
compressors would all have the least efficient fan motor. The difference between the
baseline and max-tech offsets would be equal to the estimates of improvement in package
isentropic efficiency for the three compressor sizes found. In other words, the baseline
offset will be at 2.35 plus half of the estimate of improvement in package isentropic
efficiency, and the max-tech offset will be at 2.35 minus half of the estimate of
improvement in package isentropic efficiency.
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For intermediary efficiency levels, DOE estimated the offset by linearly
interpolating between baseline, EL 3 and max-tech, based on d-value. Specifically, EL 2
was established approximately two-thirds of the way between baseline and EL 3,
therefore the offset at EL 2 would be approximately two-thirds the way between the
offset at baseline and EL 3. All other intermediary efficiency levels were linearly
interpolated according to their d-values and the results are shown in Table 5.9.6. Table
5.9.6 shows that the potential offsets at EL 2, are very small, and will result in negligible
impact on downstream analyses. Specifically, this analysis showed that package
isentropic efficiency at for EL 2 for liquid-cooled equipment classes should be slightly
higher (i.e., more stringent) than what was analyzed in the NOPR while maintaining the
same MSP. Revising EL 2 for liquid-cooled equipment classes to be more stringent
would increase NOPR-estimated consumer benefits, which are positive from TSL 2
through max-tech for all equipment classes considered in this final rule. 81 FR at 31753-
31755.

Further, revising EL 2 for liquid-cooled equipment classes to be more stringent
would have a negligible impact on the estimated reduction in industry net present value
(INPV) for manufacturers. Specifically, in this scenario, MSP (one of the key inputs to
calculating INPV) does not change. With a slightly more stringent EL 2, DOE expects
only negligible changes in the number of models failing and shipment estimates (other
key inputs to calculating INPV), because the potential change to the efficiency level is so
small. As explained in the NOPR, DOE proposed TSL 2 after walking down to a
potential reduction in INPV for manufacturers that DOE concluded was economically
justified. 81 FR 31680, 31754-31755. Therefore, the potential impact of revising EL 2
does not change the justification for the standard proposed in the NOPR.

Table 5.9.6 Potential Air- and Liquid-Cooled Offset in Package Isentropic Efficiency
When Accounting for Fan Motor Efficiency Improvements

Compressor Max-
Motor Baseline | EL1 EL 2 EL 3 EL 4 EL S
. tech
Nominal hp
25" 2.74 2.59 2.47 2.35 2.29 2.18 1.96
100" 2.45 2.41 2.38 2.35 2.33 2.31 2.25
200" 2.44 2.40 2.38 2.35 2.34 2.31 2.26
d-value -49 -30 -15 0 5 13 30

* Offsets based on the average estimated increase in package isentropic efficiency of 0.78% shown in Table 5.9.3.
** Offsets based on the average estimated increase in package isentropic efficiency of 0.20% shown in Table 5.9.4
t Offsets based on the average estimated increase in package isentropic efficiency of 0.18% shown in Table 5.9.5

Further, DOE’s analysis shows that efficiency levels above EL 3 for liquid-cooled
equipment classes should be slightly lower (i.e., less stringent) than what was analyzed in
the NOPR. Therefore, the NOPR analyses would have shown slightly less economic
benefit if EL 3 were revised. However, economic benefit was significantly positive at
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these higher ELs, and ultimately DOE walked down below these levels based on INPV
impacts, which, similarly to EL 2, would have negligible changes.

Therefore, DOE maintains its assertion that any difference in incremental MSP
between air- and liquid-cooled systems would not be significant when compared to the
incremental MSP of the greater package. Furthermore, implementing such changes, with
rigor, adds significant complexity to DOE’s analysis, with little to no increase in
analytical resolution. For these reasons, for this final rule, DOE maintains the
relationships between air- and liquid-cooled compressors for EL 1 through EL 6, as
established in the energy conservation standards NOPR.

Specifically, for all liquid-cooled equipment classes in this final rule, DOE used
incremental MSPs equivalent to analogous air-cooled equipment classes.

5.10 MANUFACTURER PRODUCTION COST

As discussed in the previous section, DOE developed MSP-flow-efficiency
relationships for each equipment class. However, certain downstream analyses, such as
the MIA, also require DOE to assess the relationship between manufacturer production
costs (MPCs), full-load actual volume flow rate, and package isentropic efficiency. To
determine the MPC-flow-efficiency relationship, DOE backed out manufacturer markups
from each MSP-flow-efficiency relationship. The manufacturer markup is defined as the
ratio of MSP to MPC and covers non-production costs such as selling, general and
administrative expenses (SG&A); research and development expenses (R&D), interest
expenses, and profit. DOE developed estimates of manufacturer markups based on
confidential data obtained during confidential manufacturer interviews. DOE’s estimates
of markups are presented in Table 5.10.1.

Table 5.10.1 Baseline Markup Estimates

Equipment Class Markup
RP_FS L AC
RP_ VS L AC
RP_FS_ L WC 1.35
RP VS L WC

The MIA also requires MPCs to be disaggregated into material, labor,
depreciation, and overhead costs. DOE estimated MPC breakdowns based on information
gathered from consultants familiar with the air compressor manufacturing industry. Table
5.10.2 presents DOE’s estimates for material, labor, depreciation, and overhead
breakdown.
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Table 5.10.2 Breakdown of MPC for Air Compressors

Percentage of
Category Total MPC
%
Materials 53.8
Labor 23.1
Depreciation 4.1
Overhead 19.0

5.11 OTHER ANALYTICAL OUTPUTS

In the engineering analysis DOE calculated values for full-load power and no-
load power for use in cost-benefit calculations for individual consumers, manufacturers,
and the Nation.

Packaged compressor power input at full-load operating pressure at 100 percent
full-load actual volume flow rate was calculated for each equipment class using the
following formulas for package isentropic efficiency, which was re-arranged to solve for
packaged compressor power input at full-load operating pressure.

_ Pisen,lOO%
nisen,FL - P
real,100%

Equation 5.11

Where:

Nisen,FL = Package isentropic efficiency at full-load operating pressure,

Pisen 1009 = isentropic power required for compression at full-load operating
pressure, and

Prear 1009 = Packaged compressor power input at full-load operating pressure.

K—1

’ K P2\ x
Prsent00% = Vi mas P1 o=y [(p—) } 1]
1

Equation 5.12

Where:
Vi ms Js = corrected volume flow rate at full-load operating pressure and 100
percent of full-load actual volume flow rate, as determined in section
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C.4.2.1 of annex C of ISO 1217:2009(E) (cubic meters per second) with
no corrections made for shaft speed,

p; = Atmospheric pressure, as determined in section 5.2.2 of ISO 1217:2009(E)
(Pa),

p, = discharge pressure at full-load operating pressure and 100 percent of full-
load actual volume flow rate, determined in accordance with section 5.2 of
ISO 1217:2009(E) (Pa), and

K = isentropic exponent (ratio of specific heats) of air, which is 1.400.

DOE then used the CAGI database to establish a relationship that calculates
values for no-load power based on full-load power. DOE compared full-load power to
no-load power for all fixed-speed equipment in the CAGI database and found the
relationship shown in Figure 5.11.1. For all fixed-speed equipment classes, this
relationship was used to find no-load power given the full-load power calculated as
described above.

700 Rotary Fixed-Speed Full-Load and No-Load Power
600
= = 0.9929 )
% 500 y =4.1219x »
o
= 400
o . -
o J."-
T 300 _ .‘W,.-'_
9 i-*"" g b
E 200 \ ?}bz.d?:*
100 ;‘3#
0
0 50 100 150 200
No-Load Power (kW)

Figure 5.11.1 Rotary Fixed-Speed Full-Load and No-Load Power

DOE examined variable-speed compressors in the CAGI database and found that,
with only a few exceptions, variable-speed compressors draw 0 kKW at no-load.
Therefore, the engineering analysis output for no-load power for variable-speed
compressors was 0 kW for all equipment classes at all full-load actual volume flow rates.
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CHAPTER 6. MARKUPS ANALYSIS

6.1 INTRODUCTION

This chapter of the technical support document (TSD) presents the U.S. Department of
Energy’s (DOE's) method for deriving compressor prices. The objective of the markups analysis
IS to estimate the price paid by the consumer or purchaser for an installed air compressor.
Purchase price and installation cost are necessary inputs to the life-cycle cost (LCC) and payback
period (PBP) analyses. Chapter 8 presents the LCC calculations; section 8.2.1 describes how the
LCC uses purchase price and installation cost as inputs.

The engineering analysis (chapter 5) provides the manufacturer selling prices (MSPs) for
the representative units included in the LCC analysis. DOE derived a set of prices, for each air
compressor representative unit produced by the engineering analysis, by applying markups to the
manufacturer selling price in the form of markup equations presented in section 6.2.

6.1.1 Distribution Channels

The appropriate markups for determining the end-user equipment price depend on the
type of distribution channels through which equipment moves from manufacturers to the final
consumer. At each point in the distribution channel, companies mark up the price of the
equipment to cover their business costs and profit margin.

Based on input from interested parties, DOE identified four main distribution channels
for air compressors as they move from the manufacturer to the final consumer. DOE found that
these channels are further subdivided by the air compressor’s power rating, in horsepower, and
by the general method of compression. The four channels are defined in Table 6.1.1.

Table 6.1.1 Distribution Channels

Channel Description Baseline | Incremental Market
Share*
Channel A | End User (Direct Sales) 1.07 1.07 5.5%
Channel B | Distributor > End User 1.49 1.31 75.3%
Channel C | Contractor > End User 1.18 1.18 14.5%
Channel D | Other/Retail 1.35 1.22 4.8%

*May not add to 100% due to rounding

Table 6.1.2 shows the magnitude of each of the four distribution channels by air
compressor power rating, in horsepower, and by general method of compression and capacity.
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Table 6.1.2 Distribution Channels by Compressor Power Rating and Compression

Method
Equipment Channel A | Channel B | Channel C | Channel D
Rotary Screw <500 ACFM 7.5% 85.0% 5.0% 2.5%
y > 500 ACFM 20.0% 77.5% 2.5% 0.0%

6.2 MARKUP CALCULATION METHODOLOGY

As addressed previously, at each point in the distribution channel, companies mark up the
price of the equipment to cover their business costs and profit margins. In financial statements,
gross margin is the difference between the company revenue and the company cost of sales or
cost of goods sold (CGS). Inputs for calculating the gross margin are all corporate costs,
including: overhead costs (sales, general, and administration), research and development (R&D),
interest expenses, depreciation, taxes, and profits. For sales of equipment to contribute positively
to company cash flow, the markup of the equipment must be greater than the corporate gross
margin. Individual pieces of equipment may command a lower or higher markup, depending on
their perceived added value and the competition they face from similar equipment in the market.

In developing markups for original equipment manufacturers (OEMs) and distributors,
DOE obtained data about the revenue, CGS, and expenses of firms that produce and sell the
equipment of interest. DOE determined that markups are neither fixed-dollar nor proportional to
all direct costs, which means that the selling price of a piece of equipment may not be strictly
proportional to the purchase price of the equipment. Using the available data, DOE has found
measurable differences between incremental markups on direct equipment costs and the average
aggregate markup on direct business costs. Additionally, DOE discovered significant differences
between average and incremental markups for compressor OEMs and distributors. Section 6.3
and section 6.4 further discuss the differences between average and incremental markups.

The main reason that the selling price of a piece of equipment may not be strictly
proportional to the purchase price of the equipment is that businesses incur a wide variety of
costs. When the purchase price of equipment and materials increases, only a fraction of the
business expenses increase, while the remainder of business expenses stay relatively constant.
For example, if the unit price of a compressor increases by 30 percent, it is unlikely that the cost
of secretarial support in an administrative office will increase by 30 percent as well. Certain
business expenses are not correlated to the cost of equipment or cost of goods.

DOE’s approach categorizes the expenses into two categories: invariant costs (IVC),
which are those costs that are not expected to vary in proportion to the change in manufacturer
selling price (MSP), and variant costs (VC), which are the costs that scale with the change in
manufacturer selling price. Together, IVC and VC represent the gross margin.
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For each step in equipment distribution, DOE estimated both a baseline markup and an
incremental markup. For compressors, DOE understands that no increase in distribution labor is
necessary for the distribution of more-efficient equipment, while the non-labor-scaling cost does
increase with increasing equipment costs. This allowed DOE to estimate the incremental markup
given a breakdown of distribution and manufacturing business expenses for a particular industry.

6.2.1 Assumptions

DOE derived the OEM and compressor distributor markups from three key assumptions
about the costs associated with compressor-related industrial series. DOE used the financial data
from the 2007 U.S. Economic Census’s Manufacturing Industry Series and 2012 Business and
Industry Wholesale Trade Survey to determine OEM and compressor distributor markups,
respectively.?® These income statements break down the components of all costs incurred by
firms that assemble and distribute compressors. The key assumptions used to estimate markups
using these financial data are:

1. The firm income statements faithfully represent the various average costs incurred by
firms designing, assembling, and distributing compressors.

2. These costs can be divided into two categories: (1) costs that vary in proportion to the
MSP of compressors (variant costs); and (2) costs that do not vary with the MSP of
compressors (invariant costs).

3. Overall, OEM and distributor sales prices vary in proportion to OEM and distributor
costs that are included in the balance sheets.

In support of the first assumption, the income statements itemize firm costs into a number
of expense categories, including CGS, operating labor and occupancy costs, and other operating
costs and profit. Although OEMs and compressor distributors tend to handle multiple commodity
lines, these data provide the most accurate indication that is available of the expenses associated
with compressors.

In the following discussion, DOE assumes a division of costs between those that do not
scale with the manufacturer price (labor and occupancy expenses), and those that do (operating
expenses and profit). This division of costs led to the estimate of incremental markups addressed
in the next section.

In support of the third assumption, the wholesaler industries are relatively competitive,
and end-user demand for compressors is relatively inelastic—i.e., the demand is not expected to
decrease significantly with a relatively small increase in price. Following standard economic
theory, competitive firms facing inelastic demand either set prices in line with costs or quickly
go out of business.*
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6.3 APPROACH FOR ORIGINAL EQUIPMENT MANUFACTURER MARKUPS

Using the previous assumptions, DOE developed baseline and incremental markups for
OEMs using the firm income statement from several manufacturing industries that design,
assemble, and brand air compressors. The 2007 Economic Census Manufacturing Industry
Series? reports the payroll (production and total), cost of materials, capital expenditures and total
value of shipments, and miscellaneous operating costs for manufacturers of various types of
machinery. DOE collected these data for the following types of OEMs, including:

all other miscellaneous wood product manufacturing;

farm machinery and equipment manufacturing;

construction machinery manufacturing;

mining machinery and equipment manufacturing;

oil and gas field machinery and equipment manufacturing;
plastics and rubber industry machinery manufacturing;

sawmill, woodworking, and paper machinery manufacturing;
paper industry machinery manufacturing;

textile machinery manufacturing;

printing machinery and equipment manufacturing;

food product machinery manufacturing;

semiconductor machinery manufacturing;

all other industrial machinery manufacturing;

other industrial machinery manufacturing;

other commercial and service industry machinery manufacturing;
machine tool manufacturing; and

all other miscellaneous general purpose machinery manufacturing.

DOE used the baseline markups, which cover all of the OEM’s costs (both variant and
invariant costs), to determine the sales price of baseline models. Variant costs were defined as
costs that vary in proportion to the change in MSP induced by increased efficiency standards; in
contrast, invariant costs were defined as costs that do not vary in proportion to the change in
MSP due to increased efficiency standards. The baseline markup relates the MSP to the OEM
selling price. For each of the OEMs identified above, DOE calculated the OEM baseline markup
as follows:

SALES
PAY + MAT + CAP

= MUgysg

Where:

SALES = value of shipments,
PAY = payroll expenses,

MAT = material input expenses,
CAP = capital expenses, and
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MUgase = baseline markup.

The baseline markups range between 1.32 (construction machinery manufacturing) and
1.63 (semiconductor machinery manufacturing), with the sales-weighted average of 1.44.

Incremental markups are coefficients that relate the change in the MSP of more-efficient
models, or that equipment that meets the requirements of new energy conservation standards, to
the change in the OEM selling price. Incremental markups cover only those costs that scale with
a change in the manufacturer’s sales price (variant costs). DOE calculated the incremental
markup (MU ncr) for each of the OEMs using the following equation:

CGSey +VCoem

MU INCR — CGS
OEM

Where:

MU ncr = incremental OEM markup,
CGSpem = OEM’s cost of goods sold, and
VCoem = OEM’s variant costs.

The incremental markups range between 1.29 (plastics and rubber industry machinery
manufacturing) and 1.53 (farm machinery and equipment manufacturing), with the sales-
weighted average of 1.38.

6.4 APPROACH FOR COMPRESSOR DISTRIBUTOR MARKUPS

The type of financial data used to estimate markups for OEMs is also available for
distributors. DOE based its distributor markups on financial data from the 2012 U.S. Census
Business and Industry Annual Wholesale Trade Survey.® DOE organized the financial data into
income statements that break down cost components incurred by firms that sell equipment and
machinery with compressors, “Machinery, Equipment, and Supplies Merchant Wholesalers”
(NAICS 4238).2

Using the previously described assumptions, DOE developed baseline and incremental
markups and applied them in calculating end-user equipment prices from manufacturer sales
prices. The Annual Wholesale Trade Survey provides gross margin (GM) as percent of sales for
the machinery, equipment, and supplies merchant wholesalers industry; therefore, baseline
markups can be derived with the following equation:

Sales(%)
Ugase =
Sales(%) — GM (%)

% The distributors to whom these financial data refer handle multiple commodity lines.
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DOE used financial data from the Annual Wholesale Trade Survey for the categories
“Machinery, Equipment, and Supplies Merchant Wholesalers” to calculate incremental markups
used by wholesalers of compressors. Incremental markups are coefficients that relate the change
in the MSP of higher efficiency models to the change in the wholesaler selling price. Hence,
incremental markups cover only those costs that scale with a change in the manufacturer’s sales
price (i.e., variant costs). DOE considers higher efficiency models to be equipment sold under
market conditions with new efficiency standards. It calculated the incremental markup (MU ncgr)
for distributors using the following equation:

MU _ CGSDISTRIBUTOR +VCDISTRIBUTOR
INCR —

C:(BSDISTRIBUTOR

Where:

MU ncr = incremental wholesaler markup,
CGSpistrisuTor = distributor’s cost of goods sold, and
VCpistrisutor =distributor’s variant costs.

Table 6.4.1 shows the data from the Annual Wholesale Trade Survey and the markups
DOE estimated using the procedures described previously.
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Table 6.4.1 U.S. Census Business and Industry Annual Wholesale Trade Survey Data

Used to Calculate Distributor Markups

Items Amount
($1,000,000)

Sales 380,305
Cost of goods sold (CGS) 273,820
Gross Margin 106,485
Total Operating Expenses 73,964
Labor & Occupancy Expenses
Annual payroll 35,289
Employer costs for fringe benefit 8,522
Contract labor costs including temporary help 742
Purchased utilities, total 1,010
Cost of purchased repair and maintenance services (equipment,
buildings, offices) 1458
Purchased communication services 863
Purchased professional and technical services 1,501
Lease and rental payments (buildings, structures, offices) 3,124
Taxes and license fees (mostly income taxes) 869
Other Operating Expenses & Profit
Expensed equipment (e.g., computer related supplies) 354
Cost of purchased packaging and containers 2,091
Cost of purchased transportation, shipping and warehousing services 2,743
Cost of purchased advertising and promotional services 1,391
Cost of purchased software 309
Cost of d_ata _processing and other purchased computer services, except 387
communications
Lease and rental payments (machinery and equipment) 393
Depreciation and amortization charges 3,007
Commissions paid 1,856
Other Operating Expenses 8,530
Net profit before taxes 40,576.40
Baseline Markup = (CGS+GM)/CGS 1.39
Incremental Markup =

1.23

(CGS + Total Other Operating Expenses and Profit)/CGS

Source: 2012 Annual Wholesale Trade Survey, Machinery, Equipment, and Supplies Merchant Wholesalers

(NAICS 4238)
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6.5 CONTRACTOR OR INSTALLER MARKUP

DOE used information from RSMeans Electrical Cost Data* to estimate markups used by
contractors in the installation of equipment with compressors. RSMeans Electrical Cost Data
estimates material expense markups for electrical contractors as 10 percent, leading to a markup
factor of 1.10. DOE recognizes that contractors are not used in all installations, as some firms
have in-house technicians who would install equipment or replace a compressor. However, DOE
has no information on the extent to which this occurs, so it applied a markup of 1.10 in all cases.

6.6 SALES TAXES

The sales tax represents state and local sales taxes that are applied to the end-user
equipment price. The sales tax is a multiplicative factor that increases the end-user equipment
price.

DOE derived state and local taxes from data provided by the Sales Tax Clearinghouse.”
These data represent weighted averages that include county and city rates. DOE then derived
population-weighted average tax values for each Census division and large state, as shown in
Table 6.6.1 below. This provides a national average tax rate of 7.11 percent, which DOE used for
each distribution channel.

Table 6.6.1 Average Sales Tax Rates by Census Division and Large State
Census Division/State Population (2013) Tax Rate (2014)
New England 14,618,806 5.69%
Middle Atlantic 21,673,140 6.63%
East North Central 46,662,180 6.91%
West North Central 20,885,710 7.09%
South Atlantic 42,230,787 6.07%
East South Central 18,716,202 8.02%
West South Central 11,435,411 8.65%
Mountain 22,881,245 6.44%
Pacific 13,040,657 5.30%
New York 19,651,127 8.40%
California 38,332,521 8.45%
Texas 26,448,193 7.90%
Florida 19,552,860 6.65%
Population Weighted Average 7.11%

6.7 OVERALL MARKUPS

The overall markup for each distribution channel is the product of the relevant markups,
as well as the sales tax. DOE used the overall baseline markup to estimate the end-user
equipment price of baseline models, given the MSP of the baseline models. As stated previously,
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DOE considers baseline models to be equipment sold under existing market conditions (i.e.,
without new energy efficiency standards).

DOE used the overall incremental markup to estimate changes in the end-user equipment
price, given changes in the manufacturer cost above the baseline model cost resulting from a
standard to raise equipment efficiency. The total end-user equipment price for higher efficiency
models is composed of two components: the end-user equipment price of the baseline model and
the change in end-user equipment price associated with the increase in manufacturer cost to meet
the new efficiency standard. The following equation shows how DOE used the overall
incremental markup to determine the end-user equipment price for higher efficiency models (i.e.,
models meeting new efficiency standards).

EQPSTD = I\/ISPMFG x I\/ILJOVERALL_BASE +AMSPMFG X(MU INCR ><TaXSALES)

= EQPBASE +A|\/|SPMFG x MUOVERALL_INCR
Where:

EQPstp = end-user equipment price for models meeting new efficiency standards,

EQPgase = end-user equipment price for baseline models,

MSPwrc = manufacturer selling price for baseline models,

AMSPyec = change in manufacturer selling price for higher efficiency models,

MU ncr = incremental OEM or distributor markup,

TaxsaLes = sales tax,

MUoveraLL sase = baseline overall markup (product of manufacturer markup, baseline
OEM or distributor markup, and sales tax), and

MUoveraLL incr = incremental overall markup (product of manufacturer markup,
incremental OEM or distributor markup, and sales tax

Table 6.7.1 summarizes the markups and the overall baseline and incremental markups
for each of the three main identified channels. Weighting the values by the respective shares of
each channel and equipment class group yields an average overall baseline markup of 1.41 and
an overall incremental markup of 1.28.

Table 6.7.1 Summary of Markups for Three Primary Distribution Channels for

Compressors

Markup End USSSIZS()DIreCt Dlstrlbazg: > End Contraljgz: > End Other/Retail

Channel A Channel B Channel C Channel D

Baseline [Incremental| Baseline |[Incremental| Baseline {Incremental| Baseline |Incremental

OEM - - - - - -
Distributor - - 1.39 1.23 - - - -
Contractor - - - - 1.1 1.1 - -
Sales Tax 1.07 1.07 1.07 1.07 1.07 1.07 - -
Overall 1.07 1.07 1.49 1.31 1.18 1.18 1.35 1.22
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Table 6.7.2 Summary of Average Markups by Compressor Flow Range

Equipment - Markups
Baseline Incremental
Rotary Screw <500 ACFM 1.44 1.29
> 500 ACFM 1.40 1.26
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CHAPTER 7. ENERGY USE ANALYSIS

7.1 INTRODUCTION

A key component of the life-cycle cost (LCC) and payback period (PBP) calculations
described in chapter 8 is the savings in operating costs that customers would realize from more
energy-efficient equipment. Energy costs are the most significant component of customer
operating costs for air compressors. The U.S. Department of Energy (DOE) uses annual energy
use, along with energy prices, to establish energy costs at various energy efficiency levels. This
chapter describes how DOE determined the annual energy use of commercial and industrial
compressors at the considered energy efficiency levels.

Compressors operation sees a compressor supplying compressed air in response to the
demands of, what is usually, a dynamic system. As such, a compressor’s overall operational
efficiency is a function of the compressor’s performance characteristics, the operating conditions
of the system which it is connected to, and the method of matching compressor output to these
operating conditions in the form of capacity controls. To capture the variability in compressor
operation DOE separates its model into supply, demand, and capacity control inputs.

Supply side inputs consist of compressor performance characteristics. These are defined
in the engineering analysis (see chapter 5) as the components affecting the overall efficiency of a
compressor package according to the DOE test procedure (December 2016). For this analysis,
compressor energy use is defined as the product of annual operating hours, compressor isentropic
efficiency and isentropic power. The energy use calculation then considers the annual demand
load profiles and methods to control the airflow to meet airflow demands.

Demand side inputs refer to operating conditions imposed on a compressor in the form of
airflow and pressure demands of the system the compressor is connected to over a period of time
(one year). Demand is determined by the tools and machinery connected to the compressed air
system to which the compressor is supplying air. DOE modeled the variability of compressed air
system airflow demand over time as an annual load profile. Load profiles contain the fraction of
annual operating hours assigned to representative demand airflows (as a fraction of compressor
capacity (Q)), while pressure is assumed to be held in a steady state. DOE developed several
load profile types; these are discussed in section 7.2.3.2.

Capacity controls (henceforth referred to as controls) inputs refer to the means that is
used to control how a compressor’s air supply is adjusted to meet operating condition demands.
Part load performance is the change in efficiency from any controls that are used to match
compressor output with varying system air demands that are seen in the field. The part-load
performance of a compressor is wholly dependent on the type of capacity control employed. For
today’s analysis DOE modeled the part-load performance using the power curves, which relate a
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compressor’s part load capacity to its part-load power requirement, for several different control
type configurations. Control types and power curves are discussed in section 7.2.4.

7.2 METHODOLOGY

7.2.1 Annual Energy Use Calculation

A compressor’s annual energy use (AEU), in KWh, is an integral of the instantaneous
driver power (P) over time, as the compressor responds to system demand:

8760
AEU = [P(t)dt Eq. 7.1
1
where:
AEU =  the compressor’s annual energy use,

1[h] to 8760 [h] = atypical year in hourly timesteps,
t = time (in hours), and

P(t) = instantaneous compressor power (kW).

DOE calculates the AEU as a product of the annual energy use factor (EUF), compressor
rated power (Prateq) and annual hours of operation (AHO):

AEU = EUF - P, - AHO Eq. 7.2
where:
AEU = Annual Energy Use, see section 7.2.5
EUF = Energy Use Factor
Praed = Rated compressor power

The value of the energy use factor (EUF) is dependent on the compressor’s load profile,
load profiles are described in section 7.2.3.2, and the assigned control strategy, discussed in
section 7.2.4. Section 7.2.4 provides equations to calculate EUF, and Table 7.3.2 shows the
coefficients DOE used in today’s analysis.

Compressor rated power, Prateq, depends on the rated operating conditions and the
isentropic efficiency, which are described in the following section, 7.2.2.
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Section 7.2.3.4 provides information on AHO distributions for all equipment classes, as
well as the utilized values.

7.2.2 Supply Side Inputs

Supply side inputs refer to the energy efficiency characterization of the compressor
package. The supply side inputs are representative unit pressure, in pounds per square inch gauge
(psig), representative unit airflow, in actual cubic feet per minute (acfm), and the isentropic
efficiency. In this section DOE uses terms representative unit pressure and representative unit
airflow as equivalents to representative unit full-load operating pressure and full-load actual
volume flow rate?, respectively. For more information about the energy efficiency characteristic
and the representative unit definition see the engineering analysis (TSD chapter 5).

7.2.2.1  Rated Operating Conditions

For this analysis DOE examined compressor isentropic efficiency and isentropic power.
Compressor isentropic efficiency for each representative unit airflow and pressure combination
is defined in the engineering analysis (chapter 5) for each equipment class (EC).

Rated compressor representative unit power equals the compressor isentropic power
divided by the isentropic efficiency:
F)

P " lIsentropic
Rated

Eq. 7.3

Isentropic

where:

Pisentropic = Compressor isentropic power

Misentropic = Compressor isentropic efficiency

The isentropic power depends on the airflow capacity and the inlet (considered to be
atmospheric) and outlet air pressure. DOE calculated the isentropic power in kW as:

% See chapter 5, Engineering Analysis for a detailed description of full-load operating pressure, and full-load actual.
volume flow rate
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y—1

1 Ty
PIsentropic = AN pathout Y ( Pou ) -1 Eq 7.4

1000 Yy — 1 patm

Where, in addition to values provided in Table 7.2.1:

Patm = atmospheric pressure, in Pa;
Qout = representative unit volumetric airflow at the compressor outlet, in m3/s;
y = ratio between specific powers at constant pressure and constant volume for
an ideal gas;
Pout = absolute air pressure at the compressor outlet, in Pa.

Table 7.2.1 Coefficients for Calculating Isentropic Power

Coefficient, unit Value
Y, - 1.4
Patm , Pa 100000
Conversion factor, psi to Pa 14.503795
Conversion factor, acfm to m*/s 0.00047

7.2.22  Compressor Sizing

Rarely does the full-load operating condition (duty point) of an air compressor in the field
match its rated duty point. To account for this effect, DOE introduced the oversize factor, which
represents the ratio between its rated design point capacity and the peak airflow demand by the
supplied facility:

OF — _Qratea £q. 75
QDutyPoint
Where:
OF = overload factor;
QRrated = rated compressor airflow capacity;
Qouyroint = peak demand airflow capacity.
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However, DOE did not receive any information in response to its request for information
on this topic in the framework or NOPR to assume anything other than a perfect match between
air compressor duty point and system demands. For this reason DOE assumed an oversize factor
value of 1 (at which the peak demand equals the rated compressor capacity). However, to
examine the potential impacts of equipment oversizing to consumers DOE conducted a
sensitivity analysis utilizing an oversize factor of 1.1, the results of this sensitivity are presented
in appendix 8A.

7.2.2.3  Equipment Losses

The total energy use calculated for the LCC depends on the sum total of losses within the
compressor package, these include: compressor losses, motor losses, control losses, in addition to
the losses of any transmission and ancillary equipment. This is explained in greater detail in
engineering analysis (chapter 5). All of these losses represent energy that the compressor user
must pay for as part of the operating costs.

Compressor and Capacity Control Losses
Compressor losses account for the differences between compressor shaft horsepower and

pneumatic horsepower due to friction and other factors. DOE accounts for all the losses incurred
by compressor package at both full- and part-load operating conditions; and these losses are
captured in the full- and part-load compressor power consumption.

7.2.3 Demand Side Inputs

In the field, air compressors can be installed to operate as an individual compressor or in
concert with multiple compressors under a unified control strategy to provide compressed air in
response to system demands. For this analysis, DOE developed demand side inputs with enough
variability to reflect the air demands placed upon an air compressor as if it were operated as an
individual air compressor or part of a larger multi-air compressor system.

7.2.3.1  Compressor Applications

Compressors operate in response to system demands in three general ways, for today’s
analysis these are classified as applications. DOE determined these applications after examining
available field assessment data from two database sources: (1) a database of motor nameplate
and field data compiled by the Washington State University (WSU) Extension Energy Program,
Applied Proactive Technologies (APT), and New York State Energy Research and Development
Authority (NYSERDA) (“WSU/NYSERDA database”);? and (2) the Northwest Industrial Motor

# The motors database is composed of information gathered by WSU and APT during 123 industrial motor surveys
or assessments: 11 motor assessments were conducted between 2005 and 2011 and occurred in industrial plants; 112
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Database (“Northwest Industrial database”)."* Based on the distribution of compressor specific
assessments found in these databases DOE defined three applications in an effort to capture
variations in air demand and control strategies. The three applications types are defined as:

Trim: are compressors equipped with controls configured to serve fluctuating air
demand. The trim application is used to represent either the operation of an individual
compressor, or a compressor within a compressor plant, that serves the fluctuating portion of the
demand.

Baseload: are compressors equipped with controls configured to serve steady state air
demands. The baseload application is used to represent a compressor within a compressor plant
that serves the constant (baseload) portion of the demand, while the remaining fluctuating
portion of demand is covered by a trim application.

Intermittent: are compressors equipped with controls configured to serve as a sporadic
replacement for either baseload or trim compressors. They are thus assigned with significantly
lower annual operating hours, as discussed further in section 7.2.3.4.

7.2.3.2 Load Profiles

Information on typical load profiles for compressors is not available in the public domain.
DOE reviewed resources provided by stakeholders as well as commercial building assessments.
Given the lack of data, DOE developed an array of representative load profiles based on the
typical applications that compressors would likely be employed for in the field. Each compressor
demand profile is approximated by weights that specify the percentage of time the compressor
operates at one of five load points: 20, 40, 70, and 100 percent of its duty point airflow.® To
capture the variation of compressor usage seen in the field DOE developed four load profile
types. These are described as follows:

Flat load profile represents a constant maximum airflow demand, where all annual hours
of operation are assigned to the compressors design duty point airflow (assuming that the
compressor is sized such that it’s rated flow equals the design duty point airflow). The flat load
profile is used for to represent most baseload applications.

High load profile represents a high fraction of annual operating hours spent at, or near
the maximum airflow demand. Therefore the annual hours of operation are distributed across the

industrial motor surveys were conducted between 2005 and 2011 and were funded by NYSERDA and conducted in
New York State.

® DOE assumes that 20 percent is the lowest point at which a compressor will operate before being cycled by
capacity controls into its Stop or Unload status. See section 7.2.4 for more information on capacity controls.
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higher airflow load points, see Table 7.2.2. The high load profile is used to represent most trim
applications, and some baseload applications.

Low load profile represents a low fraction of annual operating hours spent at maximum
air flow, annual hours of operation are distributed across the lower airflow load points. Such load
profile, although undesirable, is a representation of when a single compressor is supplying a wide
range of small air demands, with only a small fraction of operating hours at maximum air
demand. This profile is also used with both trim and intermittent applications.

Even load profile represents an even distribution of annual operating hours spent at each
airflow load point. This load profile is a characteristic of trim and intermittent applications.

Table 7.2.2 shows the implemented load profiles and the fraction of annual hours of
operations at each of the load points. The last two load profile in the Table 7.2.2 are DOE test
procedure load profiles used to determine test procedure energy use and rebuttable payback
period, as presented in chapter 8.

Table 7.2.2  Fraction of Annual Operating Hours (%) as a Fraction of Rated Airflow

Airflow Fraction Load Profile
Flat High Low Even TP FS TP VS
20% 0% 0% 30% 0% 0% 0%
40% 0% 10% 30% 33.3% 0% 25%
70% 0% 40% 30% 33.3% 0% 50%
100% 100% 50% 10% 33.3% 100% 25%

7.2.3.3  Assignment of Load Profiles to Applications

Due to the way DOE has defined the load profiles and the applications, not all load
profiles occur in all application; Table 7.2.3 shows the distribution of load profiles across
applications. For example, it is highly likely that the baseload application may have a constant
full capacity load profile (flat load profile), but there is also some probability that a baseload
compressor will need to slightly reduce its flow capacity for a fraction of the annual hours of
operation (high load profile). On the other hand, the trim application, by definition (see section
7.2.3.1) does not serve the flat load profile and has most compressor units being assigned with
the even and high load profile. Intermittent application, as it can represent a shorter term
baseload or a trim application can be assigned with any of the loads.

Table 7.2.3  Assignment of Load Profiles to Applications

Weight by

Application Load Profile Application
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Trim Flat -
Trim Even 40%
Trim Low 40%
Trim High 20%
Baseload Flat 80%

Baseload Even -

Baseload Low -
Baseload High 20%
Intermittent Flat 30%
Intermittent Even 20%
Intermittent Low 20%
Intermittent High 30%

7.2.3.4  Annual Hours of Operation

For each of the applications DOE estimated average annual hours of operation (“AHQO”)
based on system assessments data discussed in section 7.2.3.1, data from Atlas Copco study on
the Air Compressor Total Energy Consumption (“Atlas Copco™),® annual operating hours data
from the Northwest Industrial Database, and Ecodesign Preparatory Study on Electric Motor
Systems/Compressors (“LOT31").*

AHO are assigned to each consumer (compressor) based on application and compressor
capacity (flow bin). DOE assigned the AHO using a stepwise uniform distribution of operating
hours per capacity and application, as shown in Table 7.2.4.

Most compressors implement a load/unload as a secondary control strategy. While the
compressor is unloaded the motor remains on, but the compressor is not delivering air. This is
discussed in more detail in section 7.2.4.2. Based on data contained in a report received from
Atlas Copco, DOE assumed that any hours that the compressors spends unloaded to be included
in the AHO, and from these data DOE then calculated a capacity weighted average unload factor
of 40 percent.

A fraction of smaller capacity fixed speed (with capacities less than 50 acfm), and all
variable speed compressor considered in this analysis do not implement unload as the secondary
control strategy. The total AHO for these equipment was decreased by 40 percent, the results for
equipment is shown in Table 7.2.5.

Table 7.3.1 shows the average operating hours for each equipment class and flow bin.
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In the Life-cycle Cost Analysis the sample of consumers for each equipment class is
assigned with a load profile based on its application. The capacity control strategy is then
determined by the equipment class and the load profile (see chapter 8).

Table 7.2.4  Distribution of Annual Hours of Operation by Application and Flow Bin for
Rotary Positive Compressors Equipment Classes with Unload

Application Percentiles Flow Bin Min Limit (acfm)

20 50 100 200 500 1000
Baseload 20 3,720 3,946 4,090 4,225 4,680 5471
Baseload 20 4,518 4,792 4,967 5,131 5,683 6,644
Baseload 20 5,315 5,637 5,843 6,036 6,686 7,816
Baseload 20 6,112 6,483 6,720 6,941 7,689 8,400
Baseload 20 6,909 7,328 7,596 7,847 8,400 8,400
Trim 20 2,762 2,930 3,037 3,137 3,475 4,062
Trim 20 3,354 3,557 3,687 3,809 4,219 4,932
Trim 20 3,946 4,185 4,338 4,481 4,964 5,803
Trim 20 4,538 4,813 4,989 5,153 5,708 6,673
Trim 20 5,130 5,441 5,640 5,826 6,453 7,544
Intermediate 20 968 1,027 1,064 1,099 1,218 1,423
Intermediate 20 1,175 1,247 1,292 1,335 1,478 1,728
Intermediate 20 1,383 1,466 1,520 1,570 1,739 2,033
Intermediate 20 1,590 1,686 1,748 1,806 2,000 2,338
Intermediate 20 1,797 1,906 1,976 2,041 2,261 2,643

7-9



Table 7.2.5 Distribution of Annual Hours of Operation by Application and Flow Bin for
Rotary Positive Compressors Equipment Classes without Unload

Application Percentiles Flow Bin Min Limit (acfm)

20 50 100 200 500 1000
Baseload 20 2,232 2,368 2,454 2,535 2,808 3,283
Baseload 20 2,711 2,875 2,980 3,078 3,410 3,986
Baseload 20 3,189 3,382 3,506 3,622 4,012 4,690
Baseload 20 3,667 3,890 4,032 4,165 4,613 5,040
Baseload 20 4,146 4,397 4,558 4,708 5,040 5,040
Trim 20 1,657 1,758 1,822 1,882 2,085 2,437
Trim 20 2,012 2,134 2,212 2,285 2,531 2,959
Trim 20 2,367 2,511 2,603 2,689 2,978 3,482
Trim 20 2,723 2,888 2,993 3,092 3,425 4,004
Trim 20 3,078 3,264 3,384 3,495 3,872 4,526
Intermediate 20 581 616 638 660 731 854
Intermediate 20 705 748 775 801 887 1,037
Intermediate 20 830 880 912 942 1,044 1,220
Intermediate 20 954 1,012 1,049 1,083 1,200 1,403
Intermediate 20 1,078 1,144 1,186 1,225 1,357 1,586

7.2.4 Capacity Control Strategies

Facility demands for compressed air rarely match a compressor’s rated air capacity. To
account for this some form of compressed air control strategy is necessary. Some forms of
capacity control only apply to certain compressor designs and are effective over a limited
capacity range. In addition, some capacity controls can be used in combination. As the capacity
is regulated, the power required for the compressor to meet the airflow demand will change
depending on the chosen control strategy.

DOE assigned a number of control strategies to the compressor representative units in
order to account for the part-load performance, based on the available literature and expert
input.>”" For today’s analysis DOE used the following control strategies:

e Start/Stop

e Load/Unload

e Inlet VValve Modulation

e Inlet Valve Modulation/Unload
e Variable Displacement/Unload

e Variable Speed Drive (VSD).
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In the field not all control strategies are appropriate for all equipment classes and
applications, nor is compressor’s load profile always perfectly matched with the control strategy.
DOE accounted for this by distributing controls to representative units depending on equipment
class, application, and capacity, as indicated in Table 8.2.3 in chapter 8. Table 7.2.6 shows the
different control strategies, with their corresponding capacity set points and applicable

equipment classes.

Table 7.2.6

Capacity Control Strategies and Related Equipment Classes

Control Type

Capacity Set Points

(% of Capacity) Applicable
Control Strategy Min Equipment
Primary | Secondary Max Classes
Primary|Secondary*

Start/Stop STOP 100% 100% Fixed Speed
Load/Unload STOP UNLD 100% 100% 0%**  [Fixed Speed
Modulate MOD 100% 20% Fixed Speed
Modulate/Unload MOD UNLD 100% 40% 0%**  |Fixed Speed
Variable Displacement/Unload| VDSP UNLD 100% 40% 0%**  |Fixed Speed
Variable Speed VSD 100% 20% \Variable Speed

* DOE assumes unloaded flow to be 0 percent of the rated airflow, although there still might be some airflow
through the compressor. However, the power consumed during this operation mode is considered.
** Unload is considered 0 percent capacity at 24 percent of full-load power.

Note: DOE implemented 40 percent unload time fraction for all control types with the secondary control. This value
represents the fraction of AHO spent at zero airflow with the driver in an unload state.

Section 7.2.4.1 through 7.2.4.6 describes the implemented control with the mathematical
models for each. These models are used to relate the part load capacity fraction (CFp.) to the part
load power fraction (PFp.). Figure 7.2.1 illustrates the power and capacity relationships for each

of the control types.
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Figure 7.2.1 Control Strategy Part-Load Power Related to Part-Load Capacity
Relationship

7.24.1  Start/Stop

Start/stop, also known as on/off, (STOP) is the simplest form of control, in which the
compressor motor is either turned on, or turned off on a predefined schedule, or when predefined
upper or lower system pressures limits are reached. As the lower pressure limit is reached, the
compressor is signalized to be turned on again. If the motor is on, the compressor is working at
100 percent of its capacity. While the compressor is in a stopped state, it is assumed that the
compressor is switched off and that there is no airflow and not consuming power.

The start/stop control strategy is modeled as:

_[LifCR, >0 £ 76
" ~0,if CF, =0 a7
Where:
PFp. = Part load power fraction;
CFp. = Part load capacity fraction.
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7242 Load/Unload

Load/unload (UNLD) is a form of control similar to start/stop, which allows the
compressor to operate either at its full capacity or at nearly no flow. The airflow through the
compression chamber is limited when a predefined upper system pressure limit is reached
putting the compressor into an unloaded state, instead of turning it off. This reduces the mass of
air flow through the compressor resulting in reduced power requirements. While the compressor
is unloaded the compressor motor runs continuously using 15- to 35-percent of its rated power.
For this analysis DOE uses an average of 17-percent motor rated power as its unloaded power
fraction, PFunieaded.” COMpressors continue to consume power while they are unloaded: this is
reflected in the AHO described in section 7.2.3.4.

The load/unload control strategy is modeled as:

PF, = L if CF, >0 -
" IDI:UnIoaded ! if CFPL =0 q. 1.

It should be noted that compressors can also be configured to unload at any part-load
capacity, and can be combined and used as a secondary control any of the control strategies
shown in Table 7.2.6:

7243 Inlet Valve Modulation

Inlet valve modulation (MOD) is a form of control in which the inlet valve is gradually
closed in proportion to reduced system air demands. Similar to load/unload, the reduction in the
mass of air flow through the compressor results in lower power requirements. DOE models this
as a linear relationship between the part load capacity and power fractions:

CF, —CF_.
=P —_min_ Eq.7.8

I:)FPL = IDFmin +(PFmax - l:)Fmin
CFmax - CI:min

where:

PFmin and PFnax = the minimum and the maximum part load power fractions, DOE
uses 0.7 and 1.0, respectively.®

For this analysis DOE considers 20-percent of airflow to be the lowest point at which
inlet valve modulation is used.® The inlet valve modulation control strategy is generally most
effective when modulating down to 40-percent of rated capacity, which DOE uses as unload
point when inlet valve modulation is combined with the load/unload control strategy.®
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7.24.4  Variable Displacement

Variable displacement (VDSP) is a form of control in which the volume of compression
chamber is progressively adjusted to allow air to bypass compression in response to reduced
system air demands thereby reducing power requirements. Variable displacement is effective
from 40- and 50- to 100-percent of a compressor’s capacity. Though more efficient, variable
displacement is similar to inlet valve modulation, whereby the reduction in required compressor
power can be modeled as a quadratic function:?

2
F, -CF,,
C PL C man Eq 79

I:)FPL = I:)l:min + (PFmax - IDFmin ~ A~
CFmax - Cl:min

where:
PFmin equals 0.6.”

For this analysis DOE considers 40-percent of airflow to be the lowest point at which this
control is used. Additionally, unload control is always required with variable displacement.
Further, DOE grouped the following technologies as variable displacement, as they all have
similar effects on reduced power requirements in relation to reduced air flow: slide, spiral,
poppet, and turn values, and geometric lift.

7.2.4.5  Variable Speed Drive

Variable Speed Drive (VSD) is a form of control in which the speed of the prime mover
of the air compressor can be progressively adjusted to match system air demands. While energy
savings can be realized between 20- and 100-percent of a compressors capacity, the greatest
energy saving potential lies in applications where the compressor is operated with the bulk of its
hours at low to mid capacity.® DOE generated the VVSD control curve using manufacturer
performance test data made publically available under the Compressed Air and Gas Institute’s
(CAGI) performance verification program.® DOE used quadratic polynomial expression to
approximate the relationship between part-load capacity and power for VSDs:

PF,, =aCF, ’ +bCF, +¢ Eq. 7.10

Where a, b, and c are the coefficients obtained by averaging the regression coefficients
based on the CAGI test data. The values for the coefficients are provided in Table 7.2.7.

% http://cagi.org/performance-verification/overview.aspx
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Table 7.2.7 Variable Speed Drive Control Curve Regression Coefficients

Coefficient | Value

a 0.168603
b 0.709537
C 0.121266

7.24.6 Multiple Compressor Sequencing

Multiple compressor sequencing is used in larger compressed air systems where multiple
compressors are programmed to operate together to meet a system’s air demands as efficiently as
possible. This can be done by starting or stopping, loading or unloading individual compressors
in response to a systems’ changing air demands. For this analysis, DOE estimates load profiles
for individual compressors, and accounts for the loads of sequenced compressors within the
scope of the applications defined in section 7.2.3.1.

7.2.5 Energy Use Factor

EUF is a dot product of AHO fractions spent at each loading point (AHOp,) and part load
power fraction (PFp.) arrays:

EUF =3 AHO, (LP)- PF,(CF,,CT,OF) Eq. 7.11
Where:

AHOp_ = fraction of AHO spent at each capacity loading points, see Table 7-2;

LP = load profile;

PFp. = partload power fractions, which result from applying the control type function
to the part load capacity fractions;

CFp. = part load capacity fraction;

CT = control type;

OF = oversize factor.

The load profiles defined in section 7.2.3.2 consist of the fraction of annual operating
hours spent at each loading point. DOE then calculated the corresponding part load power
fraction (PFp.) and for those hours where the compressor is operating in part-load DOE
determined the appropriate control strategy combination. DOE then calculated the energy use of
those part-load hours according to the control strategy. Table 7.2.8 provides the values
implemented in the energy use analysis.
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Table 7.2.8  Energy Use Factors for All Control Types and Load Profiles

Control Type Load Profiles
Flat High Even Low *TPFS | **TP VS

Start/Stop 1.00 1.00 1.00 1.00 1.00 -
Load/Unload 0.70 0.70 0.70 0.70 0.70 -
Modulation 1.00 0.95 0.91 0.85 1.00 -
Modulation/Unload 0.70 0.66 0.64 0.60 0.70 -
Variable Displacement/Unload 0.70 0.63 0.59 0.53 0.70 -
Variable Speed 1.00 0.82 0.71 0.52 - 0.71

*Applicable only to fixed speed equipment classes
** Applicable only to variable speed equipment classes

7.2.6 Compressed Air Storage

Compressed air storage is a way to store energy generated by a compressor within the
compressed air network. The purpose compressed air storage is to attenuate the short term
pressure fluctuations (mostly for reciprocating compressors) and eliminate short cycling of the
compressor controls (in case of the rotary screw compressors, this allows a short term supply of
air flow lower than those achievable by the compressor control). Compressed air storage is part
of the compressed air distribution system and can be composed of storage tanks (receivers) and
the piping that makes up the compressed air distribution system.

DOE considers compressed air storage to be a feature of the compressed air distribution
system, thus outside the scope of the air compressor package, and are not explicitly considered as
part of today’s analysis.

7.3  ANNUAL ENERGY USE RESULTS

Table 7.3.1 summarizes the average annual operating hours for all equipment classes and
their respective capacities used in this final rule.

Table 7.3.1  Average Annual Hours of Operation per Fow Bin and Equipment Class
Flow Bin Min (acfm) | RP_.FS L AC | RP.FS L WC | RP.VS L AC | RP_VS L WC
20 3,617 - - -
50 3,968 3,872 2,411 -
100 4,133 4,165 2,482 -
200 4,257 4,298 2,551 2,580
500 4,692 4,724 2,829 2,838
1000 5,441 5,409 3,227 3,249
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Table 7.3.2 summarizes the results of the energy use analysis for each equipment class at
each considered energy efficiency level in the base case. The table shows the average energy use,
defined as the total energy use for all compressors in the LCC chapter divided by the total
number of compressors. Given the wide range of compressor capacities in the LCC sample, the

average results are not representative of any specific compressor.

Table 7.3.2 Sample Average Annual Energy Use by Equipment Class and Efficiency

Level (kwh)
gg:g EL 1 EL 2 EL 3 EL 4 EL5 EL 6
RP FS_L_AC | 147,820 | 146,114 | 143,516 | 139,611 | 138,031 | 135,382 | 129,310
RP FS_L_WC | 283,157 | 280,625 | 275,728 | 269,791 | 267,102 | 262,590 | 252,230
RP VS L AC | 131,497 | 130,649 | 128,863 | 125,899 | 124,189 | 120,683 | 114,152
RP VS L WC | 226,302 | 224,430 | 220,200 | 214,598 | 212,114 | 206,971 | 196,600

The LCC uses the entire sample of energy use values calculated for each specific

compressor rather than the summary values shown in Table 7.10. The individual energy use for
each of the compressors in the base case and in each standards case is available in the LCC

spreadsheet.
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CHAPTER 8. LIFE-CYCLE COST AND PAYBACK PERIOD ANLAYSIS

8.1 INTRODUCTION

The life-cycle cost (LCC) and payback period (PBP) analysis evaluates the impact of
proposed energy conservation standards on air compressor users, i.e., the consumers who
purchase and operate air compressors. The LCC provides a measure of the total cost of
ownership, consisting of the initial purchase price and installation costs, and energy,
maintenance and repair costs over the lifetime of the air compressor. The Department of Energy
(DOE) accounts for variability in energy use, discount rates, and energy costs by doing
individual LCC calculations for a large sample of air compressors that are assigned different
installation conditions. Installation conditions include customer attributes such as sector and
application, and usage attributes such as annual hours of operation. This sample is used to
generate national average LCC savings by efficiency level.

8.1.1 General Approach for Life-Cycle Cost and Payback Period Analysis

DOE conducted the LCC and PBP analysis by developing a large sample of air
compressor installations, which represent the general population of air compressors that would
be affected by proposed energy conservation standards. Separate analyses are conducted for each
equipment class. Conceptually, the analysis distinguishes between the air compressor installation
and the air compressor itself. The air compressor installation is characterized by a combination
of customer attributes (sector, application, electricity price, discount rate) and usage attributes
(equipment class, control type, load profile, annual hours of operation, mechanical lifetime) that
do not change with each trial standard level (TSL). DOE conducted the LCC and PBP analysis
by modeling both the uncertainty and variability in the inputs using probability distributions. The
air compressor itself is the regulated equipment, so its efficiency and selling price do change
with TSL. For each equipment class the LCC sample consists of 10,000 distinct air compressor
installations.

In the base case, DOE assigns a specific air compressor to each installation. At each
efficiency level, an air compressor, that meets or exceeds the efficiency level being examined, is
assigned to identical installation. Equivalently, for that installation, the LCC at the given
efficiency level is the same as the LCC in the base case and the standard does not impact that
user. If the compressor fails to meet the efficiency level (EL) considered in the standard-case, the
compressor gets redesigned. The LCC savings at each efficiency level are defined as the
difference between the LCC in the base case and the LCC for the more efficient air compressor.
The LCC is calculated for each air compressor installation at each efficiency level. These
calculations are presented in the LCC spreadsheet.

8.1.2 Overview of Life-Cycle Cost and Payback Period Inputs

DOE categorizes inputs to the LCC and PBP analysis as follows: (1) inputs for
establishing the initial expense, otherwise known as the total installed cost; and (2) inputs for
calculating the operating cost.
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The primary inputs for establishing the total installed cost are:

e No-Standards case manufacturer selling price: The price at which the manufacturer sells
the equipment, which includes the costs incurred by the manufacturer to produce
equipment meeting existing standards. The no-standards case manufacture selling price is
described in detail in chapter 5, Engineering Analysis

e Standard case manufacturer selling price: The manufacturer selling price associated with
producing equipment to meet a particular standard level. The standards case manufacture
selling price is described in detail in chapter 5, Engineering Analysis

e Markups and sales tax: The distribution channel markups and sales tax associated with
converting the manufacturer cost to a consumer equipment price. The markups and sales
tax are described in detail in chapter 6, Markups Analysis.

e Installation cost: The cost to the consumer of installing the equipment. The installation
cost represents all costs required to install the equipment other than the marked-up
consumer equipment price. The installation cost includes labor, overhead, and any
miscellaneous materials and parts. Thus, the total installed cost equals the consumer
equipment price plus the installation cost. Installation costs are described in section
8.3.1.4.

The primary inputs for calculating the operating cost are:

e Equipment energy consumption: The equipment energy consumption is the site energy
use associated with operating the equipment. Chapter 7, Energy Use Characterization,
details how DOE determined the equipment energy consumption based on various data
sources.

e Energy prices: Energy prices are the prices paid by end-users for energy (i.e., electricity).
DOE determined current energy prices based on data from the Energy Information
Agency’s (EIA’s) Form EIA-861 database (based on “Annual Electric Power Industry
Report™), Edison Electric Institute (EEI) Typical Bills and Average Rates Reports, and
information from utility tariffs. * Electricity prices are described in section 8.3.2.2.

e Energy price trends: To estimate energy prices in future years, DOE multiplied the recent
electricity prices by a projection of annual national-average industrial and commercial

& Available at: www.eia.gov/forecasts/aeo/

® Edison Electric Institute. Typical Bills and Average Rates Report. Winter 2014 published April 2014, Summer
2014 published October 2014: Washington, D.C. (Last accessed June 2, 2015.)
www.eei.org/resourcesandmedia/products/Pages/Products.aspx.

8-2


http://www.eia.gov/forecasts/aeo/
http://www.eei.org/resourcesandmedia/products/Pages/Products.aspx

electricity prices consistent with cases described on p. E-8 in AEO 2016.° Electricity
price trends are described in section 8.3.2.2

e Repair and maintenance costs: Repair costs are associated with repairing or replacing
components that have failed. Maintenance costs are associated with maintaining the
operation of the equipment. Repair and maintenance costs are described in section
8.3.2.3.

e Lifetime: The age at which the equipment is retired from service. Equipment lifetimes are
described in section 8.3.2.4

e Discount rate: The rate at which DOE discounted future expenditures to establish their
present value. Discount rates are described in section 8.3.2.5.

8.2 DEFINITION OF THE LIFE-CYCLE COST SAMPLE

For each equipment class, an LCC sample presents a population of air compressors,
defined such that its variability both in consumer and equipment side inputs represents the
population of air compressors as utilized today. In this section DOE described the method of
combining, assigning and quantifying these inputs.

DOE did not assign the customer attributes (sector, application, shipment weight, etc.) to
duty points randomly. DOE reviewed several data sources to incorporate correlations between
sector, application, equipment class, load profile, control type and operating hours into the
analysis. Each of these assignments is described below in section 8.2.1. DOE used these
distributions to determine the relative weighting of different sectors and applications in the LCC
sample.

8.2.1 Definition of the Weights

Each row of the LCC sample estimates a combination of consumer and equipment
parameters which would likely be seen in the field, under assumption that the customer choses an
appropriately dimensioned compressor to meet its demand load. The calculation of the frequency
of each such unique combination in the LCC sample is defined in the following sections.

¢ The standards finalized in this rulemaking will take effect before the requirements of the Clean Power Plan (CPP)
as modeled in the AEO 2016 Reference case, putting downward pressure on electricity prices relative to the
projections in Reference case. Consequently, DOE used the more conservative (i.e., lower) price projections found
in the AEO 2016 No-CPP case.
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8.2.1.1

Estimates from the shipments analysis (chapter 9) are used to define the relative
weightings of the representative units based on 2013 shipments. Each representative unit is
defined as an air compressor that can substitute the operation of all air compressors available in
the market, which operate within appropriate representative unit’s design point pressure and air
flow bin. Pressure and flow design points for each representative unit are described in the
Engineering analysis chapter, while the weight of each equipment class at each design point
pressure and flow are described the chapter 9, Shipments, with the weights for each equipment
class pressure and flow weight shown in appendix 9A.

Equipment Class Weights

8.2.1.2

The economic inputs to the LCC (discount rate and electricity price) depend on the
sector, while usage criteria such as hours of operation depend on the application and capacity.
Hence, each air compressor installation in the LCC sample must be assigned a sector and
application. DOE considered two sectors: industrial and commercial. Air compressors have been
assigned to a sector depending on their airflow capacity, as provided in Table 8.2.1. Based on
stakeholder comments, fraction of industrial equipment increases with the compressor capacity.

Sector Assignment

Table 8.2.1 Air Compressor Sector Assignment
Flow Bin Min Sector
Limit, acfm Commercial Industrial

20 50% 50%
50 25% 75%

100 5% 95%

200 0% 100%

500 0% 100%

1000 0% 100%

8.2.1.3  Application, Control Type and Load Profile Assignment

DOE defined three application types to capture variations in air demand and control
strategies, as explained in further detail in chapter 7 of this technical support document (TSD).
The probability that a compressor gets assigned to a particular application type was derived
based on motor system assessment data, as shown in Table 8.2.4.

Table 8.2.2 Distribution of Air Compressors by Application
Application Probability

Trim 50%

Baseload 28%

Intermittent 22%
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Further two attributes for which DOE defined a distribution by equipment class are load
profiles and control types. The Energy Use Analysis (chapter 7) provides details on the fraction
of particular load profile types (flat, even, low, high) assigned to each application. The
availability of control types varies across equipment classes. Therefore, the distribution of
compressors across control types for each application and equipment class is provided in Table
8.2.3.

Based on available data and stakeholder comments,® DOE determined that operating
hours depend on the compressor capacity and application.? The distribution of operating hours
for each application and capacity is described in chapter 7. The assignment of control types (CT)
and load profiles (LP) to each application provides an indirect link between CT and LP and
annual hours of operation.

Table 8.2.3 Distribution of Control Types by Application and Equipment Class

Probability %

Equipment Class Application Control Type Flow <50 acfm Flow >= 50 acim
Stop 10 0
Unld 30 40
Trim Mod 20 0
ModUnld 20 40
VdspUnld 20 20
Stop 10 0
Unld 50 80
RI;_PF?:_SLT_A\(/ZV?d Baseload Mod 10 0
- T~ ModUnld 10 10
VdspUnid 20 10
Stop 10 0
Unld 30 60
Intermittent Mod 15 0
ModUnld 15 20
VdspUnid 30 20
Trim Vsd 100 100
RI;_PV\S/_SLT_A\(/:V?:nd Baseload Vsd 100 100
- T T Intermittent Vsd 100 100

Note: Mlts = Multistep; MitsUnld = Multistep and Unload; Stop = Start/Stop; Unld = Load/Unload; Mod =
Modulate; ModUnld = Modulate and Unload; VdspUnld = Variable displacement and Unload; Vsd = Variable
Speed Drive

4 Wouters, C. Air Compressor Total Energy Consumption, 2016, Atlas Copco;
www.regulations.gov/document?D=EERE-2013-BT-STD-0040-0054, Appendix B
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8.2.1.4  Equipment Oversizing

DOE did not receive any information that would require the analysis to consider
compressor oversizing. The demand size load profile variability, as described in chapter 7,
provides some compensation of this effect, assuming that only slight over or under dimensioning
of the equipment occurs in existing installations. Despite this small effect, DOE considers that
compressors are perfectly sized to the loads they are connected to .DOE conducted a sensitivity
analysis with an oversize factor of 1.1,the results of this sensitivity can be found in appendix 8A.

8.2.2 LCC Sampling Method

The LCC sampling requires a weighting function, discussed in this section. The flow and
pressure design points are indexed by i and j respectively, and total shipment weight at the points
is defined as wjj. As mentioned earlier in this chapter, the weight w;; is defined as the number of
compressors at point (i,j) divided by the total number of compressors in the shipments data for a
given equipment class.® At each point, compressors are distributed across application a, load
profile p, control type g.

The LCC process is (for each equipment class):

1) Create a list of installation types, indexed by (a,p,q,i,j) with a weighting w;; ,
which defines the percentage of all air compressors (rows in the sample) this
installation type is expected to represent.

2) Set a number, N, of rows in the LCC sample for each equipment class (DOE
adopted N=10,000 in the results presented in this TSD).

3) Create an expanded list of N installations with each installation type sampled Nw;;
times.

4) For each row of the sample fill in the additional required information as defined in
Table 8.2.4.

5) For each row, based on the assigned base case efficiency, for all ELs:

(@) Pull the MSP and isentropic efficiency from the engineering data for all ELs.
(b) Check whether the compressor representative unit passes of fails at each EL.

6) Calculate the annual operating cost, total installed cost and life-cycle cost for each
row of the sample at each EL.

® The methodology for deriving the w;; for each equipment class’ pressure and flow combination is described in
chapter 9, Shipment Analysis.
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Table 8.2.4 Summary of additional inputs to each LCC sample row

Variable Dependencies |Description

Sector Capacity As provided in Table 8.2.1

Annual hours of operation (AHO) |Application, |Hours-per-year of operation, see chapter 7.
Capacity

Mechanical lifetime in hours Ny |Capacity Total hours of equipment life; lifetime in years

is Ny/AHO

Discount rate (r) Sector Used to discount future operating cost savings

Electricity price (ep) Sector Average annual price in $/kWh

Base case efficiency Engineering  |See section 8.3.3 for details
Data

8.3 LIFE-CYCLE COST INPUTS

The LCC is equal to the air compressor purchase price plus the operating cost over the
lifetime of the equipment. The annual operating cost equals the annual energy use times the
energy price. Annual operating costs are discounted relative to the year in which the standard is
passed and summed over the lifetime of an air compressor. The key inputs to the LCC are thus
the purchase price, the annual energy use, the energy price, the compressor lifetime and the
discount rate. DOE defines LCC by the following equation:

discount rate, and
year for which operating cost is being determined.

N
LCC=I1C+)_ Octt
t=1 (1+ r)
Where:
LCC = life-cycle cost in dollars,
IC = total installed cost in dollars,
> = sum over the lifetime, from year 1 to year N,
N = compressor economic lifetime in years,
OoC = operating cost in dollars,

8.3.1 Total Installed Cost Inputs
DOE defines the total installed cost, IC, using the following equation:

IC = EQP + INST
Where:

EQP = equipment price (i.e., customer cost for the equipment only),
expressed in dollars, and
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INST = installation cost or the customer price to install equipment (i.e., the
cost for labor and materials), also in dollars.

DOE found no evidence that installation costs would increase with an increase in the
compressor energy efficiency, as further explained in section 8.3.1.4. Thus, DOE did not
incorporate changes in installation costs for air compressors that are more efficient than
equipment selected in the no-standards case.

8.3.1.1 No-Standards Case Equipment Price

The manufacturer selling price (MSP) is the price charged by the manufacturer for the
equipment. The price paid by air compressor users is equal to the MSP, plus any relevant
distributor markup, plus the sales tax, plus installation costs markups. At each efficiency level,
the MSP increases to reflect the additional costs incurred by the air compressor manufacturers to
meet the standard. In the no-standards case, representing the market with no standard in place,
DOE calculated the equipment price for no-standards case equipment based on the following
equation:

EQPno—std = MSPno—std X MUoverall_base
Where:

EQPro-std = consumer equipment price in the no-standards case,

MSPno-std = manufacturer selling price in the no-standards case, and

MUoverall base = baseline overall markup (product of baseline distribution channel
markup, and sales tax).

The overall markups used in the LCC analyses are discussed in Chapter 6.

8.3.1.2  Standards Case Equipment Price

As discussed in the engineering analysis, the MSP in the standard-case is determined
using an efficiency level approach. Costs associated with the increase in energy efficiency are
based on (1) a database of air compressor performance data from the Compressed Air and Gas
Institute (CAGI) data sheets," (2) results from the EU Lot 31 - Ecodesign Preparatory Study on
Compressors, (3) confidential data gained through manufacturer interviews, and (4) online
publicly available retailer prices.® For all equipment classes, DOE defines MSP by a
mathematical relationship between flow rate and isentropic efficiency. DOE assumed that the
MSP is independent of the operating pressure.

" For more information regarding CAGI’s Performance Verification program, please see:
www.cagi.org/performance-verification/
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The LCC includes a pre-processing step that calculates the selling price of each
compressor representative unit in the sample, at each EL. If the compressor design meets an
efficiency level (EL) higher than the no-standards case, it gets assigned with MSP associated
with its last passing EL. Therefore, standards case equipment price depends on the particular
standards case MSP, no-standards case MSP, overall baseline markup and overall incremental
markup:

EQPstd = MSPno—std X MUoverall_base + (MSPstd - MSPno—std) X MUoverall_incr

Where:
EQPgq4 = consumer equipment price of the air compressor in the
standards case,
MSPqtq manufacturer selling price in the standards case,

incremental overall markup (markup related to the change in
the MSP due to increasing the efficiencyof the model; product
of incremental markup, and sales tax).

M Uoverall_incr

8.3.1.3 Projection of Future Equipment Prices

To project an equipment price trend, DOE derived an inflation-adjusted index of the
Producer Price Index for air and gas compressor equipment manufacturing over the period 1984-
2013.% These data show a slight decrease from 1989 through 2004. Since 2004, however, there
has been an increase in the price index. Given the relatively slow global economic activity in
2009 through 2013, the extent to which the future trend can be predicted based on the last decade
is uncertain. Because the observed data do not provide a firm basis for projecting future cost
trends for compressor equipment, DOE used a constant price assumption as the default trend to
project future compressor prices in 2022." Thus, prices projected for the LCC and PBP analysis
are equal to the 2014 values for each efficiency level in each equipment class.

8.3.14 Installation Cost

In the NOPR, DOE requested information on whether air compressor installation costs
would be expected to change with efficiency.' Sullair further noted there might be an added cost
of installation of equipment related to efficiency. Although stakeholders indicated that there may
be differences in installation costs between the no-new-standards case and the standards case
equipment, stakeholders did not provide an explanation, or data to indicate at what efficiency

9 Series ID PCU333911333912; www.bls.gov/ppi/

" Compliance is planned for late 2021, as such this analysis is conducted in the first-full year after compliance,
which is 2022.

" www.regulations.gov/#!documentDetail;D=EERE-2013-BT-STD-0040-0001
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level DOE may need to consider an increase in installation costs. For today’s analysis DOE
considers water- and air-cooled compressors as a separate equipment class, thus any additional
piping or plumbing required in the standards case would also be required in the no-new standards
case, so for today’s analysis DOE has not estimated an installation cost for this analysis as they
would be the same in both the standards and no-new standards cases.

8.3.2 Operating Cost Inputs

8.3.2.1  Annual Energy Use

DOE estimated the annual electricity consumed by each class of commercial and
industrial air compressor, by efficiency level, based on the energy use analysis described in
chapter 7 of the notice of proposed rulemaking (NOPR) TSD.

8.3.2.2 Electricity Prices

DOE derived average and marginal annual non-residential (commercial and industrial)
electricity prices using data from EIA’s Form EI1A-861 database (based on “Annual Electric
Power Industry Report™)!, EEI Typical Bills and Average Rates Reports, and information from
utility tariffs. * Electricity tariffs for non-residential consumers can be very complex, with the
principal difference from residential rates being the incorporation of demand charges. The
presence of demand charges means that two consumers with the same monthly electricity
consumption may have very different bills, depending on their peak demand. For this analysis
DOE used marginal electricity prices to estimate the impact of demand charges for consumers of
air compressors. These prices are $0.1040/kWh and $0.0828/kWh, for commercial and
industrial customers respectively. The methodology of use to calculate the marginal electricity
rates can be found in appendix 8B of the final rule TSD.

To estimate energy prices in future years, DOE multiplied the average national energy
prices by the forecast of annual change in national-average commercial and industrial energy
price in the Reference case from AEO 2016, which has an end year of 2040.* To estimate price
trends after 2040, DOE used the average annual rate of change in prices from 2020 to 2040.

I Available at: www.eia.doe.gov/cneaf/electricity/page/eia861.html
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Figure 8.3.1 Commercial and Industrial Electricity Price Projections for Reference Case

8.3.2.3  Maintenance Costs and Repair Costs

Similar to installation costs, although stakeholders indicated that there may be differences
in maintenance and repair costs between the no-new-standards case and the standards case
equipment, stakeholders did not provide an explanation, or data to indicate at what efficiency
level DOE may need to consider an increase in installation costs.

8.3.2.4  Equipment Lifetime

DOE estimated average lifetime by equipment class based existing literature and used
these estimates to develop statistical distributions. DOE defines two types of lifetime: (1)
mechanical lifetime, that is the total lifetime hours of operation (including routine maintenance
and repairs); and (2) service lifetime, that is the number of years the consumer owns and uses the
unit, and is equal to the mechanical lifetime divided by the annual hours of operation. The
service lifetime is the direct input to the LCC. DOE used a Weibull distribution function to
define the distribution of mechanical lifetimes:

x—0

P(x) = e_(aj forx > 4, and

P(x)=1forx <6

Where:

P(x) = probability that the equipment is still in use at age x,

X =equipment age,ac = scale parameter, which would be the decay length in an

exponential distribution,

S = shape parameter, which determines the way in which the failure rate changes
through time, and

0 = delay parameter, or location, which allows for a delay before any failures occur.

The parameters for the Weibull function (shape and scale parameters) were estimated
based on average service life and average annual operating hours. For all equipment classes DOE
used a shape parameter of 2.5
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DOE used information from various literature sources, and input from stakeholders, to
establish air compressor lifetimes (measured in years) for use in the LCC and subsequent
analyses.® " This indicated that the average air compressor lifetime in the field is between 10 and
20 years, depending on air compressor type and size. A European study from 2001 estimated
average lifetimes for air-compressors between 10 and 100 kilowatts (kW) (13- and 147-
horsepower) to be 13 years, and those between 110 and 300 kW (147- and 495-horsepower) to
be 16 years.22 Further, research done by the California Utilities' Statewide Codes and Standards
Team in support of California building energy efficiency standards used an average 15-year
lifetime for all air compressors.2 DOE also considered information published in Lot 31
indicating lifetimes for rotary positive air compressors to be between 10 and 15 years.® From this
information DOE developed the mechanical lifetime estimations for rotary positive fixed and
variable speed compressors as provided in Table 8.3.1.

Table 8.3.1 Initial Air Compressor Mechanical Lifetimes by Capacity

Flow Average Mechanical Life (hrs)

ailfrr]n Fixed Speed VSD
20 32,711 19,626
50 40,552 24,331
100 46,483 27,890
200 52,415 31,449
500 60,256 36,153

1000 66,187 39,712

DOE assumes a minimum service lifetime of 2 years for reciprocating, and 4 years for
rotary positive equipment classes. This reflects the fact that many units are purchased with a
warranty that effectively guarantees that the unit will remain in operation during the warranty
period. Figure 8.3.2 shows the resulting service lifetime histogram by equipment classes. This
histogram does not exactly resemble a Weibull, because it incorporates the effect of a broad
distribution of operating hours. Table 8.3.2 summarizes the average mechanical lifetime in
hours, and service lifetime in years for each equipment class.

Table 8.3.2 Average Mechanical Lifetime and Service Lifetime by Equipment Class

Average Mechanical Average Service Lifetime
Lifetime (hours) (years)
RP_FS L _AC 55,394 12.9
RP_FS L WC 61,877 13.4
RP_VS L_AC 34,657 13.2
RP_VS L WC 37,922 135
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Figure 8.3.2 Lifetime Distribution by Air Compressor Equipment Class

8.3.25 Discount Rates

The commercial discount rate is the rate at which future operating costs are discounted to
establish their present value in the LCC analysis. The discount rate value is applied in the LCC
to future year energy costs and non-energy operations and maintenance costs to calculate the
estimated net life-cycle cost of products of various efficiency levels and life-cycle cost savings as
compared to the baseline for a representative sample of commercial end users.

DOE’s method views the purchase of higher efficiency equipment as an investment that
yields a stream of energy cost savings. DOE derived the discount rates for the LCC analysis by
estimating the cost of capital for companies that purchase commercial and industrial air
compressors. The weighted average cost of capital (WACC) is commonly used to estimate the
present value of cash flows to be derived from a typical company project or investment. Most
companies use both debt and equity capital to fund investments, so their cost of capital is the
weighted average of the cost to the firm of equity and debt financing, as estimated from financial
data for publicly traded firms in the sectors that purchase air compressors.®
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Damodaran Online is a widely used source of information about company debt and
equity financing for most types of firms, and was the primary source of data for this analysis.®
Detailed sectors included in the Damondaran Online database were assigned to the aggregate
categories of: buildings commercial and institutional .

DOE estimated the cost of equity using the capital asset pricing model (CAPM).*® The
CAPM assumes that the cost of equity (k) for a particular company is proportional to the
systematic risk faced by that company, where high risk is associated with a high cost of equity
and low risk is associated with a low cost of equity. The systematic risk facing a firm is
determined by several variables: the risk coefficient of the firm (5), the expected return on risk-
free assets (Ry), and the equity risk premium (ERP). The risk coefficient of the firm indicates the
risk associated with that firm relative to the price variability in the stock market. The expected
return on risk-free assets is defined by the yield on long-term government bonds. The ERP
represents the difference between the expected stock market return and the risk-free rate. The
cost of equity financing is estimated using the following equation, where the variables are
defined as above:

ke = Ry + (B X ERP)
Where:

ke=  cost of equity,

Rf=  expected return on risk-free assets,
= risk coefficient of the firm, and

ERP = equity risk premium.

Several parameters of the cost of capital equations can vary substantially over time, and
therefore the estimates can vary with the time period over which data is selected and the
technical details of the data averaging method. For guidance on the time period for selecting and
averaging data for key parameters and the averaging method, DOE used Federal Reserve
methodologies for calculating these parameters. In its use of the CAPM, the Federal Reserve
uses a forty-year period for calculating discount rate averages, utilizes the gross domestic
product price deflator for estimating inflation, and considers the best method for determining the
risk free rate as one where “the time horizon of the investor is matched with the term of the risk-
free security.”*

¥ http://pages.stern.nyu.edu/~adamodar/
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By taking a forty-year geometric average of Federal Reserve data on annual nominal
returns for 10-year Treasury bills, DOE estimated the following risk free rates for 2004-2015
(Table 8.3.3)." DOE also estimated the ERP by calculating the difference between risk free rate
and stock market return for the same time period, as estimated using Damodaran Online data on
the historical return to stocks.*®

Table 8.3.3 Risk Free Rate and Equity Risk Premium, 2004-2013

Year Risk free rate (%o) ERP (%)
2004 7.10% 3.25%
2005 7.11% 3.68%
2006 7.10% 3.49%
2007 7.08% 3.36%
2008 7.01% 2.40%
2009 6.88% 3.07%
2010 6.74% 3.23%
2011 6.61% 2.94%
2012 6.41% 3.99%
2013 6.24% 5.30%

The cost of debt financing (kq) is the interest rate paid on money borrowed by a company.
The cost of debt is estimated by adding a risk adjustment factor (R,) to the risk-free rate. This
risk adjustment factor depends on the variability of stock returns represented by standard
deviations in stock prices. So for firm i, the cost of debt financing is:

kdi = Rf + Rai
Where:
kg = cost of debt financing for firm, i,
Ri=  expected return on risk-free assets, and
Rai = risk adjustment factor to risk-free rate for firm, i.

DOE estimates the WACC using the following equation:

WACCzkeXWe‘I‘kdXWd

Where:
WACC = weighted average cost of capital,
We = proportion of equity financing, and
Wy = proportion of debt financing.
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By adjusting for the influence of inflation, DOE estimates the real weighted average cost
of capital, or discount rate, for each company. DOE then aggregates the company real weighted
average costs of capital to estimate the discount rate for each of the ownership types in the air
compressors analysis.

Table 8.3.4 shows the average WACC values for the major sectors that purchase the air
compressors. While WACC values for any sector may trend higher or lower over substantial
periods of time, these values represent a cost of capital that is averaged over major business
cycles.

Table 8.3.4 Weighted Average Cost of Capital for Sectors that Purchase Air
Compressors

Sector Real Weighted Average Standard
Cost of Capital (%0) Deviation (%)

Commercial 5.1% 1.3%

Industrial 5.2% 1.2%

8.3.3 Base Case Efficiency Distribution

For purposes of conducting the LCC analysis, DOE analyzed efficiency levels relative to
a base case (i.e., the case without new energy efficiency standards). This requires an estimate of
the distribution of equipment efficiencies in the base case (i.e., what consumers would have
purchased in the compliance year in the absence of new standards). DOE refers to this
distribution of equipment energy efficiencies as the base-case efficiency distribution.

To estimate the efficiency distribution of air compressors for 2022, DOE examined the
frequency of efficiencies made available under CAGI’s voluntary testing program for each
equipment class (CAGI database), and the distribution of efficiencies of shipments of
commercial and industrial pumps provided, scaled to the capacity range of compressors.** DOE
found the distribution for both samples to be similar, with the distribution of efficiencies of
shipments for pumps skewed slightly toward higher efficiencies. For the NOPR analysis DOE
used the re-scaled distribution of pumps efficiencies as a proxy, as it is based on the efficiencies
of shipments of a durable industrial product, rather than the frequency of efficiency of an entry in
a catalog, and thus better reflects a consumer choice. The estimated market shares for the no-
new-standards case efficiency distribution for air compressors are shown in Table 8.3.5.
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Table 8.3.5 Base Case Energy Efficiency Distribution in 2022

Average of
EL Probability

11.5%

15.5%

15.9%

18.4%

5.6%

11.4%

o0 AW N RO

21.8%

8.4 REBUTTABLE PAYBACK PERIOD

DOE presents rebuttable PBPs to provide the legally established rebuttable presumption
that an energy efficiency standard is economically justified if the additional product costs
attributed to the standard are less than three times the value of the first-year energy cost savings.
(42 U.S.C. 86295 (0)(2)(B)(iii))

The basic calculation of rebuttable PBP is the same as that described in section 8.2.
Unlike that analyses, however, the rebuttable PBP is not based on the use of probability
distributions, and it is based not on distributions but on discrete single-point values.

Other than the use of single-point values, the most notable difference between the
distribution PBP and the rebuttable PBP is the latter’s reliance on the DOE test procedure to
determine a product’s annual energy consumption. For fixed speed and variable speed equipment
classes DOE assigned TP FS and TP VS load profiles (see chapter 7), respectably.

8.4.1 Inputs

Inputs for the rebuttable PBP differ from the distribution PBP in that the calculation uses
discrete values, rather than distributions. Note that for the calculation of distribution PBP,
because inputs for the determination of total installed cost were based on single-point values,
only the variability and/or uncertainty in the inputs for determining operating cost contributed to
variability in the distribution PBPs. The following summarizes the single-point values that DOE
used in determining the rebuttable PBP:

o0 Manufacturing costs, markups, sales taxes, and installation costs were all based on
the single-point values used in the distributional LCC and PBP analysis.
o0 Energy prices were based on national average values for the year that new
standards will take effect.
0 An average discount rate or lifetime is not required in the rebuttable PBP
calculation.
The effective date of the standard is assumed to be 2022.
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8.4.2 Results

DOE calculated rebuttable PBPs for each efficiency level relative to the distribution of
product energy efficiencies estimated for the base case. Table 8.4.12 presents the rebuttable
PBPs for fixed speed and variable speed equipment classes.

Table 8.4.1 Rebuttable Payback Periods for Air Compressors

i i Efficiency Level
Equipment Class Load Profile 1 5 3 4 5 5
RP_FS L_AC TPFS 1.9 2.3 2.8 3.0 3.3 3.9
RP_FS L WC TP FS 2.2 2.6 3.0 3.1 3.4 3.9
RP_ VS L AC TP VS 4.7 5.4 6.2 6.7 7.5 9.0
RP_ VS L WC TP VS 4.5 5.4 6.3 6.7 7.5 9.0

8.5 LIFE-CYCLE COST AND PAYBACK PERIOD RESULTS

This section presents the results of the LCC and PBP analysis. As discussed previously in
this chapter, DOE used probability distributions to characterize the uncertainty in many of the
inputs to the analysis. LCC and PBP calculations were performed 10,000 times for each
equipment class, sampling from the described probability distributions.

The average costs at each EL are calculated considering the full sample of customers that
have levels of efficiency in the base case equal to or above the given EL (who are not affected by
a standard at that EL. The simple payback and LCC savings are measured relative to the base-
case efficiency distribution in the compliance year. Based on the simulations that DOE has
performed, for each standard level DOE also calculated the share of customers receiving a net
LCC cost.

Table 8.5.1 through Table 8.5.8 show the LCC and PBP results for each equipment class
by EL. In general, the average LCC savings are positive for nearly all equipment classes and
efficiency levels. Figure 8.5.1 through Figure 8.5.4 show the distribution of LCC savings for
each equipment class.
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Table 8.5.1 Average LCC and PBP Results by Efficiency Level for Rotary Positive, Fixed
Speed, Lubricated, Air Cooled Air Compressors (RP_FS L AC)

Average Costs

2015$ Simple | Average

EL First Year’s Lifetime Payback | Lifetime
Installed Cost | Operating Operating LCC years years

Cost Cost

0 $21,698 $12,793 $105,575 $127,273 -- 12.9
1 $21,989 $12,645 $104,358 $126,347 2.0 12.9
2 $22,602 $12,420 $102,511 $125,113 2.4 12.9
3 $23,782 $12,081 $99,730 $123,512 2.9 12.9
4 $24,342 $11,945 $98,604 $122,947 3.1 12.9
5 $25,380 $11,715 $96,714 $122,094 3.4 12.9
6 $28,232 $11,189 $92,379 $120,611 4.1 12.9

Table 8.5.2 LCC Savings Relative to the Base Case Efficiency Distribution for Rotary
Positive, Fixed Speed, Lubricated, Air Cooled Air Compressors (RP_FS L_AC)

% Ave_:rage

Consumers Savings -

EL . Impacted

with Net
Cost Consumers

2015%
1 0.1 $7,882
2 0.6 $8,002
3 2.6 $7,377
4 4.3 $7,192
5 6.6 $7,849
6 13.7 $8,604
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Table 8.5.3 Average LCC and PBP Results by Efficiency Level for Rotary Positive, Fixed
Speed, Lubricated, Water Cooled Air Compressors (RP_FS L WC)

Average Costs
2015% Simple | Average
EL First Lifet Payback | Lifetime
irst Year’s ifetime
: _ years years
Installed Cost | Operating Operating LCC
Cost Cost

0 $37,548 $24,433 $204,247 $241,795 -- 13.4
1 $38,047 $24,215 $202,410 $240,457 2.3 13.4
2 $39,262 $23,792 $198,860 $238,122 2.7 134
3 $41,078 $23,279 $194,542 $235,620 3.1 134
4 $42,014 $23,047 $192,604 $234,618 3.2 134
5 $43,725 $22,658 $189,352 $233,077 3.5 13.4
6 $48,328 $21,764 $181,888 $230,216 4.0 13.4

Table 8.5.4 LCC Savings Relative to the Base Case Efficiency Distribution for Rotary
Positive, Fixed Speed, Lubricated, Water Cooled Air Compressors (RP_FS_L_WC)

% Consumers Average Savings -
=L with Net Cost Impacted
Consumers 2015%
L 0.2 $11,644
2 10 $10,559
3 2.1 $14,398
4 4.7 $11,615
> 6.8 $12,907
6 12.1 $14,684
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Table 8.5.5 Average LCC and PBP Results by Efficiency Level for Rotary Positive,
Variable Speed, Lubricated, Air Cooled Air Compressors (RP_VS L AC)

Average Costs
2015% Simple | Average
EL _ o Payback | Lifetime
First Year’s Lifetime years years
Installed Cost Operating Operating LCC
Cost Cost
0 $37,068 $11,363 $93,018 $130,086 -- 13.2
1 $37,379 $11,289 $92,436 $129,815 4.2 13.2
2 $38,176 $11,135 $91,195 $129,371 4.9 13.2
3 $39,786 $10,878 $89,121 $128,907 5.6 13.2
4 $40,852 $10,730 $87,923 $128,775 6.0 13.2
5 $43,353 $10,427 $85,462 $128,815 6.7 13.2
6 $49,259 $9,862 $80,859 $130,119 8.1 13.2
Table 8.5.6 LCC Savings Relative to the Base Case Efficiency Distribution for Rotary
Positive, Variable Speed, Lubricated, Air Cooled Air Compressors (RP_VS_L_AC)
% Ave_:rage
Consumers | S2VIngs -
EL . Impacted
with Net
Cost Consumers
2015%
1 2.1 $2,343
2 6.4 $2,618
3 17.2 $2,248
4 23.3 $2,130
5 31.0 $1,885
6 48.1 -$41
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Table 8.5.7 Average LCC and PBP Results by Efficiency Level for Rotary Positive,
Variable Speed, Lubricated, Water Cooled Air Compressors (RP_VS L WC)

Average Costs
2015% Simple | Average
EL _ , Payback | Lifetime
First Ye_ar S Lifetime years years
Installed Cost | Operating . LCC
Operating Cost
Cost
0 $58,996 $19,522 $161,662 $220,658 -- 13.5
1 $59,644 $19,361 $160,316 $219,959 4.0 13.5
2 $61,546 $18,996 $157,279 $218,825 4.9 135
3 $64,746 $18,513 $153,269 $218,015 5.7 135
4 $66,394 $18,298 $151,492 $217,886 6.0 135
5 $70,200 $17,855 $147,820 $218,020 6.7 13.5
6 $79,660 $16,960 $140,401 $220,061 8.1 13.5
Table 8.5.8 LCC Savings Relative to the Base Case Efficiency Distribution for Rotary
Positive, Variable Speed, Lubricated, Water Cooled Air Compressors (RP_VS L WC)
% Avgrage
Savings -
Consumers
EL . Impacted
with Net
Cost Consumers
2015%
1 1.4 $6,199
2 8.4 $5,145
3 14.2 $6,118
4 24.9 $4,496
5 31.9 $3,918
6 47.5 $754
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CHAPTER 9. SHIPMENTS ANALYSIS

9.1 INTRODUCTION

Estimates of future equipment shipments are a necessary input to calculations of the
national energy savings (NES) and net present value (NPV), as well as to the manufacturer
impact analysis (MIA). This chapter describes the data and methods the U.S. Department of
Energy (DOE) used to project annual equipment shipments and presents results for commercial
and industrial pumps considered in this analysis.

DOE developed a shipments model to predict shipments of commercial and industrial air
compressors covered in this analysis. The shipments analysis projects initial shipments forward
using macroeconomic indicators for each sector found in the Energy Information
Administration’s Annual Energy Outlook 2016 (AEO2016).™ DOE’s air compressors shipments
projections are based on forecasts of economic growth and do not incorporate a distinction
between replacements and purchases for new applications.

DOE began with shipments data by equipment type provided confidentially by the
stakeholders. Based on U.S. Census Bureau historical data, manufacturer catalog data, and
contractor reports DOE then developed a distribution of shipments across equipment classes.? Bl

The rest of this chapter explains the shipments model in more detail. Section 9.2
provides a summary of the data DOE used to develop estimates of the shipments commercial and
industrial air compressors by equipment class and for each sector. Section 9.3 describes the
methodology that underlies development of the model and presents the shipments projection.

9.2 CURRENT SHIPMENTS

DOE reviewed U.S. Census Bureau data for historical shipments of air compressors.
However, it was difficult to determine what percentage of those shipments reflected the scope of
this rulemaking due to categorical ambiguities and inconsistencies within the data over time. In
response to requests in the Framework Document and during public meetings, DOE received
shipments estimates for the rotary positive portion of the compressor market from stakeholders
for 2013.% DOE used information from contractor reports, additional stakeholder data, and
census data to scale these data to represent the entire market and estimate distribution of
shipments by equipment classes. These values are shown in Table 9.2.1.

 See www.regulations.gov and docket EERE-2013-BT-STD-0040.
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Table 9.2.1 In-Scope Air Compressor Shipment Estimates: FY 2013

e | omertee | comg | ec | g
Fixed Speed Alr Cooled RS_FS_L_AC 18.2
Rotary Positive Water Cooled RS FS L_WC 3.8
Variable Speed Air Cooled RS_VS_L_AC 1.3
Water Cooled RS_VS_L WC 0.4
Total 535

9.3 SHIPMENTS PROJECTION

9.3.1 Methodology

In the Framework Document, DOE stated that shipments of air compressors are driven by
machinery production growth for equipment incorporating compressors and by the economic
growth of commercial and industrial sectors that use this equipment. DOE suggested that
historical data would be used to establish the relationship between shipments of compressors and
the appropriate growth index for sector growth, and that DOE intended to use private fixed
investment data for equipment incorporating pumps from the U.S. Department of Commerce’s
Bureau of Economic Analysis to characterize the production of this equipment.

DOE had successfully used this methodology in the medium electric motors
rulemaking.[4] In that rulemaking, DOE identified a close relationship between shipments and
private fixed investments in selected equipment and structure over an extended time period, as
shown in Figure 9.3.1.

180

160

140

120

=100

100

80

Index 2001

60

40

20

0

1993 4995 4997 4999 900% 9003 9005 9007 9009 o1}

=O=Shipments Index

=O=Private Fixed Investment Indexin Selected Equipment and Structure

9-2




Figure 9.3.1 Medium Electric Motor Shipments Index vs. Private Fixed Investment Index
in Selected Equipment and Structure

When DOE attempted this approach for compressors using the historical census
shipments value data and private fixed investment data from the Bureau of Economic Analysis[5]
(BEA), DOE was unable to obtain a historical fit as good as that for motors, especially when
selecting equipment that seemed most appropriate (i.e., industrial and agricultural machinery).

Figure 9.3.2 shows the historical relationship of shipments to private fixed investment in
all equipment from 1997 to 2011. Shipments projections based on forecasts of real Gross
Domestic Product from AEO 2015 a more than doubling of shipments over the analysis period
(Figure 9.3.3).

2.00 -
1.80 - 9
1.60 - \ s’ Aoy O
1.40 - \ bl

\
1.20 - a

0 ~o-C<q 7., fesrog
1.00 - o= Yo=0="
o oS

0.80 - ~ pet o4
0.60 -
0.40 -
0.20 -

0.00 T T T 1
1995 2000 2005 2010 2015

= «O==Shipments Index 2004=100 =-O==Investment Index 2004=100

Figure 9.3.2 Compressor Shipments Index vs. Private Fixed Investment Index in All
Equipment

9-3



800 r
= Historical
8 | eeeees Reference Case
:* 600 I ..... Low Economic Growth Case
| BT High Economic Growth Case |
S 400 - et et
S| et et et
P e e
S 200 | PO,
E N’\/\/‘
2
=
(7]
0 1 1 1 1 1
1995 2005 2015 2025 2035 2045
Year

Figure 9.3.3 Shipments Projection by Scenario Case Based on Growth in Private Fixed
Investment

As a result of the uncertainty regarding whether the historical shipments data are
representative of the compressor market, DOE considered an alternative shipments methodology.
Specifically, for the and final rule, DOE projected shipments using AEO 2016 the value of
manufacturing shipments, and commercial floor space for industrial and commercial sectors,
respectively. For the initial year, DOE distributed the total shipments into the industrial sector.
While the projection is similar when compared to the historical trend, it is still lower than the
initial model. Because it is uncertain how much the historical trend represents shipments of
compressors in the scope of this rulemaking DOE has adopted the more conservative alternative
approach to projecting shipments and used the projection based on AEO 2016.

9.3.2 Shipments in the No-new Standards Case

As initial shipments estimates were provided by design-point power (in horsepower
(HP)) for highly aggregated equipment types: rotary positive fixed speed (FS), rotary positive
variable speed (VSD), and reciprocating. DOE had to disaggregate these shipments into the
equipment classes used in this analysis. Also, available data did not differentiate between air
compressor design point pressures or other characteristics, such as method of cooling, lubrication
type, or, in the case of reciprocating air compressors, whether the electric motor driving the
compressor is single phase or three phase. To disaggregate these shipments DOE constructed a
series of statistical flow-and-pressures bins for each equipment class where the compressor’s
design point flow and pressure centered each these bin. Then DOE estimated the number of
representative units in each of the representative unit flow-and-pressure bins for air compressor
with these characteristics.

DOE developed the relationships between the HP and air flow capacity. Based on the
regression using the rotary positive compressor models available in the Compressed Air and Gas
Institute (CAGI) database, the flow can be expressed as a power function of HP:
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Where:
Q
P

Q = 5.1272p09832

airflow in actual cubic feet per minute (ACFM);
power in HP.

DOE then established an equivalent HP to flow relationship for reciprocating
compressors, DOE performed the regression using the data gathered from air compressor retailer
weib sites. This yielded a second degree polynomial fit:

Q = —0.0278 P? + 3.546P + 3.9648

DOE used these relationships to map the HP bin limits to flow bin limits, and count the
number of available designs in each flow bin. The no-new standards case for rotary-positive
fixed-speed and rotary-positive variable-speed initial shipments by capacity are shown in Table
9.3.1, and reciprocating air compressors initial shipments by capacity are shown in Table 9.3.2.

Table 9.3.1 Rotary Positive Air Compressor Shipment by Capacity (ACFM)
Min. All Shipments FS Shipments VSD Shipments
ACFM (units) (units) (units)
35 384 384 0
50 1,754 1,722 32
100 5,976 5,689 287
200 8,424 7,770 654
500 6,149 5,609 541
1000 770 695 75

The total initial shipments are then disaggregated into equipment classes and further
disaggregated by capacity, shown in Table 9.3.3 using test reports made available by
manufacturer under CAGI’s voluntary testing program for rotary-positive air compressors. The
market shares by equipment class are assumed to remain constant over the analysis period. These
data were allocated to the same set of flow-and-pressure bins as were used to construct the air
compressor representative units. Therefore, for each equipment class the shipment weight for

each representative unit is:

Where:
Wi
Cij
Ctotal

Ci,j

Wi =
)]
Ctotal

relative shipment weight for flow bin i and pressure bin j;
count of shipments in the flow bin i and pressure bin j;
total count of shipments.
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Detailed shipments weights for each equipment class by compressor pressures and flow,
such as those shown in Table 9.3.3 for RP_FS_L_AC, can be found in appendix 9A this TSD.

Table 9.3.2  Share of Rotary Positive Shipments by Capacity and Equipment Class
EC Compressor Minimum Capacity (acfm)
35 50 100 200 500 1000
RP_FS L _AC 1.6% 7.2% 23.1% 28.6% 14.8% 1.5%
RP_FS L WC 0.0% 0.1% 1.2% 4.5% 9.1% 1.4%
RP_VS L_AC 0.0% 0.2% 1.3% 2.4% 1.4% 0.2%
RP_VS L WC 0.0% 0.0% 0.0% 0.4% 0.9% 0.2%
Table 9.3.3 Representative Equipment Class Weight for Air Cooled, Oil Injected Fixed
Speed Rotary Positive (RP_FS L AC)
Compressor Pressure (psig)
Minimum
Capacity
(acfm) 75 100 125 150 175 200
35 0.0% 0.0% 0.4% 1.1% 0.5% 0.2%
50 0.0% 1.3% 3.2% 2.2% 1.7% 0.9%
100 0.0% 6.4% 10.3% 7.3% 4.2% 1.8%
200 0.0% 11.6% 12.7% 7.1% 3.2% 2.6%
500 0.0% 6.2% 7.2% 2.6% 1.8% 1.5%
1000 0.0% 0.5% 0.7% 0.4% 0.2% 0.2%

9.3.3 Shipments in Standards Cases

DOE recognizes that an increase in equipment price resulting from energy efficiency
standards may affect consumer decision-making regarding whether to (1) purchase a new
compressor, (2) buy a refurbished unit, or (3) repair the existing failed unit. DOE has not found
any information in the literature that indicates a that there is a price elasticity for commercial and
industrial firms where it relates to air compressor purchases. For this analysis DOE used a
medium elasticity of -0.5 for commercial customers, and a lower elasticity (-0.25) for industrial
customers.” DOE used a lower elasticity for industrial customers because these customers are
likely to place greater value on the reliability and efficiency provided by new equipment, over
the alternative of purchasing used equipment.

® A price elasticity of -0.5 means that for every 1 percent increase in price, the demand for the product (i.e.,
shipments) would decline by 0.5 percent. An elasticity of 1 indicates very high elasticity of demand, whereas an
elasticity of zero indicates no elasticity of demand. Elasticities are considered constant over time.
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9.3.4 Shipments Results

Figure 9.3.5 shows annual shipments for the AEO Reference Case as well as AEO high
and low economic growth scenarios over the 30-year analysis period starting at the compliance
year. The analysis uses 2022 to represent the first full year of compliance with potential
standards.
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Figure 9.3.4 Air Compressor Shipments Projection by Scenario Case

Table 9.3.2 shows the annual and cumulative shipments for each equipment class for the
reference case.

Table 9.3.4 Annual and Cumulative Compressor Shipments Projections (thousand units)

2013 | 2022 | 2030 | 2040 | 2051 | Cumulative
over 30 years
RP_FS_L AC | 181 215 248 29.9 36.0 848.1
RP_FS L WC | 38 45 5.2 6.3 76 1793
RP. VS L AC | 13 15 17 21 25 58.9
RP.VS L WC| 04 0.4 05 0.6 0.7 16.9
Total 235 27.9 323 389 46.8 1,103.2

*Total may not sum up because of rounding.
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CHAPTER 10. NATIONAL IMPACT ANALYSIS

10.1 INTRODUCTION

This chapter examines national impacts attributable to each trial standard level (TSL)
considered for commercial and industrial air compressors. For each equipment class, DOE
evaluated the following impacts: national energy savings (NES) attributable to each potential
standard level, monetary value of the lifetime energy savings to customers of the considered
equipment, increased total lifetime cost of the equipment because of standards, and net-present
value (NPV) resulting from increased energy efficiency (the difference between the energy cost
savings and the increased total lifetime cost of the equipment).

To conduct its national impacts analysis (NIA), DOE determined the NES and NPV for
each TSL being considered as the new standard for commercial and industrial air compressors.
DOE performed all calculations for each considered equipment class using Microsoft Excel
spreadsheet models, which are accessible on the Internet.? The spreadsheets combine the
calculations for determining the NES and NPV for each considered equipment with input from
the appropriate shipments model that DOE used to project future purchases of the considered
equipment. Chapter 9 provides a detailed description of the shipments model.

The NIA calculation started with the shipments model, which produces a projection of
annual shipments of air compressors. DOE used the annual projection of shipments to produce
an accounting of annual national energy savings, annual national energy cost savings, and annual
national incremental non-energy costs resulting from purchasing, installing and operating the
units projected to be shipped in each year of the analysis period during their estimated lifetime.

To calculate the annual national energy savings, DOE first estimated the lifetime primary
and fuel-fuel-cycle® (FFC) energy consumption at the unit level and for each year in the analysis
period, for pumps of each equipment class. The unit’s lifetime primary and FFC energy
consumptions were then scaled up to the national level based on the annual shipments projection.
This produced, for each equipment class, two streams of annual national energy consumption,
from which DOE derived two streams of annual NES from air compressors shipped in each year
of the analysis period: one that accounts for primary energy savings, and one that accounts for
the FFC energy savings.

DOE followed a similar procedure to calculate the annual national energy cost savings
and the annual national incremental non-energy costs. DOE first estimated the lifetime energy
cost and the lifetime non-energy costs at unit level and for each year in the analysis period, for
air compressors of each equipment class. The unit lifetime energy and non-energy costs,
estimated for units shipped in each year in the analysis period, were then scaled up to the
national level based on the annual shipments projection. This produced, for each equipment

# See www.eere.energy.gov/buildings/appliance_standards/
® The full-fuel-cycle energy consumption adds to the primary energy consumption the energy consumed by the
energy supply chain upstream to power plants.

10-1



class and sector: (a) two streams of annual national energy costs, from which DOE derived a
stream of annual national energy cost savings associated with each year in the analysis period,
and its corresponding present-value; and (b) two streams of annual national non-energy costs,
from which DOE derived a stream of annual national incremental equipment non-energy costs
associated with each year in the analysis period, and its corresponding present-value. DOE then
calculated the difference between the national energy cost savings and national incremental non-
energy costs to obtain the NPV of each equipment class, and summed these values across
equipment classes to produce the total NPV.

Two models included in the NIA are described below—the NES model in Section 10.2,
and the NPV model in Section 10.3. Each technical description begins with a summary of the
model. It then provides a descriptive overview of how DOE performed each model’s
calculations and follows with a summary of the inputs. The final subsections of each technical
description describe each of the major inputs and computation steps in detail and with equations,
when appropriate. After the technical model descriptions, this chapter presents the results of the
NIA calculations.

10.2 BASE AND STANDARDS CASE EFFICIENCIES

For the base case in 2022, DOE developed a distribution of efficiencies from a database
which DOE built using data collected from major manufacturers and the Hydraulic Institute (see
Table 10.2.1). Because the available evidence suggests that there is no trend toward greater
interest in higher pump efficiency, DOE assumed that the base case distribution would remain
constant over time.

Table 10.2.1 Base Case Efficiency Distributions for all Equipment Classes

Efficiency Average of Probability %
Level (EL) . —
Air-cooled Liquid-cooled
0 12% 12%
1 16% 16%
2 16% 16%
3 18% 18%
4 6% 6%
5 11% 11%
6 22% 22%

For each efficiency level analyzed, DOE used a “roll-up” scenario to establish the market
shares by efficiency level for the year that compliance would be required with new standards
(i.e., 2022). DOE believes that equipment efficiencies in the base case that were above the
standard level under consideration would not be affected. Table 10.2.2 shows an example roll-
up scenario for one of the equipment classes.
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Table 10.2.2 Example Standards Case Distributions Under a Roll-Up Scenario

(RP FS L AC)
ETgi/eerl‘Cy TsL1 | TsL2 | TsL3 | TsL4 | TsLs | TsL6
EL 1 27%
EL2 16% 43%
EL3 18% 19% 61%
EL4 6% 6% 6% 66%
ELS 11% 11% 12% 12% 77%
ELG6 22% 22% 22% 22% 23% 100%

10.3 NATIONAL ENERGY SAVINGS

DOE developed the NES model to estimate the total national primary and FFC energy
savings using information from the life-cycle cost (LCC) relative to energy consumption,
combined with the results from the shipments model. The savings shown in the NES reflect
increased air compressor efficiency resulting from the installation of more efficient air
compressors nationwide (as a consequence of new standards), in comparison to a base case with
no national standards.

10.3.1 National Energy Savings Overview

DOE calculated the cumulative primary and FFC energy savings from an air compressor
efficiency standard, relative to a base case scenario of no standard, over the analysis period. It
calculated NES for each TSL in units of quadrillion British thermal units (Btus) (quads), for
standards with an expected compliance date in late 2021.° The NES calculation started with
estimates of shipments, which are outputs of the shipments model (Chapter 9). DOE then
obtained values of air compressor parameters from the LCC analysis (Chapter 8), projections of
site-to-primary conversion factors® from the Annual Energy Outlook 2016 (AEO 2016) and
projections of site-to-upstream conversion factors® from a NEMS-based methodology, and
calculated the market average of the total primary and FFC energy used over the lifetime of units
shipped in each year of the analysis period for both a base case and a standards case. The market
average energy consumed per unit decreases in the standards case relative to the base case. For
each year analyzed, the lifetime primary and FFC energy savings from all air compressors of a
given equipment class, shipped in that year, are the differences in their primary and FFC energy
use between the corresponding base case and the standards case scenarios.

This calculation is expressed by the following formulas for a given equipment class:

¢ The analysis uses January 1st, 2022 to represent the expected compliance date in late 2021. Therefore, the 30-year
analysis period 2021-2050 is referred to as 2022-2051 in this chapter.

9 The site-to-primary factors account for electricity generation, transmission and distribution losses.

¢ The site-to-upstream factors translate site energy consumption into the energy consumed in the supply chain of the
fuels used for electricity generation.
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10.3.1.1

where:

nSES(y)
nSECbc(y)

nSECstd(y)

Shp(y)
uSEC.(y)

aSEC.(y, i)

Mbc.(y)

Mstd.(y)

10.3.1.2

Lifetime Primary Energy Savings

nSES(y) = nSECbc(y) — nSECstd(y)
nSEChc(y) = Shp(y) - % (uSEC.(y) - Mbc (y))
nSECstd(y) = Shp(y) - L(uSEC,(y) - Mstd.(y))

uSECc(y) = Zi:l..LT aSECc(y; i)

the lifetime primary energy savings of all air compressors shipped in yeary,
the base case, lifetime primary energy consumption of air compressors
shipped in yeary,

the standards case, lifetime primary energy consumption of air compressors
shipped in yeary,

the number of air compressors shipped in year vy,

the lifetime primary energy consumption of a unit with efficiency level at
EL c shipped in year y,

the annual primary energy consumption in the i-th year of operation of a
unit with efficiency level at EL c, shipped in year vy,

the base case market share of units with efficiency level at EL ¢ shipped in
year y, and

the standards case market share of units with efficiency level at EL ¢
shipped in yeary.

Lifetime Full-Fuel-Cycle Energy Savings

nFES(y) = nFECbc(y) — nFECstd(y)
nFEChc(y) = Shp(y) - T(WFEC.(y) - Mbc.(¥))
nFECstd(y) = Shp(y) - X(WFEC.(y) - Mstd.(y))

UFEC,(Y) = Yic1.1r(aSEC.(y,1) - ffc(y + i — 1))
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where:
nFES(y)
nFECbc(y)

nFECstd(y)

Shp(y)
uFEC:(y)

aSEC.(y,i)

ffe®)
Mbc.(y)

Mstd (y)

the lifetime FFC energy savings of all air compressors shipped in
yeary,

the base case, lifetime FFC energy consumption of air compressors
shipped in yeary,

the standards case, lifetime FFC energy consumption of air
compressors shipped in year y,

the number of air compressors shipped in year y,

the lifetime FFC energy consumption of a unit with efficiency
level at EL c shipped in year y,

the annual primary energy consumption in the i-th year of
operation of a unit with efficiency level at EL c, shipped in year y,
the primary-to-FFC conversion factor in year vy,

the base case market share of units with efficiency level at EL ¢
shipped in year y, and

the standards case market share of units with efficiency level at EL
c shipped in year y.

DOE used the lifetime primary and FFC energy savings estimated for all air compressors
shipped from 2022 through 2051 to calculate the total primary NES (NES,,.) and the total FFC
NES (NESggc) for the analysis period. The calculation used the following formulas:

where:
nSES(y)

nFES(y)

NESg. = 232/0=521022 nSES(y)

NESgpc = ngszlozz nFES(y)

the lifetime primary energy savings of all air compressors shipped
in yeary, and

the lifetime FFC energy savings of all air compressors shipped in
yeary.

Once the shipments model provides the estimate of shipments, and the site-to-primary
and site-to-upstream factors convert site energy consumption respectively into primary and
upstream energy consumption, the key to the NES calculation is in calculating the unit annual
site energy consumption and market share distributions using inputs from the LCC analysis. The
next section summarizes the inputs necessary for the NES calculation and then presents them
individually; the following sections detail, respectively, how the unit lifetime site energy
consumption and the standards case efficiency distribution were calculated.
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10.3.2 National Energy Savings Inputs

The NES model inputs include: (a) the unit site energy consumption, (b) the site-to-
primary conversion factors, which enable the calculation of primary energy consumption from
site energy use, (c) the site-to-upstream conversion factors which — in addition to the site-to-
primary factors — enable the calculation of FFC energy consumption from site energy use, and
(d) shipment efficiency distributions, which were discussed in the previous section. The list of
NES model inputs is as follows:

e unit annual site energy consumption;
e lifetime (probability) distribution;
e electricity site-to-primary conversion factors; and

e electricity site-to-upstream conversion factors.

10.3.2.1 Unit Annual Site Energy Consumption

The unit annual site energy consumption expresses an estimate of the amount of site
energy that an air compressors of a given equipment class, meeting the efficiency level of a
given EL, and shipped in a given year will consume in each year of its lifetime.

The average per-unit annual energy consumption for each equipment class and efficiency
level was calculated in the LCC. In the base case, the distribution of horsepower within each
efficiency bin differs. As a result, average energy use may not decrease monotonically as
efficiency level increases. In addition, in each standards case, the per-unit annual energy
consumption at the minimum efficiency level differs from that in the base case.

DOE uses a shipment and air compressor capacity-weighted average annual UEC for
both commercial and industrial applications in its calculation of the national AEC. This takes
into account that the markets include shipments of equipment with a broad range of efficiencies
and capacities (see chapter 5 for details on air compressor capacities), as shown in section 10.2.
The capacity-weighted average UEC for each EC are shown in Table 10.3.1 and Table 10.3.2.

Table 10.3.1 UEC Inputs to the NIA (kwWh) for Commercial Applications

Equipment Class ELO | EL1 | EL2 | EL3 | EL4 | EL5 | EL®
RP_FS_L_AC 43,080 | 42,209 | 40,860 | 39,074 | 38,433 | 37,381 | 34,999
RP_FS_L_WC 52,671 | 51,965 | 50,274 | 48,299 | 47,383 | 45,935 | 42,996
RP_VS_L_AC 43,464 | 42,993 | 41,945 | 40,292 | 39,358 | 37,538 | 34,274
RP_VS_L_WC - - - - - - -
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Table 10.3.2 UEC Inputs to the NIA (kwWh) for Industrial Applications

Equipment

ELO EL1 EL 2 EL 3 EL 4 EL5 EL 6
Class

RP_FS L _AC 152,935 | 151,188 | 148,528 | 144,520 | 142,895 | 140,168 | 133,915

RP_FS L WC 284,457 | 281,915 | 277,000 | 271,040 | 268,342 | 263,812 | 253,410

RP_VS_L_AC 133,375 | 132,519 | 130,717 | 127,725 | 125,999 | 122,456 | 115,856

RP_ VS L WC 226,302 | 224,430 | 220,200 | 214,598 | 212,114 | 206,971 | 196,600

10.3.2.2 Lifetime Distribution

For the NIA, DOE uses a distribution of air compressors lifetime in years as determined
in the LCC (chapter 8). Each air compressors will consume its annual UEC in each year of its
lifetime.

10.3.2.3  Site-to-Power Plant Energy Use Factor

In determining national annual energy consumption, DOE initially calculated the annual
energy consumption at the site (for electricity, the energy in kWh consumed at the household.
DOE then applied a conversion factor to site energy consumption to account for losses associated
with the generation, transmission, and distribution of electricity. This multiplicative site-to-
power-plant conversion factor converts site energy consumption into primary energy
consumption, expressed in quadrillion Btus (quads).

DOE used annual site-to-power-plant conversion factors based on the version of the
National Energy Modeling System (NEMS)" that corresponds to DOE’s Energy Information
Administration’s (EIA’s) Annual Energy Outlook 2016 (AEO2016).! The factors are marginal
values, which represent the response of the system to an incremental decrease in consumption.
For electricity, the conversion factors change over time in response to projected changes in
generation sources (that is, the types of power plants projected to provide electricity to the
Nation). The value AEO2016 reported for 2040 (the last year available in AEO2016) was
extrapolated through the end of the projection period (2051).

10.3.2.4  Full-Fuel-Cycle Energy Factors

The full-fuel-cycle (FFC) includes point-of-use (site) energy; the energy losses associated
with generation, transmission, and distribution of electricity; and the energy consumed in
extracting, processing, and transporting or distributing primary fuels. To estimate the FFC by
including the energy consumed in extracting, processing, and transporting or distributing primary
fuels, which we refer to as “upstream” activities, DOE developed FFC multipliers? using the data

" For more information on NEMS, refer to the U.S. Department of Energy, Energy Information Administration
documentation. A useful summary is National Energy Modeling System: An Overview 2000, DOE/EIA-
0581(2000), March 2000.

9 FFC multipliers discussed in this chapter relate to the upstream part of the FFC process.
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and projections generated by NEMS and used for AEO2016. The AEO2016 provides extensive
information about the energy system, including projections of future oil, natural gas, and coal
supplies; energy use for oil and gas field and refinery operations; and fuel consumption and
emissions related to electric power production. This information can be used to define a set of
parameters that represent the energy intensity of energy production.

Table 10.3.3 shows the FFC energy multipliers used for selected years. The method used
to calculate FFC energy multipliers is described in appendix 10A.

Table 10.3.3 Full-Fuel-Cycle Energy Multipliers (Based on AEO 2016)

Energy Source 2020 2025 2030 2035 2040

Electricity (power plant energy use) 1.042 1.043 1.045 1.044 1.045

10.4 NET PRESENT VALUE

To derive the NPV of customer benefit from potential standards, DOE combined the
output of the shipments model with energy and financial data from the LCC analysis to calculate
an annual stream of costs and benefits resulting from candidate air compressors energy
efficiency standards. It discounted this time series to the year 2015 and summed the result,
yielding the national NPV.

10.4.1 Net Present Value Overview

The NPV is the present value of the incremental economic impact of an efficiency level.
Like the NES, the NPV calculation started with the air compressor shipments estimated by the
shipments model. DOE then obtained air compressor input data and average electricity costs
from the LCC analysis, and estimated motor non-energy and energy lifetime costs. For both a
base case and a standards case, DOE first calculated the amount spent on air compressor
purchases," and then calculated the lifetime energy cost by applying the average electricity prices
to the electricity used by air compressors shipped at each year of the analysis period over their
lifetime. In the standards case, more expensive yet more efficient units replace the less efficient
ones. Thus, in the standards case, whereas the market average lifetime equipment non-energy
costs per unit are greater relative to the base case, the lifetime energy costs are lower. When the
energy cost decrease outweighs the non-energy costs increase, the standards have a positive
impact on consumers; otherwise, the standards impact is negative.

DOE discounted the non-energy and energy expenses with air compressors using a
national average discount factor. The discount factor converts a future expense to a present
value. The difference in present value of the non-energy and energy expenses between the base

" DOE did not account for installation costs, maintenance costs, or repair costs. Although these costs might have
significant impacts on a user’s budget, they do not vary with the efficiency level of the air compressor and therefore
would have no impact in the difference of non-energy costs between the base case and the standards case scenarios.
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case and the standards case scenarios leads to the national NPV impact. DOE calculated the
NPV impact in 2015 from air compressors that were purchased between the compliance date of
the standards and 2049 inclusive, to calculate the total NPV impact from purchases during the
analysis period. Mathematically, the NPV is the value in the present time of a time series of
costs and savings, described by the equation:

NPV =PVS —PVC

where:
PVS = the present value of electricity cost savings, and
PVC = the present value of incremental non-energy costs.

PVS and PVC are determined according to the following expressions:
PVS = Y2250, nECS(y) - (1 4 r)20157Y
nECS(y) = nNCbc(y) — nNCstd(y)
nNCbc(y) = Shp(y) - T (uNC.(y) - Mbc.(y))

nNCstd(y) = Shp(¥) - X (uNC () - Mstd.(¥))

and:
PVC = Y2250, nIEC(y) - (1 4+ r)2015~Y
nlEC(y) = nQCbc(y) — nQCstd(y)
nQChc(y) = Shp(y) - c(uQC,(y) - Mbe (1))
nQCstd(y) = Shp(y) - Xc(uQC.(y) - Mstd.(y))
where:
nECS(y) = the lifetime energy cost savings of all air compressors shipped in
yeary,
nNCbc(y) = the base case, lifetime energy cost of all air compressors shipped in
yeary,
nNCstd(y) = the standards case, lifetime energy cost of all air compressors
shipped in yeary,
uNC,.(y) = the lifetime energy cost of a unit with efficiency level at EL ¢
shipped in yeary,
nlEC(y) = the lifetime incremental equipment non-energy costs of all air

compressors shipped in yeary,
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nQCbhc(y) the base case, lifetime equipment non-energy costs of all air

compressors shipped in yeary,

nQCstd(y) = the standards case, lifetime equipment non-energy costs of all air
compressors shipped in year y,

uQC.(y) = the lifetime equipment non-energy costs of a unit with efficiency
level at EL c shipped in year y,

Shp(y) = the number of air compressors shipped in yeary,

Mbc.(y) = the base case market share of units with efficiency level at EL ¢
shipped in year y, and

Mstd.(y) = the standards case market share of units with efficiency level at EL
c shipped in year y, and

r = the discount rate.

Once the shipments model provides the estimate of shipments, the following sections
describe the inputs necessary for the NPV calculation and detail how unit lifetime energy and
non-energy costs are calculated.

10.4.2 Net Present Value Inputs

The NPV model inputs include: (a) the unit energy consumption, (b) the electricity prices
that enable the calculation of energy costs, (¢) equipment first- and non-energy operating costs,
and (d) shipment efficiency distributions. The list of NPV model inputs not discussed previously
is as follows:

1. total per-unit installed cost;
2. unit lifetime energy cost, and
3. discount rate.

10.4.2.1 Total Per-Unit Installed Cost

Total installed cost typically accounts for manufacturer selling price (MSP), markups,
and installation cost. Because installation cost does not vary by efficiency level for air
compressors, these costs represent only the equipment cost.

The engineering analysis and LCC calculated MSP data for each representative unit. For
the NIA, an average value for each equipment class was calculated. After calculating MSPs for
all equipment classes, DOE used average baseline and incremental markups to calculate
equipment prices. Chapter 6 provides more details on the markups calculation. Table 10.4.1 and
Table 10.4.2 provide the average total installed cost values by efficiency level for each
equipment class for both commercial and industrial applications.
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Table 10.4.1 Average Per-Unit Total Installed Cost (2015$) for Commercial Applications

Equipment Class ELO EL1 EL?2 EL3 EL 4 ELS EL 6
RP_FS L _AC 8,532 | 8,642 | 8,910 | 9,423 | 9,671 | 10,241 | 11,511
RP_FS L WC 9,642 | 9,731 | 10,118 | 10,748 | 11,120 | 11,797 | 13,598
RP_VS L AC 13,540 | 13,660 | 14,002 | 14,710 | 15,218 | 16,444 | 19,488
RP_VS_L WC - - - - - - -

Table 10.4.2 Average Per-Unit Total Installed Cost (2015$) for Industrial Applications

Equipment Class ELO EL1 EL2 EL3 ELA4 EL5 EL 6

RP_FS L_AC 22,341 | 22,641 | 23,270 | 24,483 | 25,059 | 26,124 | 29,048
RP_FS L_WC 37,705 | 38,207 | 39,426 | 41,249 | 42,188 | 43,905 | 48,524
RP_VS L_AC 37,570 | 37,885 | 38,692 | 40,321 | 41,399 | 43,927 | 49,894
RP_VS L WC 58,996 | 59,644 | 61,546 | 64,746 | 66,394 | 70,200 | 79,660

10.4.2.2 Future Equipment Prices

For reasons discussed in Chapter 8 of the TSD (Section 8.3.1.3), DOE used a constant
price assumption for the default projection in the NIA. To investigate the impact of different
equipment price projections on the NPV for the considered TSLs, DOE also considered two
alternative price trends. One of these used an exponential fit on the deflated price index for air
and gas compressor manufacturing,' and the other is based on AEO2016’s deflator for industrial
equipment.’ Details on how these alternative price trends were developed are in Appendix 10B,
which also presents results from the sensitivity analysis DOE developed based on these two
equipment price scenarios.

10.4.2.3  Unit Lifetime Operating Cost

The annual operating cost includes only electricity costs as repair and maintenance costs
do not vary with efficiency level. The unit lifetime energy cost expresses an estimate of the
market average expense for electricity that owners of all air compressors of a given equipment
class, shipped in a given year, will have to operate these air compressors over their lifetime.

DOE determined annual energy consumption of air compressors through the energy use
and LCC analysis. DOE then applied national average electricity prices based on the sector-
specific electricity prices described in Chapter 8, Section 8.3.2.2.

" Series ID PCU333911333911; www.bls.gov/ppi/
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As with the total installed cost data, DOE developed projected annual electricity expenses
based on the annual projections of market share by efficiency level specified in the base case and
standards cases. DOE multiplied the market share by efficiency level in each year by the per-unit
electricity costs by efficiency level to calculate shipment-weighted average annual electricity
costs. DOE then applied electricity price trends from AEO 2016 to scale the electricity expenses
moving forward, as shown in Figure 10.4.1.

$0.12

——
$0.10

$0.08

$0.06 @ ndustrial

$/kWh

e Commercial

$0.04
$0.02

$0.00
2022 2027 2032 2037 2042 2047 2052 2057

Figure 10.4.1 Marginal Electricity Price Time Series

10.4.2.4 Discount Rate

The discount rate expresses the time value of money. DOE used real discount rates of 3
percent and 7 percent, as established by the U.S. Office of Management and Budget (OMB)
guidelines on regulatory analysis.? The discount rates DOE used in the LCC are distinct from
those it used in the NPV calculations, in that the NPV discount rates represent the societal rate of
return on capital investment, whereas LCC discount rates reflect the owner cost of capital and the
financial environment of electric utilities and commercial and industrial entities.

10.5 TRIAL STANDARD LEVELS

DOE analyzed the benefits and burdens of six TSLs for air compressors. These TSLs
were developed by combining specific efficiency levels for each of the product classes analyzed
by DOE. DOE presents the results for the TSLs in this document, while the results for all
efficiency levels that DOE analyzed are in the TSD.
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Table 10.5.1 presents the TSLs and the corresponding efficiency levels for air
compressors. TSL 6 represents the maximum technologically feasible (“max-tech”) energy
efficiency for all equipment classes. For the rotary positive lubricated equipment classes the
TSL increase directly with the analyzed ELs from EL 1 through max-tech (EL 6). TSL 3 is of
significance because it represents a combination of efficiency levels that are equivalent to the
draft EU second tier minimum energy efficiency requirement for rotary lubricated air
compressors.’ For rotary positive lubricant-free equipment classes TSLs 1 through 5 are held at
EL 0 (a new standard at baseline), while max-tech is represented at TSL 6. For reciprocating
equipment classes TSLs 1 through 5 are held at EL 0 (no-new-standard), while max-tech is
represented at TSL 6.

Table 10.5.1 Mapping Between TSLs and Efficiency Levels

(Egé‘;pme”t Class | g1 | TsL2| TsL3 | TsLa | TsLs | TsLs
RP_FS_L_AC 1 2 3 4 5 6
RP_FS_L_WC 1 2 3 4 5 6
RP_VS_L_AC 1 2 3 4 5 6
RP_VS_L_WC 1 2 3 4 5 6

10.6 RESULTS

DOE evaluated NES and NPV for each equipment class and TSL using the inputs and
methodologies described in Sections 10.3 and 10.4. Table 10.6.1 and Table 10.6.2 present the
NES results; and Table 10.6.3 and Table 10.6.4 present the NPV results.

Table 10.6.1 Cumulative National Primary Energy Savings for Commercial and
Industrial Air Compressors Trial Standard Levels for Units Sold in 2022-
2051 (quads)

TSL1 | TSL2 | TSL3 | TSL4 | TSL5 | TLS6

RP_FS L AC 0.02 0.10 0.30 0.41 0.59 1.08

RP_FS L WC | 0.01 0.05 0.11 0.14 0.21 0.40

RP_VS L AC | 0.00 0.00 0.02 0.02 0.04 0.08

RP_ VS L WC| 0.00 0.00 0.01 0.01 0.02 0.03

Total 0.03 0.15 0.43 0.59 0.87 1.59
Note: Components may not sum to total due to rounding.

J For more information regarding the draft regulation see: www.eup-network.de/product-groups/overview-
ecodesign/
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Table 10.6.2 Cumulative National Full-Fuel-Cycle Energy Savings for Commercial and
Industrial Air Compressors Trial Standard Levels for Units Sold in 2022-
2051 (quads)

TSL1 | TSL2 | TSL3 | TSL4 | TSL5 | TLS6
RP_FS L AC 0.02 0.10 0.32 0.42 0.62 1.13
RP FS L wcC | 0.01 0.05 0.11 0.15 0.22 0.41
RP_ VS L AC | 0.00 0.00 0.02 0.03 0.04 0.08
RP VS L wC| 0.00 0.00 0.01 0.01 0.02 0.04
Total 0.03 0.16 0.45 0.61 0.91 1.66

Note: Components may not sum to total due to rounding.

Table 10.6.3 Cumulative Net Present Value at a 3-percent Discount Rate of Customer
Benefit for Commercial and Industrial Air Compressors Trial Standard
Levels for Units Sold in 2022-2051 (billion 2015%

TSL1 | TsL2 | TSL3 | TSL4 | TSL5 | TLS6
RPFS L AC | 007 | 030 | 083 | 107 | 148 | 233

RP FS_L WC | 002 | 013 | 029 | 038 | 054 | 089
RP VS L AC | 000 | 001 | 003 | 0.04 | 0.05 | 0.04
RP VS L WC| 000 | 001 | 001 | 001 | 002 | 001
Total 010 | 045 | 1.15 | 150 | 208 | 3.26

* Numbers in parentheses indicate negative NPV.
Note: Components may not sum to total due to rounding.

Table 10.6.4 Cumulative Net Present Value at a 7-percent Discount Rate of Customer
Benefit for Commercial and Industrial Air Compressors Trial Standard
Levels for Units Sold in 2022-2051 (billion 2015%

TSL1 | TsL2 | TSL3 | TSL4 | TSL5 | TLS6
RPFS L AC | 003 | 011 | 029 | 037 | 050 | 0.72

RP FS L WC | 001 | 005 | 010 | 013 | 018 | 028
RP_ VS L AC | 000 | 000 | 001 | 001 | 0.01 | (0.01)
RP_ VS L WC| 000 | 000 | 000 | 000 | 0.00 | (0.01)
Total 004 | 016 | 040 | 051 | 068 | 0098

* Numbers in parentheses indicate negative NPV.
Note: Components may not sum to total due to rounding.
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CHAPTER 11. CUSTOMER SUBGROUP ANALYSIS

11.1 INTRODUCTION

The customer subgroup analysis evaluates impacts on any identifiable groups or
customers who may be disproportionately affected by any national energy conservation standard.
The U.S. Department of Energy (DOE) evaluates impacts on particular subgroups of customers
primarily by analyzing the life-cycle cost (LCC) impacts and payback period (PBP) for those
customers from the considered energy efficiency levels. DOE determines the impact on
customer subgroups using the LCC spreadsheet models for air compressors. Chapter 8 explains
in detail the inputs to the models used in determining LCC impacts and PBPs. For this analysis,
DOE evaluated impacts on customers which are small businesses.

This chapter describes the subgroup identification in further detail and gives the results of
the LCC and PBP analyses for the considered subgroups.

11.2 SUBGROUPS DEFINITION

11.2.1 Small Businesses

The Small Business Administration (SBA) defines a small business by its annual receipts
or its number of employees. Air compressors are used throughout the U.S. economy to drive
various types of equipment, so DOE did not assign a different distribution of air compressor
applications or sectors of the economy to this subgroup.

To calculate discount rates for small companies that purchase air compressors, DOE used
the same methodology as for the general population of air compressor consumers as presented in
chapter 8.2 Although the general methodology is appropriate, the capital asset pricing model
(CAPM)® described in chapter 8 for the general population underestimates the cost of capital for
small companies. In CAPM, the risk premium f is used to account for the higher returns
associated with greater risk. However, for small companies, particularly very small companies,
historic returns have been significantly higher than the CAPM equation predicts. This additional
return can be accounted for by adding a size premium to the cost of equity for small firms:

k, =R, +(BxERP)+S

ke=  Cost of equity,

Ri=  Expected return on risk-free assets,
S = Risk coefficient of the firm,

ERP = Equity risk premium, and

S=  Size Premium.

 DOE assumed that small businesses as a whole are a reasonable approximation for small businesses which use air
Compressors.
> See 8.2.4.3 for more extensive description of CAPM and its parameters.
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DOE calculated the real weighted average cost of capital (as described in chapter 8) using
the cost of equity including a size premium for small companies instead of the CAPM cost of
equity. DOE estimates that small companies have average discount rates 2.8-percent higher than
the sector average in the industrial sector and 2.1-percent higher than the sector average in the
commercial sector, based on data from Damodaran® (see Table 11.2.1).

Table 11.2.1 Discount Rate Difference Between Small Company and Sector Average

Discount Rate
Sector Average Std Dev S[r)niicl:lo;:r?{n Iggtr(]ey
Premium
industrial |Gl Companies |7 o% |22 20
commeri [ eS8 L3

In chapter 8, DOE estimated the average discount rate to be 5.2-percent for industrial
customers and 5.1-percent for commercial customers. Applying the additional small
capitalization discount rate premiums, as presented in Table 11.2.1, the average small business
discount rate is 7.9-percent for the industrial sector and 7.2-percent for the commercial sector.

The LCC results using the above assumptions are shown in the following tables.
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11.3 RESULTS FOR AIR COMPRESSOR SUBGROUPS

11.3.1 Small Business Subgroup

Table 11.3.1 Average LCC and PBP Results by Efficiency Level for Rotary Positive, Fixed
Speed, Lubricated, Air Cooled Air Compressors (RP_FS L AC)

Average Costs

2014% Simple | Average

EL Payback | Lifetime
First Year’s Lifetime years years

Installed Cost | Operating Operating LCC
Cost Cost

0 $21,693 $12,795 $93,592 $115,286 -- 12.9
1 $21,979 $12,652 $92,557 $114,536 2.0 12.9
2 $22,593 $12,426 $90,926 $113,519 2.4 12.9
3 $23,777 $12,084 $88,449 $112,226 2.9 12.9
4 $24,339 $11,946 $87,442 $111,780 3.1 12.9
5 $25,379 $11,714 $85,761 $111,140 34 12.9
6 $28,231 $11,186 $81,921 $110,152 4.1 12.9

Table 11.3.2 LCC Savings Relative to the Base Case Efficiency Distribution for Rotary

Positive, Fixed Speed, Lubricated, Air Cooled Air Compressors (RP_FS_L_AC)

% Avgrage

Consumers | >2VINgs -

EL . Impacted

with Net
Cost Consumers

2014%
1 0.1 $6,387
2 1.0 $6,538
3 4.2 $6,003
4 6.8 $5,829
5 9.8 $6,283
6 18.4 $6,628
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Table 11.3.3 Average LCC and PBP Results by Efficiency Level for Rotary Positive, Fixed
Speed, Lubricated, Water Cooled Air Compressors (RP_FS L WC)

Average Costs

2014% Simple | Average

EL ) Payback | Lifetime
Installed First Year's Lifetime years years

Cost Operating Operating Cost Lce
Cost

0 $37,562 $24,412 $181,343 $218,905 -- 13.5
1 $38,060 $24,192 $179,685 $217,745 2.3 13.5
2 $39,274 $23,774 $176,585 $215,859 2.7 135
3 $41,088 $23,268 $172,819 $213,907 3.1 135
4 $42,023 $23,038 $171,116 $213,139 3.3 135
5 $43,732 $22,652 $168,258 $211,991 3.5 13.5
6 $48,329 $21,763 $161,684 $210,013 4.1 13.5

Table 11.3.4 LCC Savings Relative to the Base Case Efficiency Distribution for Rotary
Positive, Fixed Speed, Lubricated, Water Cooled Air Compressors (RP_FS_L_WC)

% Consumers Average Savings -
=L with Net Cost Impacted
Consumers 2014$
L 0.2 $10,082
2 17 $8,762
3 3.7 $11,659
4 /.3 $9,335
S 10.0 $10,238
6 17.3 $11,281
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Table 11.3.5 Average LCC and PBP Results by Efficiency Level for Rotary Positive,
Variable Speed, Lubricated, Air Cooled Air Compressors (RP_VS L AC)

Average Costs

2014% Simple | Average

EL Payback | Lifetime
First Year’s Lifetime years years

Installed Cost Operating Operating LCC
Cost Cost

0 $37,087 $11,356 $82,714 $119,801 -- 13.3
1 $37,395 $11,282 $82,183 $119,579 4.2 13.3
2 $38,190 $11,129 $81,069 $119,259 4.9 13.3
3 $39,795 $10,873 $79,216 $119,011 5.6 13.3
4 $40,860 $10,725 $78,146 $119,007 6.0 13.3
5 $43,357 $10,424 $75,955 $119,313 6.7 13.3
6 $49,261 $9,861 $71,863 $121,124 8.1 13.3

Table 11.3.6 LCC Savings Relative to the Base Case Efficiency Distribution for Rotary
Positive, Variable Speed, Lubricated, Air Cooled Air Compressors (RP_VS L_AC)

% Ave_:rage

Consumers | S2VINgs -

EL . Impacted

with Net
Cost Consumers
2014%
1 2.4 $1,916
2 8.0 $1,982
3 21.0 $1,504
4 28.1 $1,289
5 36.7 $723

6 53.9 -$1,683
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Table 11.3.7 Average LCC and PBP Results by Efficiency Level for Rotary Positive,
Variable Speed, Lubricated, Water Cooled Air Compressors (RP_VS L WC)

Average Costs

2014$ Simple | Average

EL _ Payback | Lifetime
Installed First Year's Lifetime years years

Cost Operating Operating Cost Lce
Cost

0 $59,018 $19,524 $142,994 $202,012 -- 13.5
1 $59,666 $19,363 $141,833 $201,499 4.0 13.5
2 $61,566 $18,996 $139,164 $200,730 4.8 135
3 $64,756 $18,513 $135,636 $200,392 5.7 135
4 $66,402 $18,298 $134,074 $200,475 6.0 135
5 $70,204 $17,855 $130,845 $201,049 6.7 13.5
6 $79,662 $16,961 $124,322 $203,984 8.1 13.5

Table 11.3.8 LCC Savings Relative to the Base Case Efficiency Distribution for Rotary
Positive, Variable Speed, Lubricated, Water Cooled Air Compressors (RP_VS L WC)

% Avgrage
Savings -
Consumers
EL . Impacted
with Net
Cost Consumers

2014%
1 2.2 $4,550
2 11.7 $3,601
3 18.3 $3,751
4 30.8 $2,492
5 38.1 $1,430
6 541 -$2,488
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CHAPTER 12. MANUFACTURER IMPACT ANALYSIS

121 INTRODUCTION

In determining whether a standard is economically justified, the U.S. Department of
Energy (DOE) is required to consider “the economic impact of the standard on the manufacturers
and on the consumers of the equipment subject to such a standard.” (42 U.S.C. 6313(a)(6)(B)(i))
The statute also calls for an assessment of the impact of any lessening of competition as
determined in writing by the Attorney General. Id. DOE conducted a manufacturer impact
analysis (MIA) to estimate the financial impact of proposed energy conservation standards on
manufacturers of air compressors, and assessed the impact of such standards on direct
employment and manufacturing capacity.

The MIA has both quantitative and qualitative aspects. The quantitative part of the MIA
primarily relies on the Government Regulatory Impact Model (GRIM), an industry cash-flow
model adapted for this rulemaking. The GRIM inputs include information on industry cost
structure, shipments, and pricing strategies. The GRIM’s key output is the industry net present
value (INPV). The model estimates the financial impact of more stringent energy conservation
standards by comparing changes in INPV between a no-new-standards case and the various trial
standard levels (TSLs) in the standards case. The qualitative part of the MIA addresses
equipment characteristics, manufacturer characteristics, market and equipment trends, as well as
the impact of standards on subgroups of manufacturers.

122 METHODOLOGY

DOE conducted the MIA in three phases. The following sections provide a detailed
outline of each phase.

12.2.1 Phase I: Industry Profile

In Phase I of the MIA, DOE prepared a profile of the air compressors industry that built
upon the market and technology assessment prepared for this rulemaking (refer to chapter 3 of
the technical support document, TSD). Before initiating the detailed impact studies, DOE
collected information on the market characteristics of the air compressors industry. This
information included equipment shipments, manufacturer markups, and the cost structure for
various manufacturers. The industry profile includes: (1) further detail on the overall market and
equipment characteristics; (2) financial parameters such as net plant, property, and equipment;
selling, general and administrative (SG&A) expenses; cost of goods sold, etc.; and (3) trends in
the number of firms, market, and equipment characteristics. The industry profile included a top-
down cost analysis of air compressors manufacturers that DOE used to derive the preliminary
financial inputs for the GRIM (e.qg., revenues, depreciation, SG&A, and research and
development (R&D) expenses).

DOE also used public information to further calibrate its initial characterization of the
industry, including Securities and Exchange Commission (SEC) 10-K reports, Standard & Poor’s
(S&P) stock reports, industry trade association membership directories (e.g., the Compressed Air
and Gas Institute), market research tools (e.g., Hoovers reports), corporate annual reports, and
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the U.S. Census Bureau’s 2014 Annual Survey of Manufacturers (2014 ASM).**° DOE also
characterized the industry using information from its engineering analysis..

12.2.2 Phase I1: Framework Industry Cash-Flow Analysis, and Interview Guide

In Phase 2 of the MIA, DOE prepared a framework industry cash-flow analysis to
quantify the potential impacts of new energy conservation standards on manufacturers. In
general, energy conservation standards can affect manufacturer cash flow in three distinct ways:
(1) create a need for increased investment; (2) raise production costs per unit; and (3) alter
revenue due to higher per-unit prices and changes in sales volumes. To quantify these impacts,
DOE uses the GRIM to estimate a series of annual cash flows starting with the announcement of
the standard and extending over a 30-year period following the compliance date of the standard.
Inputs to the GRIM include annual expected revenues, costs of sales, SG&A expenses, R&D
expenses, taxes, and capital expenditures.

In addition, DOE prepared a written interview guide to obtain targeted information from
manufacturers during Phase I11. Most of the information received from the interview guides is
protected by non-disclosure agreements and resides with DOE’s contractors. Topics covered in
the guide included: (1) key issues to this rulemaking; (2) company overview and organizational
characteristics; (3) industry structure and competition; (4) financial parameters; (5) markups and
profitability; (6) conversion costs; (7) direct employment, foreign competition, and outsourcing;
(8) cumulative regulatory burden; and (9) impacts on small businesses.

12.2.3 Phase I11: Interviews, Revised Industry Cash-Flow Analysis, and Manufacturer
Subgroup Analysis

In Phase 111, DOE interviewed a range of air compressors manufacturers, including small
and large companies. The interviews provided DOE with valuable information for evaluating the
impacts of energy conservation standards on manufacturer cash flows, investment requirements,
and employment. Using information from Phase Il and from the interviews, DOE refined its
analysis for the equipment classes included in the GRIM. Additionally, DOE used information

% Securities and Exchange Commission, Annual 10-K Reports, Various Years,
Washington DC. < www.sec.gov/index.htm>.

® Standard and Poors Financial Services LLC, Company Credit Ratings, Various Companies, New York, NY.
<www.standardandpoors.com/en_US/web/guest/home>.

U.S. Census Bureau, Annual Survey of Manufacturers: General Statistics: Statistics for Industry Groups and
Industries (2014) (Available at:
http://factfinder.census.gov/faces/tableservices/jsf/pages/productview.xhtml?pid=ASM_2014 31GS101&prodType
=table)
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from Phase Il and from the interviews to assess small business impacts, manufacturing capacity,
direct employment impacts, and cumulative regulatory burden.

12.2.3.1 Manufacturer Interviews

The information gathered in Phase | and the cash-flow analysis performed in Phase Il are
supplemented with information gathered from manufacturer interviews in Phase Ill. The
interview process provides an opportunity for interested parties to privately express their views
on important issues, thereby allowing confidential or sensitive information to be considered in
the rulemaking process. As with the interview guides, most of the information received from
these meetings is protected by non-disclosure agreements and resides with DOE’s contractors.
DOE sought to obtain feedback from industry on the approaches used in the GRIM and to isolate
key issues and concerns.

DOE used these interviews to tailor the GRIM to reflect unique financial characteristics
of each equipment group. Interviews were scheduled well in advance to provide every
opportunity for key individuals to be available for comment. Although a written response to the
questionnaire was acceptable, DOE sought interactive interviews, which help clarify responses
and identify additional issues. The resulting information provides valuable inputs to the GRIM
developed for the equipment classes. DOE estimates that the interviewed manufacturers account
for approximately 70 percent of the domestic rotary air compressor market.

12.2.3.2 Revised Industry Cash-Flow Analysis

In Phase 111 of the MIA, DOE provided manufacturers with preliminary GRIM input
financial figures for review and evaluation. During the interviews, DOE requested comments on
the values it selected for the parameters. DOE revised its industry cash-flow model based on this
feedback. Section 12.4.4 provides more information on how DOE calculated the parameters.

12.2.3.3 Manufacturer Subgroup Analysis

Using average cost assumptions to develop an industry-cash-flow estimate may not
adequately assess differential impacts of energy conservation standards among manufacturer
subgroups. For example, small manufacturers, niche players, or manufacturers exhibiting a cost
structure that largely differs from the industry average, could be more negatively affected. To
address this possible impact, DOE used the results of the industry characterization analysis in
Phase | to group manufacturers that exhibit similar characteristics.

Small-Business Manufacturer Subgroup. DOE investigated whether small business
manufacturers should be analyzed as a manufacturer subgroup. DOE used the Small Business
Administration (SBA) small business size standards effective on February 26, 2016, and the
North American Industry Classification System (NAICS) code to determine whether any small
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entities would be affected by the rulemaking. The SBA defines a small business for “Air and
Gas Compressor Manufacturing” as a company with 1,000 or fewer employees. The number of
employees in a small business is rolled up with the total employees of the parent company; it
does not represent the division manufacturing compressors. For compressors, the size standard is
matched to NAICS code 333912, Air and Gas Compressor Manufacturing. During the NOPR
stage, the SBA threshold for NAICS code 333912 was 500 or fewer employees. DOE has
updated its final rule analysis to reflect the new size standards.

To estimate the number of small business manufacturers of equipment covered by this
rulemaking, DOE conducted a market survey using available public information. DOE’s research
involved industry trade association membership directories (including the Compressed Air and
Gas Institute, CAGI), individual company and online retailer websites, and market research tools
to create a list of companies that manufacture equipment covered by this rulemaking. DOE
presented its list to manufacturers in MIA interviews and asked industry representatives if they
were aware of any other small manufacturers during manufacturer interviews and at DOE public
meetings. DOE reviewed publicly available data and contacted select companies on its list, as
necessary, to determine whether they met the SBA’s definition of a small business manufacturer.
DOE screened out companies that do not offer equipment covered by this rulemaking, do not
meet the SBA definition of a small business, or are foreign-owned and operated.

12.2.3.4 Manufacturing Capacity Impact

One significant outcome of new energy conservation standards could be the obsolescence
of existing manufacturing assets. The manufacturer interview guide included a series of
questions to help identify impacts of new standards on manufacturing capacity, specifically
capacity utilization and plant location decisions in the United States, with and without standards;
the ability of manufacturers to upgrade or remodel existing facilities to accommodate the new
requirements; the nature and value of any stranded assets; and estimates for any one-time
changes to existing plant, property, and equipment (PPE). DOE’s estimates of the one-time
capital changes affect the cash flow estimates in the GRIM. These estimates can be found in
section 12.4.10. DOE’s discussion of the capacity impact can be found in section 12.7.2.

12.2.3.5 Employment Impact

The impact of energy conservation standards on employment is an important
consideration in the rulemaking process. To assess how domestic direct employment patterns
might be affected, the interviews explored current employment trends in the air compressors
industry. The interviews also solicited manufacturer views on changes in employment patterns
that may result from standards. The employment impacts are reported in section 12.7.1.

9 The size standards are available on the SBA’s website at
<www.sba.gov/sites/default/files/files/Size Standards Table.pdf>.

12-4


https://www.sba.gov/sites/default/files/files/Size_Standards_Table.pdf

12.2.3.6 Cumulative Regulatory Burden

DOE seeks to mitigate the overlapping effects on manufacturers due to new energy
conservation standards and other regulatory actions affecting the same equipment. DOE analyzed
the impact on manufacturers of multiple, product-specific regulatory actions. Discussion of the
cumulative regulatory burden can be found in section 12.7.3.

12.3 DISCUSSION OF COMMENTS

During the notice of proposed rulemaking (NOPR) public meeting, interested parties
commented on the assumptions and results of the analyses. Verbal and written comments
addressed several topics, including concerns regarding European Union (EU) harmonization,
testing impacts, impacts on packagers, and small business impacts.

12.3.1 EU Harmonization

Several stakeholders commented that DOE should consider the cumulative regulatory
burden of simultaneous energy conservation standards that the industry is currently facing,
particularly with the European Union’s standards. In a joint comment, stakeholders stated that
DOE should refine its analysis to include the cost effectiveness of full harmonization with the
pending EU Compressor energy efficiency standards. Some manufacturers have already begun
preparations for the proposed EU standard. Additionally, stakeholders commented that DOE
should analyze the returns from the increased scale of production and a shared learning curve
with international standards harmonization to consider the differential cost of development for
products designed to comply. If U.S. and EU standards are not harmonized, these manufacturers
noted they would either have to carry a greater number of equipment lines to comply with
efficiency standards in both domestic and European markets, or sell a single set of high
efficiency equipment in both markets. Either option will be cumbersome for manufacturers.
(ASAP; ACEEE; NEEA; NRDC; NEEP; ASE, No. 60 at p. 3)

On the other hand, Sullivan-Palatek commented that some manufacturers only have U.S.
operations and cannot take advantage of harmonizing with EU standards. Therefore, it would not
be beneficial for all manufacturers to harmonize with EU standards. (Sullivan-Palatek, Public
Meeting Transcript No. 44 at p. 127)

In response, DOE acknowledges that harmonization with EU standards would reduce
cumulative regulatory burden for some manufacturers. In the test procedure final rule, DOE
excluded non-lubricated rotary compressors from the scope of test procedures in part to help
manufacturers harmonize with the EU’s standards. In this final rule, DOE modeled a low
conversion cost scenario that accounts for potential synergies with the potential EU standard. In
this scenario, industry has lower total conversion costs based synergies with the EU Standards, as
proposed in EU’s “Lot 31” analysis, which set air compressor standards for both reciprocating
and rotary air compressors. As such, EU standards were considered as a factor in DOE’s
analysis. Further, to account for feedback that harmonization with EU standards would not be
beneficial to industry, DOE modeled a high conversion cost scenario that reflects higher level of
investments by manufacturers.
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12.3.2 Testing Impacts

Sullivan-Palatek and Castair stated that a complex sampling and compliance program is a
burden to such a low-volume specialty industry, particularly due to the staff, software and testing
facilities required. These commenters were concerned that the test procedure, even with AEDMs,
do not align with current testing methods used by the industry over the past 10 years. (Sullivan-
Palatek, Public Meeting Transcript No. 0044 at p. 154-155; Castair, No. 45 at pp. 1-2) To
address comments raised in both the test procedure rulemaking and the standards rulemaking,
DOE amended the compressor test procedure to align as closely as possible to ISO 1217:2009 in
order toreduce manufacturer burden. With these modifications, the test methods established in
the final rule are intended to produce results equivalent to those produced historically under ISO
1217:2009. Consequently, if historical test data is consistent with values that will be generated
when testing with the test methods established in this final rule, then manufacturers may use this
data for the purposes of representing any metrics subject to representations requirements. (DOE,
Public Meeting Transcript, No. 0016 at p. 136)

Jenny Products and Compressed Air Systems commented that the high cost to comply
with the test procedure and standard would place a significant burden on small manufacturers.
(Jenny Products, No. 58 at p. 5; Compressed Air Systems, No. 61 at p. 4) Additionally, Jenny
and CAGI raised concerns that the testing process would require technical resources that would
come at the expense of other priorities, such as customer service. (Jenny Products, No. 58 at p. 5;
CAGI, No. 52 at p. 3)

Compressed Air Systems noted that testing four to five units based on the NOPR test
procedure could cost up to $125,000 for a manufacturer. Most domestic small air compressor
manufacturers produce small quantities of each model offered, which is a heavy cost burden to
smaller companies with limited access to capital. (Compressed Air Systems, No. 61 at p. 4)

DOE understands the commenter’s concerns about the scope of the test procedure as
defined in the test procedure NOPR, which included many low-shipment volume or custom
compressor models. In the test procedure final rule, DOE takes two key steps to address
commenters’ concerns and to reduce the burden of testing, especially for low-volume equipment.
First, DOE significantly limits the scope of the test procedure final rule, as compared to the
scope proposed in the test procedure NOPR. Second, DOE adopts provisions allowing the use of
an alternative efficiency determination method (AEDM), in lieu of testing.

The revised scope aligns with the scope recommended by CAGI and other manufacturers.
Further, the 10 to 200 hp scope established in the test procedure final rule falls within the scope
of the CAGI Performance Verification Program for rotary compressors. A complete discussion
can be found in the test procedure final rule.

In addition, the test procedure final rule adopts provisions allowing for the use of
AEDMs. AEDMs are mathematical calculations or models that manufacturers may use to predict
the energy efficiency or energy consumption characteristics of a basic model. The use of
AEDMs are intended to reduce the need for physical testing and to reduce the overall testing
burden for manufacturers.
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12.3.3 Impact to Packagers

During the NOPR public meeting, Sullivan-Palatek and Compressed Air Systems stated
that packagers would incur engineering expenses as a result of the standard. They requested
DOE incorporate cost estimates for packagers to comply with the standard in the revised
analysis. (Compressed Air Systems; Sullivan-Palatek, Public Meeting Transcript No. 44 at p.
138-140) In written comments, Jenny Products stated that DOE should include in its cost
estimate engineering redesign and certification costs for packagers. Jenny Products stated that
the redesign of air ends by OEMs will only partially help packagers meet the standard. (Jenny
Products, No. 58 at p. 4) In written comments, Sullivan-Palatek estimated packagers could have
engineering redesign costs that exceed $1 million per company, depending on the number of
models they offer. (Sullivan-Palatek, No. 51 at p. 1-2) Additionally, Castair requested that
American air compressor packagers be exempt from this regulation (Castair, No. 18 at p. 2;
CAGI, No. 52 at p. 3; Sullivan-Palatek, No. 51 at p. 2)

Sullivan-Palatek commented that contrary to DOE’s assumption, this standard will result
in significant production redesign costs for compressor packagers. They argue that the cost to
packagers could in fact exceed $1 million per company because many of the energy gains
required by this standard come not only from air end redesign, but also from packaging.
(Sullivan-Palatek, No. 51 at p. 1-2) Additionally, Castair requested that American air compressor
packagers be exempt from this regulation. (Castair, No. 18 at p. 2; CAGI, No. 52 at p. 3)

Although DOE is not exempting packagers from the analysis, DOE has revised its
analysis to calculate and include costs associated with packagers in its final rule analysis. DOE
estimates that packagers will incur between $10.5 and $15.2 million in total engineering redesign
costs to comply with the energy conservation standards of this final rule. As such, DOE has
included this cost to packagers in total conversion costs estimated at TSL 2, which are between
$98.1 million and $121.3 million for the industry. Details of the conversion cost methodology
are described in section 12.4.10.

12.3.4 Small Business Impacts

Many manufacturers stated that small businesses will be negatively affected by the
proposed regulation compared to their larger multinational counterparts. Sullivan-Palatek stated
that it is difficult for small businesses to access capital compared to their larger competitors.
(Sullivan-Palatek, Public Meeting Transcript No. 44 at p. 141-143) A few manufacturers also
noted that a stringent standard can cause a disproportionate cost burden to small business. This
burden will likely cause many small businesses to exit the rotary compressor business or to be
acquired by larger companies. (Sullivan-Palatek, No. 51 at p. 2-9; Castair, No. 52 at p. 3;
Compressed Air Systems, No. 61 at p. 4) Often times, these small businesses, both
manufacturers and packagers, employ specialized workers that may not be able to find a new job
where they can use their skills. (Sullivan-Palatek, No. 51 at p. 9; Castair, No. 45 at p. 1; CAGI,
No. 52 at p. 3)

Consistent with the requirements of the Regulatory Flexibility Act (5 U.S.C. 601, et seq.),
as amended, the Department analyzed the expected impacts of an energy conservation standard
on small business compressor manufacturers directly regulated by DOE’s standards. DOE
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understands that small manufacturers may be significantly affected by an energy conservation
standard. These impacts are discussed in detail in section 12.6. Furthermore, DOE analyzes the
impacts of a compressors energy conservation standard on domestic direct employment in
section VI.B.

Additionally, Sullivan-Palatek questioned how a smaller firm, such as their own, with the
same number of models requiring conversion as a large manufacturer, would have fewer
conversion costs. The company requested an independent analysis by the Department of Justice.
(Sullivan-Palatek, No. 51 at p. 8-9)

In the NOPR, DOE reported an average conversion cost for small manufacturers.
Depending on the number of models offered and equipment efficiencies, small manufacturers
may find that their conversion costs fall either above or below the small business average. In the
NOPR and final rule analyses, DOE identified two small OEMs. For those two small OEMs,
DOE identified 23 failing models or models that do not comply with the standard. DOE notes
that 21 of the 23 failing models are manufactured by one small business OEM, which is
Sullivan-Palatek. Sullivan-Palatek has a significant portion of failing models is above the
industry average failure rate. A more detailed analysis of small business impacts can be found in
section VI.B.

During the notice of proposed rulemaking public meeting, DOE cautioned stakeholders
that Small Business Administration (“SBA”) size standards may shift before the final rule is
published. Sullair and CAGI commented that with an increased size standard, from 500
employees to 1,000 employees, the number of OEMs identified would increase as well. (CAGI,
Public Meeting Transcript No. 44 at p. 141; Sullair, Public Meeting Transcript No. 44 at p. 140)

For the compressor manufacturing industry, the SBA sets size threshold, which defines
those entities classified as small businesses f