St Editionio:
Floriea Building Code

Proposed Code Modifications

ENERGY
DETAIL

This document created by the Florida Department of Business and Professional Regulation -

850-487-1824

Page 1



TAC: Energy

Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

EN10457
02/15/2022 Section 1 Proponent Jeff Sonne for
FSEC

Chapter 10 Affects HYHZ No Attachments Yes

‘AC Recommendation Pending Review
Commission Action Pending Review
Comments
General Comments Yes Alternate Language Yes

Related Modifications

Summary of Modification
Update Form R402 and resolve inconsistencies.

Rationale

The proposed mod updates Form R402 to include new SEER2 and HSPF2 efficiency ratings, adds space cooling
and heating system entry fields and details, and resolves water heating UEF inconsistencies. No changes to code
stringency (just shows new federal equipment efficiency requirements).

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
None; only updates and improves Form R402.

Impact to building and property owners relative to cost of compliance with code
None; only updates and improves Form R402.

Impact to industry relative to the cost of compliance with code
None; only updates and improves Form R402.

Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
Yes; benefits public by updating and improving Form R402.
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
Improves code by updating and improving Form R402.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities
Does not discriminate; updates and improves Form R402.
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Does not degrade the effectiveness of the code
Increases code effectiveness by updating and improving Form R402.

Page 3



Alternate Language

Proponent Jeff Sonne for FSEC ~ Submitted 4/16/2022 2:36:00 PM Attachments Yes
Rationale:
his alternative keeps the original 10457 mod except as follows: - In response to alt. language comment A1, and
instead of the A1 change, recommend the table title clarification provided here in A2. Since this table is in Form
R402 which is prescriptive, it does not create a requirement for performance compliance, but the table name
change should help reduce confusion. - In response to general comment G1, the proponent agrees and adds
sighature spaces to Form R402.
Fiscal Impact Statement
Impact to local entity relative to enforcement of code
No impact; clarification only.
Impact to building and property owners relative to cost of compliance with code
No impact; clarification only.
Impact to industry relative to the cost of compliance with code
No impact; clarification only.
Impact to small business relative to the cost of compliance with code
Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
Yes; clarifies code.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction

Yes; clarifies code.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities

No; only clarifies code.
Does not degrade the effectiveness of the code

No; only clarifies code.

Proponent Gary Kozan Submitted 4/11/2022 9:46:29 AM  Attachments Yes

Rationale:

EN10457 is proposing updates to Appendix D, Form R402. We agree with these updates, but this would be a good
ime to make other needed corrections to the form. The hot water piping insulation locations described in R403.5.3

are PRESCRIPTIVE, not MANDATORY. Therefore this section would not apply when taking the performance-based
approach outlined in R401.2, and should not appear on Form R402.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
No enforcement cost impact to local entities

Impact to building and property owners relative to cost of compliance with code
no compliance cost impact to building and property owners

Impact to industry relative to the cost of compliance with code
no compliance cost impact to industry

Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
Corrects errors in current form
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Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction

Improves the code by making needed corrections for a more consistent application
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities

Does not discriminate against materials, products, or systems
Does not degrade the effectiveness of the code
Does not degrade the effectiveness of the code

1st Comment Period History

No

3/4/2022 2:47:32 PM Attachments

Proponent Submitted
Comment:
| agree and support this proposed code change. In addition to the modification proposed, | recommend that the
Name and Signature Section for both the preparer and the owner agent have seperate lines for a printed name and
a signature. Signatures are normally not readable and a place for a printed name is needed for contact in addition

o the line for the required signature for certification.

1st Comment Period History

Timothy de Carion

Amanda Hickman Submitted 4/14/2022 11:15:20 AM Attachments No

Proponent
Comment:

LBA does not support the modification, as it is not appropriate for Florida and/or is not cost justified.

N10457-G2
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EN10457-A2Text Modification

MANDATORY OTHER REQUIREMENTS

Component

Section

Summary of Requirement(s)

Check

Air leakage

R402.4

To ke caulked, gasketed, weatherstripped or otherwise sealed per Takle
R402.4.1.1. Recessed lighting |C-raled as having <= 2.0 cfm tested to ASTM E
283 Windows and doors: 0.3 cfm/sq.ft. (swinging doors: 0.5 cfm/sf) when tested to
NFRC 400 or AAMAANDMAICSA 101/1.S. 2/A440. Fireplaces: Tighi-fitting flue
dampers & ouldoor combuslion air.

Programmable thermostat

R403.1.2

A programmable thermostat is required for the primary heating or cooling system.

Air distribution system

R403.3.2
R403.3.4

Ducts shall be tested as per Section R403.3.2 by either individuals as defined in
Sectionb53.993(5) or (7), Florida Statutes, or individuals licensed as set forth in
Section 489.105(3) (), (g) or (i), Florida Statutes. Air handling units are not allowed
in atlics.

Water healers

R403.5

Comply with efficiencies in Table C404.2 Hot waler pipes insulated to >= R-3 to
kitchen outlets, other cases. Circulating systems to have an automatic or accessible
manual OFF switch. Heat trap required for vertical pipe risers.

Cooling/healing equipment

R403.7

Sizing calculation performed & attached. Special occasion cocling or heating
capacity requires separate system or variable capacity system.

Swimming pools & spas

R403.10

Spas and heated pools must have vapor-retardant covers or a liguid cover or other
means proven lo reduce heat loss except if 70% of heat from site-recovered energy.
Offftimer switch required. Gas heaters minimum thermal efficiency is 82%. Heat
pump pool heaters minimum COP is 4.0,

Lighting equipment

R404.1

At least 90% of permanently installed lighling fixtures shall be high-efficacy lamps.

PREPARED BY:

OWNER/AGENT:

PREPARED BY SIGNATURE:

| hereby certify that the plans and specifications

Fiorida Building Code, Energy Conservation.

Date: ___ in accordance with Section 553.908, F.S.

| hereby certify that this building is in compliance with
the Florida Building Code, Energy Conservation. CODE OFFICIAL: Date:

OWNER/AGENT SIGNATURE:

Date:
CODE OFFICIAL SIGNATURE:

Review of plans and specifications covered by this
covered by this form are in compliance with the form indicate compliance with the Florida Building

Code, Energy Conservation. Before construction is
complete, this building will be inspected far compliance
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EN10457-A1Text Modification

Malke additional corrections to Appendix D, Form R402 - MANDATORY REQUIREMENTS TABLE:

Water heaters R403.5 Comply with efficiencies in Table C404.2. Hotwaterpipes-insulatedto=—R-3tokitchen

outlets—othereases: Circulating systems to have an automatic or accessible manual OFF switch. Heat trap required
for vertical pipe risers.
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EN10457Text Modification

See attached PDF. Additional Form R402 changes may be necessary to reflect other applicable 2023 code changes
that are approved.
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EN10457Text Modification

FORM R402-20283

Florida Building Code, Energy Conservation

Residential Building Thermal Envelope Approach
R-Value Computation Method

Florida Climate Zone

PROJECT BUILDER:

NAME AND PERMITTING OFFICE:
ADDRESS: JURISDICTION NUMBER:
OWNER: PERMIT NUMBER:

PERMIT TYPE: NUMBER OF UNITS:

WORST CASE? CONDITIONED FLOOR AREA:

Scope: Compliance with Section R402.1.2 of the Flosida Building Code, Energy Conservation, shall be
demonstrated by the use of Form R402 for single- and multiple-family residences of three stories or
less in height, additions to existing residential buildings, alterations, renovations, and building systems
in existing buildings, as applicable. To comply, a building must meet or exceed all of the energy
efficiency requirements and applicable mandatory requirements summarized on this form. If a building
does not comply with this method, or by the UA Alternative method, it may still comply under Section
R405 or R406 of the Florida Building Code, Energy Conservation.
General Instructions:
Fill in all the aRlpl_Iicable spaces of the “INSTALLED" row in the INSULATION AND FENESTRATION
REQUIREMENTS BY COMPONENT table with the information requested. All "INSTALLED" values

must be equal to or more efficient than the reguired levels. "AVG” indicates an area weighted
average is allowed; “LOWEST” indicates the lowest R-value to be installed must be entered.

2. Complete the tables for air infiltration and installed equipment.

3. Read the MANDATORY REQUIREMENTS table and check each box to indicate your intent to
comply with all applicable items.

4, Read, sign and date the "Prepared By" certification statement at the bottom of this form. The owner
or owner's agent must also sign and date the form.

INSULATION AND FENESTRATION REQUIREMENTS BY COMPONENT'

WOOD 7. CRAWL
REQUIRE- FENESTRATION SKYUGHT? _ CLA2ED ~ cEiLing FRaME (WARSS,  FLoor BASEMENT SLAS R- space
MENT  U.FACTOR>** U-FACTOR oM cSTRATION pyalue waLL R (NUEES Rvalue YALL RS VELLE & wall r.
VALUES VALUE
CLMATE NR 0.75 0.25 30 13 34 13 0 0 0
SonEaE 0.40 0.65 0.25 38 13 445 13 0 0 0
VALUE AVG AVG AVG _LOWEST LOWEST LOWEST LOWEST LOWEST LOWEST LOWEST
INSTALLED:

R-Value Calculation Method - [PASS / FAIL]

For SI: 1 feot =304.8 mm; NR = Mo reguirement.

(1) R-values are minimums. U-factors and SHGGC are maximums. When insulation is installed in & cavity which is |ess than the label or design thickness of the
insulation, the installed R-value of the insulation shall not be less than the R-value specified in the table.

(2} The fenestration U-factor column excludes skylights. The SHGC column applies to all glazed fenestration. Exception: Skylights mary be excluded from glazed
fenestration SHGC reguirements in Climate Zones 1 through 3 where the SHGC for such skylights does not sxcesd 0.30.

(3)  Forimpact rated fenestration complying with Section R301.2.1.2 of the Floride Building Code, Residentizf or Section 1808.1.2 of the Florida Building Code,

Buitding, the maximum Ucfactor shall be 0.65 in Climate Zone 2. An area-weighted average of Utfactor and SHGC shall be aceepted to mest the

reguirem emts, and up to 15 sguare feet of glazed fenestration area are exempted from the U-factor and SHGC reguirement based on Section R402.3.1,

R402.3.2 and R402.3.3.

One side-hinged opague door assembly up to 24 sguare feet is exempted from this L-factor requirement based on Section R402.3.4.

F-values are for insulation material only as applied in accordance with manufacturer's installation instructions.

The second R-value applies when more than balf the insulation is on the interior of the mass wall.

R-5 shall be added to the reguired slab edge R-values for heated slabs. Insulation depth shall be the depth of the footing or 2 feet, whichever i less in

Climate Zones 1 through 3 for heated slabs.

RO
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EN10457Text Modification

Blower deor test is required on the building envelope to verify leakage < 7 ACH50; test report must be

Air infiltration: provided to code official before CO is issued. Floricla Building Code, Energy Conservation Seclion

R402.4.1.2 testing exception may apply for additions, alterations, or renovations.

EQUIPMENT REQUIREMENTS AND INSTALLED VALUES

Fill in the “INSTALLED EFFICIENCY LEVEL" column with the information requested. For multiple
systems of the same type, indicate the minimum efficient system. All "INSTALLED" values must be
equal to or more efficient than the required level. If a listed "SYSTEM TYPE" is not to be installed, write

in “N/A” for not applicable.

SYSTEM TYPE

MINIMUM EFFICIENCY LEVEL REQUIRED

INSTALLED EFFICIENCY LEVEL

Air distribution system?
Air handling unit
Duct R-Value

Air Leakage/Duct test

Duct testing

Not allowed in attic

Factory Sealed

= R-8 {Ducts in unconditioned attics, Diameter => 3 in.}
= R-6 {Ducts in unconditioned non attics, Diam. == 3in.)
= R-6 {Ducts in unconditioned attics, Diameter <3 in.)

= R-4.2 {Duects in uncond not atties, Diam. < 3in.)

All ducts are in conditioned space {No minimum)

Air handler installed: Total leakage = 4 cfim/100 s f.
Air handler not installed: Total leakage =3 ¢fm/100 s.1.

Test not required if all ducts and AHU are within the
hullding thermal envelope and for additions or alterations
where ducts extended from existing heating and cooling
system through unconditioned space are < 40 linear .

Location:

Factory Sealed? ¥iN

R-Value {In unc, attic) =
R-Value {In unc. non attics) =
R-value (Small ducts in attic) =
R-Value {(Small ducts in une) =
All in conditioned space? Y/N

Total leakage {cfm/100 s.f) =
Air handler installed? Y/N

Test report required? YiN

Air conditioning systems:

Minimum federal standard required by NAECA?

Central system < 845,000 Btu/h SEER2=1483 Cap. {Btu/h)=
Central system = 45 000 Btu/h SEER2=13.8 SEERZ (Min)=
PTAC, _PTHP, SPVAC, or SPVHP EER [from Table C403.2.3(3)] Tvoes
Cap. (Btufh)=
EER (Min)=
Dther: See Tables C403.2.3{1)-{11) Type =
Effie.(Min) =
Heating systems: Minimum federal standard required by NAECA?
Electric resistance Not allowed in Climate Zone 2
Heat Pump <=65000-Bta/r HEPF2 = &=27.5 HSPFZ {Min) =
Gas Furnace, non-weatherized HERFAFUE = 80% AFUE {Min) =
Oil Fumace, non-weatherized HSREAFUE = 83% AFUE (Min) =
PTHP or SPVHP COPy [from Table £403.2.3(3)] Twe=
- Cap. (Btufhi=
COP, {Mini=
Other: See Tables £403 2. 3(1)-(11) Type =
Effic.(Min)=
Vyater heating system (storage type): Minimum federal standard required by NAECA? Capacity =
Electric™ ® UEF: 40 gal.: 0.8230.931, 50 gal.: 08210930, 60 gal UEF {Min) =
Gas fired* ® 20842176 UEF (Min) =
UEF: 40 gal : 8-5800.64, 50 gal.: 9-5630.627, 60 gal.:
8-7880.789
Other {describe)®®: Type=
Effic.(Min)=

Equipment Efficiency - [PASS /FAIL]

(1) Ducts & AHU installed "substantially |eak free” per Section R403.3.2. Test reguired by sitherindividuals as defined in Section 553.993(5) or (7}, Florida
Statutes, or individuals licensed as set forth in Section 488 105(3)(f), (y), or (i), Florida Statutes. The total leakage test is not required for ducts and air handlers
locat ed entiraly within the building thermal ervelope, and for additions wheare ducts from an existing heating and cooling system sxdended to the addition

threugh unconditioned space are less than 40 linear fi.

Page 11

Page: 2

-2023 mod Final.pdf

Mod_ 10457 Text Form R402



EN10457Text Modification

{2)  Minimum efficiencies are those set by the Mational Appliance Energy Conservation Act of 1887 for typical residential eguipment and are subject to NAEGA rules
and regulations. For other types of egquipment, see Tables G403.2.3 (1-11) of the Comm ercial Provisions of the Fovida Building Code, Enerygy Conseénvation.
(3} For glectric storage volumes <= 55 gallons, minimum UEF = 0.9349 - (0.0001 *volume). For electris storage volum es > 55 gallons, minimum LEF = 22418

— (0.0011 * volume).

{4y For matural gas storage volumes <= 55 gallons, minimum UEF = 0.882 - (0.0013 *voelume). For natural gas storage volumes > 55 gallons, minimum UEF =

0.8072 — (0.0003 " velume).

(5)  For electric tankless, min. UEF = 0.82. For natural gas tankless, min. UEF = 0.81.
(6) Referenced UEFs shown are for medismhigh draw pattern value provided by manufacturer.

MANDATORY REQUIREMENTS

Component

Section

Summary of Requirement(s)

Check

Air leakage

R402.4

To ke caulked, gasketed, weatherstripped or otherwise sealed per Takle
R402.4.1.1. Recessed lighting |C-raled as having <= 2.0 cfm tested to ASTM E
283 Windows and doors: 0.3 cfm/sq.ft. (swinging doors: 0.5 cfm/sf) when tested to
NFRC 400 or AAMAANDMAICSA 101/1.S. 2/A440. Fireplaces: Tighi-fitting flue
dampers & ouldoor combuslion air.

Programmable thermostat

R403.1.2

A programmable thermostat is required for the primary heating or cooling system.

Air distribution system

R403.3.2
R403.3.4

Ducts shall be tested as per Section R403.3.2 by either individuals as defined in
Sectionb53.993(5) or (7), Florida Statutes, or individuals licensed as set forth in
Section 489.105(3) (), (g) or (i), Florida Staiutes. Air handling units are not allowed
in atlics.

Water healers

R403.5

Comply with efficiencies in Table C404.2 Hot waler pipes insulated to >= R-3 to
kitchen outlets, other cases. Circulating systems to have an automatic or accessible
manual OFF switch. Heat trap required for vertical pipe risers.

Cooling/healing equipment

R403.7

Sizing calculation performed & attached. Special occasion cocling or heating
capacity requires separate system or variable capacity system.

Swimming pools & spas

R403.10

Spas and heated pools must have vapor-retardant covers or a liguid cover or other
means proven lo reduce heat loss except if 70% of heat from site-recovered energy.
Offftimer switch required. Gas heaters minimum thermal efficiency is 82%. Heat
pump pool heaters minimum COP is 4.0,

Lighting equipment

R404.1

Not less than 90% of the lamps in permanently installed luminaires shall have an
efficacy of at least 45 lumens-per-watt or shall utilize lamps with an efficacy of not
less than 65 lumens-per-walt.

PREPARED BY:

OWNER/AGENT:

| hereby certify that the plans and specifications

| hereby certify that this building is in compliance with
the Florida Building Code, Energy Conservation.

Code, Energy Conservation Before construction is

Date in accordance with Section 553.908, F.S.

Review of plans and specifications covered by this
covered by this form are in compliance with the form indicate compliance with the Florida Building
Fiorida Building Code, Energy Conservation.

complete, this building will be inspected for compliance

Date CODE OFFICIAL: Date:
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EN10457-A1Rationale

NoaAwh=

Page 13

R403.5.3Hot water pipe insulation (Prescriptive).
Insulation for hot water pipe with a minimum thermal resistance (R-value) of R-3 shall be
applied to the following:
1.Piping 3/;inch (19.1 mm) and larger in nominal diameter.
2.Piping serving more than one dwelling unit.
3.Piping located outside the conditioned space.
4.Piping from the water heater to a distribution manifold.
5.Piping located under a floor siab.
6.Buried in piping.
7.Supply and return piping in recirculation systems other than demand recirculation
systems.

Page: 1
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TAC: Energy

Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

2
EN10245
02/11/2022 Section 104.4 Proponent Douglas Baggett

Chapter 1 Affects HYHZ No Attachments No

‘AC Recommendation Pending Review
Commission Action Pending Review
Comments
General Comments No Alternate Language No

Related Modifications
10251 10445 10123 10446 10448 10459 10463

Summary of Modification

This proposed modification is to clarify and provide a consistent requirement for all inspecting parties to be
independent and objective from the project.

Rationale

This modification would provide a consistent requirement for all inspecting parties to be independent and objective.
The current code states the third-party certified agencies need to be independent and separate from the project,
which implies the engineers and/or designers do not need to be independent. Making this requirement the same for
all testing authorities would demonstrate fair business practice, as well as, go towards limiting conflicts of interest,
biased testing and unqualified individuals from performing inspections and tests.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
This would have little to no financial impact on the local entity, aside from updating the verbiage on solicitations
and policies.

Impact to building and property owners relative to cost of compliance with code
This would have little to no financial impact on building and property owners, aside from updating the verbiage on
solicitations and policies.

Impact to industry relative to the cost of compliance with code
This would have little to no financial impact on the industry if implemented moving forward.

Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
The public can be assured the testing agency has no vested interest in the design, construction or project as a
whole, and therefore, is objective and can be trusted.
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Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
This modification will improve the code by allowing for clarifying and equalizing requirements of individuals or
firms tasked with inspecting and/or testing building components
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities
This proposed modification does not discriminate against materials, products, methods, or systems of
construction of demonstrated capabilities
Does not degrade the effectiveness of the code
No, this proposed modification does not degrade the effectiveness of the code, it enhances it.
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EN10245Text Modification

C104.4 Approved inspection agencies. The code official 1s authorized to accept inspection reports
in whole or in part from either individuals as defined in Section 553.993(5) or (7)., Florida Statufes
or third-party inspection agencies. None of the individuals, their organizations or third party
agencies shall be net affiliated with the building design ef construction, or installation provided
such agencies are approved as to qualifications and reliability relevant to the building components
and systems they are inspecting.

Page 16
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TAC: Energy

Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

4 3

EN10251

02/11/2022 Section 104.41 Proponent Douglas Baggett

Chapter 1 Affects HYHZ No Attachments Yes
TAC Recommendation Pending Review
[Commission Action Pending Review
Comments
General Comments No Alternate Language Yes

Related Modifications

10245

Summary of Modification

This proposed modification serves to define and set apart from all other testing agencies, what and who constitutes
an authorized commissioning agent.

Rationale

The process of commissioning buildings and their systems is very involved and requires more than simply
inspecting and functionally testing equipment. Lumping the commissioning agencies' requirements into the same
category as All Inspection Agencies leaves too much room for interpretation which can result in ineffective testing
and inefficient systems. Studies have shown that commissioning, when done correctly, can net an energy savings of
9%-30% on average. In order to ensure commissioning is done correctly, it should be conducted by an independent,
certified commissioning agent(s).

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
This modification will require the local entity to add specific verbiage and requirements when adding
commissioning to a building project (whether it&#39;s renovation or new construction). In addition, the local entity
may need to create a separate solicitation for a project.

Impact to building and property owners relative to cost of compliance with code
Commissioning is already required and, therefore, should already be part of the construction project&#39;s
budget. There should not be any additional costs.

Impact to industry relative to the cost of compliance with code
The potential impact cannot be determined since it's unknown how often commissioning has been conducted by
individuals associated or affiliated with the design, construction and/or installation of the systems. There could be
an increase to some construction project costs.

Impact to small business relative to the cost of compliance with code
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Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
The health, safety and welfare of the general public will be improved by ensuring the mechanical, electrical and
plumbing systems have been inspected and certified by a duly authorized, certified and objective third-party that
is specifically trained in those systems.
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
This modification will improve the code to allow for clear, equal and fair requirements of individuals or firms
tasked with inspecting and/or testing building components
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities
This proposed modification does not discriminate against materials, products, methods, or systems of
construction of demonstrated capabilities
Does not degrade the effectiveness of the code
No, this proposed modification does not degrade the effectiveness of the code, it enhances it.

Page 18



Alternate Language

Proponent Douglas Baggett Submitted 4/13/2022 1:55:06 PM  Attachments

Yes
Rationale:

he current language allows for bias and conflicts of interest to occur on projects requiring commissioning. The
commissioning effort should be completed by someone independent and objective from the project, doing so

ensures the Owner&#39;s voice, priorities and requirements are completely fulfilled without bias. (This proposed
mod. may be better suited for section C408.1.2)

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
Little to none

Impact to building and property owners relative to cost of compliance with code
Little to none

Impact to industry relative to the cost of compliance with code
Little to none

Impact to small business relative to the cost of compliance with code
Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
The health, safety and welfare of the general public will be improved by ensuring the mechanical, electrical and

plumbing systems have been inspected and certified by a duly authorized, certified and objective third-party that
is specifically trained in those systems.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction

This proposed modification will improve the code by removing any potential for conflicts of interest on the
construction project

Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities

This proposed modification does not discriminate against materials, products, methods, or systems of
construction of demonstrated capabilities

Does not degrade the effectiveness of the code
No, this proposed modification does not degrade the effectiveness of the code, it enhances it.
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EN10251-A2Text Modification

91-94—4—1- C408.1.2 Bu11d1ngs/ systems requ1r1ng comm1ss10n1ng must be performed by a certified design

3 3 0 ved third-party commissioning agent. Agencies
prov1d1ng commlssmnmg services, 1nspect10ns and/or ﬁlnctlonal tests, shall be 1ndependent from al-} the aspects of
the project ; 3 : roth
seﬂ%ee—féﬁkh-ai—s—&me—pfejee#bm—ld—mg— bemg commlssmned S0 as to aV01d potentlal conﬂlcts of 1nterest ThlS

includes, but is not limited to, the following instances:

o If commissioning is to be part of the design phase, the desien engineer cannot commission his/her own work

» A contractor that performs test and balance work, cannot also commission the same hvac system, nor can
anvone else from the company that contractor works for.

In the instance where a Mechanical Contractor contracts out the Test and Balance work CAN also contract out the
Commissioning work, but it cannot be contracted to the same firm.

The individual conducting the commissioning, and the firm they work for, must be certified for commissioning by
one of the following organizations: AABC Commissioning Group (ACG), National Environmental Balancing
Bureau (NEBB), Building Commissioning Association (BCA), American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE), or the Association of Energy Engineers (AEE).

Page 20
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EN10251Text Modification

C104.4.1 Requirement. Buildings/systems requiring commissioning must be performed by a certified Design
Professional, Mechanical Engineer, Electrical Engineer or a certified and approved third-party asency. Firms and
individuals providing commissioning services, inspections and/or functional tests, shall be independent from all
aspects of the project, in so far as, the firm the individual works for/represents, cannot have a contract, or be in the
employment of someone that does, to provide another service for that same project/building. The individual
conducting the commissioning, and the firm they work for, must be certified for commissioning by one of the
following oreanizations: AABC Commissioning Group (ACG), National Environmental Balancing Bureau (NEBB)

Building Commissioning Association (BCA), American Society of Heating, Refriserating and Air-Conditioning
Eneineers (ASHR AE), or the Association of Energy Engineers (AEE).
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TAC: Energy

Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

4 4
EN10363
02/13/2022 Section 104.2.6 Proponent Joseph Belcher
Chapter 1 Affects HYHZ  Yes Attachments Yes
TAC Recommendation Pending Review
[Commission Action Pending Review
Comments
General Comments No Alternate Language Yes

Related Modifications
Correlating changes to Sections C408.2, C408.2.4.1, C408.2.4.2, C408.2.5, and C408.3.2.

Summary of Modification
Modification to require the Preliminary Inspection Report be provided to the code official before the final inspection.

Rationale

It has been reported that many projects do not request commissioning because the local building department does
not request the documentation. The code change is necessary to enhance enforcement of the commissioning
provisions of the FBC-EC. Requiring documentation to be submitted to the building official as well as the owner will
ensure the building department is kept advised of the project and the progress of the commissioning process and
will lead to improved enforcement.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code

No impact as the change merely requires providing the documentation to the code official.
Impact to building and property owners relative to cost of compliance with code

No impact as the change merely requires providing the documentation to the code official. .
Impact to industry relative to the cost of compliance with code

No impact.
Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
The proposal has a reasonable and positive impact on the health, safety, and welfare of the public by enhancing
enforcement of the code.
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
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The proposal strengthens the code by enhancing enforcement of the commissioning provisions of the code.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities

The change does not discriminate against materials, products, methods, or systems of construction of

demonstrated capabilities.

Does not degrade the effectiveness of the code

The proposed change does not degrade the effectiveness of the code and improves the effectiveness of the

code.
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Alternate Language

Proponent Timothy de Carion Submitted 3/4/2022 3:29:37 PM  Attachments Yes
Rationale:

| agree with the proponent that the preliminary commisioning report should be given to the code official before a
inal inspection is requested. | also support leaving the existing wording about giving the building owner information
also.

Fiscal Impact Statement
Impact to local entity relative to enforcement of code
None
Impact to building and property owners relative to cost of compliance with code
Saves building owner money by disclosure of problems
Impact to industry relative to the cost of compliance with code
none
Impact to small business relative to the cost of compliance with code
Requirements
Has a reasonable and substantial connection with the health, safety, and welfare of the general public
Yes
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
Yes
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities
no
Does not degrade the effectiveness of the code
No
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EN10363-A2Text Modification

(104.2.6 Final inspection. The building shall have a final inspection and shall not be occupied until approved. The
final inspection shall include verification of the installation and proper operation of all required building controls,
and documentation verifying activities associated with required building commissioning have been conducted and
findings of noncompliance corrected. Buildings, or portions thereof, shall not be considered for a final inspection
until the code official has received the Preliminary Commissioning Report and has also received a letter of
transmittal from the building owner acknowledging that the building owner has received the Preliminary
Commissioning Report as required in Section C408.2.4.
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EN10363Text Modification

(104.2.6 Final inspection. The building shall have a final inspection and shall not be occupied until approved. The
final inspection shall include verification of the installation and proper operation of all required building controls,
and documentation verifying activities associated with required building commissioning have been conducted and
findings of noncompliance corrected. Buildings, or portions thereof, shall not be considered for a final inspection

until the code oﬁimal has recelved a—lette&eﬁtpa:ﬂs*m{-t-a-l—fmm—t-he—b&ﬂdmg

the Preliminary Commissioning Report as required in

Sectlon C408 2. 4
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TAC: Energy

Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

5
EN10412
02/14/2022 Section 202 Proponent Jennifer Hatfield

Chapter 2 Affects HYHZ No Attachments No

‘AC Recommendation Pending Review
Commission Action Pending Review
Comments
General Comments No Alternate Language No

Related Modifications

Summary of Modification

Slight edit to current definition to align with same definition in Florida Commercial Energy, as well as IECC, to ensure
proper terminology is used when it comes to defining "vertical fenestration."

Rationale

This proposal is being submitted on behalf of the Fenestration & Glazing Industry Alliance (formerly AAMA). This
code modification simply replaces the word “moveable” with “operable” to a) be consistent with the IECC-Residential
Energy definition and b) be consistent with how in both the Florida and IECC — Commercial Energy definition, the
term used is “operable.” Moveable and operable have two different meanings and the appropriate term when
defining a window is “operable.”

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
No impact

Impact to building and property owners relative to cost of compliance with code
No impact

Impact to industry relative to the cost of compliance with code
No impact

Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
Simply makes the definition consistent and uses appropriate terminology.
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
Improves the code by providing a consistent definition and using appropriate terminology.
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Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities

It does not.
Does not degrade the effectiveness of the code

It does not.
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EN10412Text Modification

VERTICAL FENESTRATION. Windows (fixed or moveable operable), opaque doors, glazed doors, glazed block
and combination opaque/glazed doors composed of glass or other transparent or translucent glazing materials and
installed at a slope of a least 80 degrees (1.05 rad) from horizontal.
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TAC: Energy

Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

6
EN10406
02/14/2022 Section 303.1.3 Proponent Jennifer Hatfield

Chapter 3 Affects HYHZ No Attachments No

‘AC Recommendation Pending Review
Commission Action Pending Review
Comments
General Comments No Alternate Language No

Related Modifications

Summary of Modification
Adds new ANSI/NFRC 203 standard for Tubular Daylighting Devices to be measured and rated.

Rationale

This proposal is being submitted on behalf of the Fenestration & Glazing Industry Alliance (formerly AAMA). This
proposal brings forward language from the IECC, requiring Tubular Daylighting Devices to be measured and rated in
accordance with NFRC 203, when addressing VT annual. The traditional NFRC 200/202 Visible Transmittance
rating procedure, rates the Visible Transmittance of conventional skylights using a single, direct-normal incidence
angle condition, and represents a skylight's VT for light that is “normal” (i.e. perpendicular) to the skylight’s surface.
As a result, it does not account for the skylight’s effective system transmittance under the wide range of lower,
incident sunlight angles that actually strike the skylight's dome surface over the course of a year. To address this,
the new ANSI/NFRC 203 protocol applies enhanced physical Visible Transmittance testing of a TDD/skylight
product using 18 precisely-controlled incidence angles, and measures/rates a TDD/skylight product’s functional,
annualized visible light transmittance characteristics accounting for the product’s roof-top dome optics, light shaft (or
“well” as defined in Code Section C402.4.2), and interior ceiling diffuser and/or aperture elements. It is also
important to note that ANSI/NFRC 203 is the only rating standard that is used for measuring and rating the Visible
Transmittance of the TDD fenestration product category.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
No impact.
Impact to building and property owners relative to cost of compliance with code
No impact
Impact to industry relative to the cost of compliance with code
Minor to no impact as these products are already being measured and rated in accordance with this standard.
Impact to small business relative to the cost of compliance with code
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Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public

Provides for a standard to measure and rate these devices that does not currently exist in the Code.
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction

Improves the code by providing a standard within the code for these devices where one does not currently exist.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities

It does not.
Does not degrade the effectiveness of the code

It does not.
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EN10406Text Modification

C303.1.3 Fenestration product rating.
U-factors of fenestration products shall be determined as follows:
1. For windows, doors and skylights, U-factor ratings shall be determined in accordance
with NFRC 100.
2. Where required, for garage door and rolling doors, U-factor ratings shall be determined in
accordance with either NFRC 100 or ANSI/DASMA 105.
U-factors shall be determined by an accredited, independent laboratory, and /abeled and certified by
the manufacturer.
Products lacking such a fabeled U-factor shall be assighed a default U-factor from Table
C303.1.3(1) or C303.1.3(2). The solar heat gain coefficient (SHGC) and visible transmittance (VT) of glazed
fenestration products (windows, glazed doors and skylights) shall be determined in accordance with NFRC 200 by
an accredited, independent laboratory, and labeled and certified by the manufacturer. Products lacking such
a fabeled SHGC or VT shall be assigned a default SHGC or VT from Table C303.1.3(3). For Tubular Daylighting
Devices, VT annua shall be measured and rated in accordance with ANSI/NFRC 203.

Add new Standard in Chapter 6 (CE) Referenced Standards, under NFRC, as follows:

203 — 2020: Procedure for Determining Visible Transmittance of Tubular Daylighting
Devices C303.1.3
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TAC: Energy

Total Mods for Energy in Pending Review : 79
Total Mods for report: 79

Sub Code: Energy Conservation

( 7
EN9903

01/27/2022 Section 303.1.5 Proponent pete quintela
Chapter 3 Affects HYHZ  Yes Attachments Yes
TAC Recommendation Pending Review
[Commission Action Pending Review
Comments
General Comments Yes Alternate Language No

Related Modifications

Summary of Modification

This proposed modification increases the two compliance requirement options to the roof system solar reflectance

values for low-slope roofs on commercial/nonresidential buildings directly above conditioned spaces and it is only
applicable to Climate Zone 1A

Rationale

This proposed modification increases the roofing systems solar reflectance which will lead to less heat transmission
into the building, resulting in a reduced cooling load demand, and a consequent decrease on energy consumption.

By decreasing roof temperature, the life of the roof may be extended. This proposal also provides secondary
benefits, such as reduced urban heat island effect.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
None

Impact to building and property owners relative to cost of compliance with code
Energy savings

Impact to industry relative to the cost of compliance with code
Minimal. Based on the example of a standard new construction, two-plies and a mineral surfaced cap sheet built-
up roof costing $275 per square. The cost difference between a regular mineral surfaced cap sheet and an
energy compliant cap sheet is $50 per square. The $50 increase is approximately 20%.

Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
The proposed code change increases the amount of solar energy reflected away from low slope roof systems.

Higher reflective materials lower the heat retained by the roof, lessens heat exposure to residents and reduces
heat related health risks.
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Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
Decreases cooling load energy use, extends the life of the roof system, improves the energy efficiency of the
code, reduces urban heat island effect.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities
NO
Does not degrade the effectiveness of the code
NO

1st Comment Period History

Proponent Timothy de Carion Submitted 3/9/2022 11:06:00 AM  Attachments  Yes

Comment:

Letter of Endorsement from the City of Pompano Beach

1st Comment Period History

Proponent Timothy de Carion Submitted 3/9/2022 11:26:21 AM  Attachments  Yes

Comment:

Endorsement Letter from the City of Hollywood

1st Comment Period History

Susannah Troner Submitted 3/29/2022 11:39:48 PM Attachments No

Proponent
Comment:
riting to express support for proposed code modification EN9903 for additional commercial cool roof reflectance
requirements for low-slope roofs in Climate Zone 1A. The proposed code modification provides community health
and safety benefits which is the core purpose of the Florida Building Code. The Autocase Triple Bottom Line
Economic Analysis submitted with the proposed code modification verifies these community health and safety
benefits as well as lifetime economic benefit for building owners and tenants who will save significant money over
he life of the building. The proposed code modifications also provide additional environmental benefits to the
community. The analysis focuses on one prototype building so the benefits would be exponentially more significant
hen multiplied by the annual number of new low-slope roof commercial roofs in a community.

1st Comment Period History

Monica Ospina Submitted 4/8/2022 3:55:51 PM  Attachments  No
riting to express support for the proposed code modification EN9903 for additional commercial roof requirements.
he submitted Economic Analysis and other supporting documentation verify that the changes will help building
owners and tenants save money over the life of the building and provides many health and safety benefits to the

community.

1st Comment Period History
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Proponent Jackson Becce Submitted 4/13/2022 9:23:03 AM  Attachments No

Comment:

he Smart Surfaces Coalition (SSC) SUPPORTS the increase in solar reflectance thresholds for commercial low-
slope roofs in climate zones 1A as part of the FBC. This proposal would have a significant impact on energy and
related monetary savings and heat reduction, resulting in health and saftey improvements, among other benefits.
here are already many commercially available products that allow low-slope commercial buildings to achieve the
desired 3-year SRI threshold outlined in the code with no cost differential.

Proponent kamrath christian Submitted 4/13/2022 12:31:22 PM Attachments No

Comment:

| support proposed code modification EN9903 for additional commercial cool roof reflectance requirements for low-
slope roofs in Climate Zone 1A. We need to be building smarter and in a way that accounts for future hotter
conditions. The economic analysis submitted with the proposed code modification verifies community health and
safety benefits which are part of the core purpose of the Florida Building Code. Multiple studies over the years have
also verified economic benefits for building owners and tenants who save on their electric bills over the life of the
building. The proposed code modifications also provide additional environmental benefits to the community.

EN9903-G6

Proponent Brenda Krebs Submitted 4/13/2022 3:02:44 PM  Attachments No

Comment:

For low-slope roofs in Climate Zone 1A, | fully back the proposed code modification EN9903 for additional
commercial cool roof reflectance requirements. The economic analysis, which was submitted with the proposed
code modification, serves as verification of community health and safety benefits that are an integral part of the
Florida Building Code&#39;s core purpose. Numerous studies over the years have also verified economic benefits
over the life cycle of the buildings for both building owners and tenants who save on their electric bills. The
proposed code modifications also provide additional community environmental benefits.

EN9903-G7

Nicholas Gunia Submitted 4/14/2022 10:03:52 AM Attachments No

As past Chair of the Miami Branch of the South Florida Chapter of the US Green Building Council, | am writing to
oice my support for EN9903 for additional commercial cool roof requirements. | believe the proposed changes will
help building owners and tenants save money over time and benefit the environment. As such, the proposed
changes should be adopted.

Proponent Jefferson Tcheou Submitted 4/14/2022 2:59:51 PM  Attachments No

Comment:

Commenting in support of code modification EN9903. The Autocase Analysis states that a prototype 5,000 sf
commercial building with thermoplastic membrane roofing provides an economic value of $150k over 25 years. This
potentially could save a tremendous amount of energy resources and money. Steps towards a greener future are
much needed.

N9903-G9

Page 35



Estela Tost Submitted 4/14/2022 6:31:38 PM  Attachments Yes

upporting documents and data validates that this change will support building owners and tenants in reduction of
operating expenses while providing enhanced safety and health benefits

roponent Richard Logan Submitted 4/15/2022 9:51:56 AM  Attachments  No
Comment:
IA Florida Supports this code modification

1st Comment Period History

Sandra St. Hilaire

Proponent Submitted 4/15/2022 2:42:09 PM  Attachments  No
Comment:

| support proposed code modification EN9903 for additional commercial cool roof reflectance requirements for low-
lope roofs in Climate Zone 1A. The economic analysis submitted with the proposed code modification verifies
community health, resilience and safety benefits which are part of the core purpose of the Florida Building Code.
Multiple studies over the years have also verified economic benefits for building owners and tenants who save on
heir electric bills over the life of the building. The proposed code modifications also provide additional

environmental benefits to the community.

1st Comment Period History

Proponent Mike Gibaldi Submitted 4/15/2022 4:33:11 PM  Attachments  No

Comment:

| fully support this easy way to conserve energy. Florida must do all we can to reduce inefficient energy use. This
change will passively save energy for years and years in in every structure where it gets implemented.

#N9903-G13

1st Comment Period History

Chris Sanchez Submitted 4/15/2022 5:06:49 PM  Attachments  No
| support proposed code modification EN9903 for additional commercial cool roof reflectivity requirements for low-
lope roofs in Climate Zone 1A. The economic analysis submitted with the proposed code modification verifies
community health and safety benefits which are part of the core purpose of the Florida Building Code. In addition,
multiple studies have verified the economic benefits associated for building owners and tenants who save on their
electric bills over the life of the building. The proposed code modifications also provide additional environmental

benefits to the community.

1st Comment Period History

EN9903-G14

Proponent Marta Marello Submitted 4/17/2022 3:48:39 PM  Attachments  No

Comment:

Page 36



| support proposed code modification EN9903 for additional commercial cool roof reflectance requirements for low-
slope roofs in Climate Zone 1A. The proposed code modification will provide economic savings and as well as
community health and safety benefits which are part of the core purpose of the Florida Building Code. Additionally,
the proposed code modification will assist building owners and tenants in saving on their electric bills and be more
resilient in the face of extreme weather events and extreme heat.
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EN9903Text Modification

TADD Section C303.1.5 to Chapter 3 General

C303.1.5 Roof solar reflectance and thermal emittance

Low-sloped roofs directlv above cooled conditioned spaces in Climate Zones la shall complyv with one or more of
the options in Table C402.3.

C402.3 Roof solar reflectance and thermal emittance.

Low-sloped roofs directly above cooled conditioned spaces in Climate Zones 1, 2 and 3 shall comply with one or
more of the options in Table C402.3.

Exceptions: The following roofs and portions of roofs are exempt from the requirements of Table C402.3:
1. Portions of the roof that include or are covered by the following:

1.1. Photovoltaic systems or components.

1.2. Solar air or water-heating systems or components.

1.3. Roof gardens or landscaped roofs.

1.4. Above-roof decks or walkways.

1.5. Skylights.

1.6. HVAC systems and components, and other opaque objects mounted above the roof.

2. Portions of the roof shaded during the peak sun angle on the summer solstice by permanent features of the
building or by permanent features of adjacent buildings.

3. Portions of roofs that are ballasted with a minimum stone ballast of 17 pounds per square foot [74 kg/m2]
or 23 psf [117 kg/m2] pavers.

4. Roofs where not less than 75 percent of the roof area complies with one or more of the exceptions to this
section.

TABLE C402.3MINIMUM ROOF REFLECTANCE AND EMITTANCE OPTIONS ?

Three-year aged solar reflectance ® of 0.55 (0.63 for Climate Zone 1A) and 3-year aged thermal
emittance * of 0.75

Three-year-aged solar reflectance index © of 64 [75 for Climate Zone 1A)

* The use of area-weighted averages to comply with these requirements shall be permitted. Materials lacking 3-year-
aged tested values for either solar reflectance or thermal emittance shall be assigned both a 3-year-aged solar
reflectance in accordance with Section C402.3.1 and a 3-year-aged thermal emittance of 0.90.

b. Aged solar reflectance tested in accordance with ASTM C1549, ASTM E903 or ASTM E1918 or CRRC-1
Standard.
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EN9903Text Modification

© Aged thermal emittance tested in accordance with ASTM C1371 or ASTM E408 or CRRC-1 Standard.

4 Solar reflectance index (SRI) shall be determined in accordance with ASTM E1980 using a convection coefficient
of 2.1 Btu/h - ft2 -°F (12W/m2 - K). Calculation of aged SRI shall be based on aged tested values of solar
reflectance and thermal emittance.
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Altocase January 2022

HAJlocase

Triple Bottom Line Analysis of a Cool
Roof Policy Proposal

F
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’-.’-
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Project Overview and Analysis Results

Miami-Dade and Broward County Boards of Rules and Appeals are committed to providing
education and interpreting building codes, and when necessary, proposing building code
meodifications based on informed, responsible economic investment, to ensure the welfare and
safety of building inhabitants and surrounding communities. A business case tool was utilized by
Autocase to monetarily guantify and value the economic benefits of proposed cool roof
requirement changes to augment current building standards. The analysis demenstrated a
lifetime econemic value of the proposed roofing policy of $154,100 over 25 years fora
prototypical 5,000 square foot commercial building with thermoplastic membrane roofing
installed, when comparing a dark roof with a solar reflectance {SR) of 5% to a cool roof with a SR
of 63%.

Aulocase 1
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Autocase
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Using data provided by peer-reviewed literature, the Autocase tool was able to quantify the triple
bottom line economic value of the cool roof policy intervention proposed by Miami-Dade and
Broward Counties. Over a 2b-year cperational period, the new requirements would provide the
following benefits for one prototypical 5,000 square foot commercial building with thermeplastic
membrane rocfing installed:

foot building.

Direct Financial Savings ("in pocket”} of

Health & Secial Benefits amounting to $132,900
Environmental Benefits of 6,000

Triple Bottom Line Total Economic Benefits estimated at $154,100 for one 5,000 square

The benefits of the proposed roofing policy would apply to more than one building in actuality.
Therefore, if one assumes a hypothetical situation where the policy is applied to 500 commercial
buildings, the lifetime benefits for this scenario could be extrapolated to $77 million of economic
value over 25 years for a pool of 500 prototypical 5,000 square foot commercial buildings with
thermoplastic membrane rocfing installed.

Aulocase
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Altocase January 2022

Triple Bottom Line Detailed Results

Figure 1: Net Present Value of Economic Impacts - Cool Roof SR: 5% to SR: 63% over 25 years
(§2021)

$150,000
$132,900
$100,000
$50,000
$6,000
$15,200
$0
Financial Benefits Social Benefits Enviranmental Benefits

Financial Benefits: Lower electricity consumption through reduced cooling loads offered by the
cool roof provides electricity bill savings estimated at $15,200. Lower peak electricity demand
also helps electric utility providers avoid expensive power purchases from other utilities on the
open market.

Health & Social Benefits: Choosing a high reflective roof material will also reduce the surrounding
ambient temperature of the building and benefit the community in terms of aveoided heat related
illnesses estimated at $132,900.

Environmental Benefits: Lowering electricity consumption reduces the local climate and health
impacts from carbon dioxide emissions and other air pollutants generated by the local electrical
grid worth $6,000 in combined total savings.

Aulocase 3
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Altocase January 2022

To better understand the cost impacts stemming from the proposed cool roof policy as
compared to standard dark roof surfaces, the results are further segmented into respective
low-slope roofing categories in Table 1 (below), along with the expected cost premiums for
installing high reflective surfaces. This scenario is meant to capture the holistic triple bottom line
economic impacts from mandating cosl roofs with a SR value of 63%, as compared to a dark roof
with a SR value of 5%.

High reflective rocfing can have significant impacts on the operational costs of a building and has
the potential to reduce cooling loads by 55%. For example, a building with a dark roof is expected
to require 8.4 kBtu/ft? per year to cool the space, as compared to 3.7 kBtu/ft? peryear if a cool
roof with a SR of 63% was installed (Oak Ridge National Laboratory, 2020).

There was a positive return on investment for all three types of roofs analyzed {see Table 1}. Even
in the cases that a cool roof is slightly more costly upfront to install {as compared to dark roof
surfaces}, such additional expenditures are paid back through financial savings from electricity
bills, reduced urban heat island effect, as well as by avoiding electrical grid related air pollution,
including carbon emissions.

Maost low slope commercial roofs currently use single-ply roof coverings such as Thermoplastic
Polyolefin (TPO} and Polyvinyl Chloride (PVC), and other thermoplastic membrane roofing
products which represent over 58% of new construction roof systems (NRCA, 2015}, most of
which already mest the proposed level of performance. Therefore, implementing this change will
have no cost effect on single-ply roof projects. There are ne cost premiums associated with these
types of installations since a white or light colored surface can be chosen at no additional charge
{U.S. Department of Energy, 2010} and these roofing materials are widely available.

Built-Up Roofs require an upgraded mineral surfaced cap sheet that increase material costs,
resulting in an expected premium of $0.50/ft2. Modified Bitumen roofs that have an asphalt
coating reguire a field applied coating on top of the asphaltic coating that has an expected cost
premium of $1.78/ft2 (U.S. Department of Energy, 2010).

Aulocase 4
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Table 1: Net Present Value (NPV) of Economic Impacts - Cool Roof SR: 5% to SR: 63% over 25
years ($2021)

Built-Up Roof - Modified
Mineral Thermoplastic | Bitumen -
Category | Stakeholder Impact surfaced cap Membranes Asphalt
sheet coating
Costs
Financial
Financial 1 Savings from $15,200 $15,200 $15,200
Electricity

Social | Community iR $132,900 $132,900 $132,900
|sland Effect

Carbon
Environmental | Community [EnEEra $4.000 $4.000 $4,000
Reductions
. . Air Pollution
Envirenmental | Community . $2,000 $2,000 $2,000
Reductions

Financial Benefits $12,700 $15,200 $6,300
Social Benefits $132,900 $132,900 $132,900
Environmental Benefits $6,000 $6,000 $6,000

Triple Bottom Line Lifetime Benefits $151,600 $154,100 5145,200
Financial Return on Investment (ROI) 506.1% N/A 70.2%

The built-up roof with a mineral surfaced cap sheel has a financial returm on investment of 506.1%
and a financial payback period of 5 years and 6 months, resulting in a total NPV/ft2 of 330.32/ ft2,

Since the thermoplastic membranes do not have a cost premium, the return on investment and
payback period cannot be calculated, however the total NPV/ft2 for this roof type is $30.82/ ft2.

The medified bitumen with an asphalt coating has a financial return on investment of 70.2% and a
financial payback period of 15 Years and 8 Months, resulting in a total NPV/fi2 of $29.04/ ft2,

Aulocase 5
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Altocase January 2022

There is currently no minimum solar reflectance requirement in the Florida Building Code (FBC),
as the prescriptive path is optional. The prescriptive path option of the FBC includes a SR value of
55%, which is considered to be the typical minimum cool roof requirement according to the U.S.
Department of Energy (U.S. DOE, 2010). Since the policy proposes a marginal increase inthe SR
value to 63% {from a SR of 55%), there is no expected cost premium based on extensive research
across avallable literature and industry sources, as reflected by the S0 upfront capital cost line
itern in Table 2 {below).

The proposed cool roof policy, mandating a solar reflectance (SR} value of 63%, led to a lifetime
triple bottom line value of $23,620 in economic benefits over 25 years, when compared against
the SR value of 55% included in the optional Florida Building Code prescriptive path.

Table 2: Net Present Value (NPV) of Economic Impacts - Cool Roof SR: 55% 1o SR: 63% over 25
years ($2021)

Net Present Value| S NPV /

e
Upfront Capital Costs S0 $0.00
Financial Savings from Electricity $2,090 $0.42
Health - Heat Island Effect $20,700  $4.14

St Carbon Emission Reductions $550 $0.11
el =il e Air Pollution Reductions $280 $0.06

Page 45

Financial Benefits $2,090 $0.42
Social Benefits $20,700 5414
Environmental Benefits $830 50.17

Triple Bottom Line Lifetime Benefits $23,620| $4.73|

Aulocase 5
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Autocase

Appendix: Key Inputs & Assumptions

January 2022

This analysis assumes the prototypical commercizl building to have a gross floor area of 5,000

ft2,

This project has been evaluated over a 25 year operational period. In order to account for the time
value of money, Autocase displays project results in terms of net present value, discounting all
year-over-year impacls at a real discount rate of 3% with all results presented in 2021 dollars.

Impact Baseline
Building

Design Element

Category

Raofing Cost Premiums $0.00

Solar Reflectance

Roofing (SR) 5%
Solar Reflectance
Roofi 5.5
oolng Index (SRI)
Electricity Use
Energy Intensity (EUI) - 8.36
Cooling Load

Built-Up Roof -
Mineral Thermoplastic
surfaced cap | Membranes

sheet

$0.50 50.00
63% 63%

76 76

3.73 3.73

Modified
Bitumen -
Asphalt
coating
$1.78 $/ft2
63% SR
76 SRI
EUI
37 (ke

Impact Category Design Element Baseline Building | Coal Roof Proposal m

Raofing Cost Premiums
Roofing Solar Reflectance
(SR)
Roofing Solar Reflectance
Index {(SRI)
Electricity Use
Energy Intensity {EUI} -
Cooling Load
Aulocase

50.00 50.00
55% 63%
65 76
4.37 3.73

$/ft2
SR

SRl

EUI (kBtu/ft?)
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Altocase January 2022

To estimate the expected cost premiums from installing a roof with higher reflectivity, external
research was conducted by leveraging government literature and contacting roofing industry
professionals including the Royal American Management and Single Ply Roofing Industry (SPRI)
organizations.

According to Senior Code Officers in the County, it is expected that built-up roofs require an
upgraded energy performing cap sheet resulting in a 20% material cost increase for most
projects.

Upfront capital costs for other rocfing types were estimated from the guidelines for selecting cool
roofs published by the U.S. Department of Energy (2010}, which analyzed the cost premiums
associated with installing a high reflective cool roof over a traditional dark roof surface. In
addition, to inflate such cost estimates from 2010 dollars to 2021 dollars, the U.S. Bureau of
Labor Statistics (BLS} (2021} was leveraged to estimate year-overyear increases in the expected
cost of roofing materials.

Cooling load energy use estimates for operating the building with a dark roof and various coaol
roofs (SRs of 5%, 5%, and 63%) were collected from the Cool Roof Calculator released by the
.S, Department of Energy's Oak Ridge National Laboratory (2020} that outlined the expected
amount of electricity reguired to operate and cool the building on an annual energy use intensity
basis (kBtu/ft2).

To calculate the solar reflective indexes {SRIs) from the various solar reflectance values given by
the project team, the SRl calculator from Lawrence Berkeley National Laboratory (2014} was
used.

Autocase uses cost benefit analysis for translating economic impacts into triple bottom line
metrics. Autocase believes in the contribution of economics, and specifically Triple Bottom Line
Cost Benefit Analysis {TBL-CBA), to the optimal design of buildings and infrastructure. We have
performed economic analyses for a multitude of private and public sector clients such as Pratt
Whitney, Arup, Stantec, HOK, Corgan, Gensler, Burohappold Engineering, EPCOR Utilities, Dallas
Fort Worth International Airport, Hartsfield-Jackson Atlanta International Airport, San Francisco
International Airport, Port of Leng Beach New York, City of San Antonio, City of Vancouver, Los
Angeles County, and many more.

Learn more at: httpsy//autocase.com

Aulocase 8
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Altocase January 2022

Lawrence Berkeley National Laboratory. (2014). SRI Calculater. Heat Island Group. Retrieved from:
httpsy/heatisland [bl.gov/resources/technical-resources

National Roofing Contractors Association {NRCA). (2015). NRCA Market Survey. Retrieved from:
https/industryv.nrca net/eWeb/DvnamicPage aspx?weboode=NRCAStorePrdDetajlsfsite=nrca&e
23 _kev=0bcb33c9-8df5-4300-bdce-9f35decdcacd&ord_key=1F588B2F-D314-450D-AA05-119025
8C0RB3

Oak Ridge National Laboratory. {2020). Cool Roof Calculater. Innovations in Buildings. Retrieved
from: hitps/fweb oml.gov/sci/buildings/tools/cool-roof/

U.S. Department of Energy. {2010). Guidelines for Selecting Cool Roofs. Energy Efficiency &
Renewable Energy. Building Technelogies Program. Retrieved from:
httpsy/www.enerdy.gov/sites/prod/files/2013/10/73/coolrocfguide. pdf

U.S. Bureau of Labor Statistics (BLS}. {(2021). Databases, Tables & Calculators by Subject. BLS -
PEIl industry data for Other concrete product manufacturing-Precast concrete slabs and tile, roof
and floor units, not seasenally adjusted. Retrieved from:

httosy/beta bls gov/dateViewer/view/timeseries/PCU32739032739011
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January 13, 2022

Mr. Mo Madani

Florida Building Commission
2601 Blair Stone Road
Tallahassee, FL 32399-1027

Dear Mr. Madani,

The City of Miami supports proposed cool roof modifications to 2023 Florida Energy Conservation Code for Climate
Zone 1A., as submitted to the Florida Building Commission by Broward County/Miami-Dade County BORA. The
proposal will save money over the long-term for commercial building owners and tenants, help maintain
comfortable indoaor air temperatures for occupants, and reduce ambient air temperatures that endanger
community health.

Tested and certified cool roof materials with the reflectance specifications contained in the proposal are widely
available and typically cost no more than equivalent products with lower specifications. Even in those few
circumstances where there might be a greater initial expense, it would be offset by cumulative savings from lower
cooling costs over the long term. Cost savings in the southern region of Florida are multiplied greatly because
cooling is needed year-round and little energy for heating is needed during winter. Cool roof materials also extend
roof service life, generating further savings to property owners.

We also support these “cooler” roof code changes because heat issues are becoming a serious public health
concern in Climate Zone 1A. The proposed code changes will ensure that more solar energy is reflected away from
heat-retaining concrete and asphalt in our community’s built environment. By retaining and emitting heat, these
materials can significantly raise ambient heat levels across the landscape and heat-related health risks to residents,
especially outdoor workers and people without sufficient air conditioning or ventilation. Studies have shown that
cool roofs can reduce average urban heat intensity by approximately 23% and have the potential to limit dangerous
extreme temperatures during heatwaves.

The Florida Building Code exists to ensure the general welfare, health, and safety of building inhabitants and
surrounding communities. The proposed code modifications advance these goals and will provide meaningful
economic and public health benefits. For these reasons, we support the proposed Cool Roof madifications to the
2023 Energy Conservation Code for Climate Zone 1A.

Yous,sifitierely,

Maurice Pons,

Building Official

City of Miami Building Department

cc: Broward County Board of Rules and Appeals, James Dipietro (JDiPietro@broward.org)
Miami-Dade County Board and Code Administration Division, Jaime Gascon Jaime.Gascon@miamidade.gov)

BUILDING DEPARTMENT/ P.O. Box 330708 / Miami, FL 33233-0708 / (305 416-1100
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ARTHUR NORIEGA, V
City Manager
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EROWARD COUNTY

Board of Rules & Appeals

ONE NORTH UNIVERSITY DRIVE, SUITE 3500-B, PLANTATION, FLORIDA 33324
PHONE (954) 765-4500 FAX: (954) 765-4504

http://www.broward.org/codeappeals

To: Mo. Madani, Technical Director, DBPR Building Codes and Standards Office
From: James Dipietro

Date:  January 19, 2022

RE: Miami Dade County “Cool Roof” Code Modification Proposal

Please accept this letter from staff as an endorsement of the proposed “cool roof” modification to 2023 Florida Encrgy

Conservation Codz for Climate Zone 1A, as submitted to the Florida Building Commission by Miami-Dade County
BORA.

Since 1999, several widely used building energy-efficiency standards, including ASHRAE 90.1, ASHRAE 90.2, the
International Energy Code, and California’s Title 24 have adopted cool-roof credits or requirements. Manufactures

have invested many hours doing research, development, and testing, of these products, and they are now sasily
obtained from all the major suppliers.

Over the last 20 years the FECC has increased the minimum efficienc y standards for windows, doors, skylights, air
conditioners, water heaters, and lighting fixtures. Sadly, the codes have basically ignored the great benefits of
encrgy efficient roofing product materials by not setting minimum standards. Many designers are now aware of
these benefils and are specifying these products on new commercial buildings because of the significant long-term
savings. As code officials, we must set minimum standards for construction materials and cannot ignore the cost
savings and benefits of using a “caol roof” roofing product anymore. These cost savings in Broward County Florida
are multiplied greatly because cooling is nezded year-round and Little en ergy for heating is necded during winter,
Cool roof materials also extend roof service life, generating further savings lo property owners.

The Florida Building Code exists to cnsure the general welfare, health, and safety of building inhabitants and
surrounding communities. The proposed code modifications advance these goals and will provide meaningful
cconomic and public health benefits, For these reasons, we support the proposed Cool Roof modifications to the
2023 Encrgy Conservation Code for Climate Zone 1A.

Respectfully,

James Dipietro

Administrative Director

Broward County Board of Rules and Appeals
jdipietro@broward.org 954-765-4500 ext. 9§92
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Hallywood

tel: 954.921.3335
fox: 954.921.3037

January 5, 2022

Mr. Mo Madani

Florida Building Commission
2601 Blair Stone Road
Tallahassee, FL 32399-1027

Dear Mr. Madani,

The City of Hollywood supports the proposed cool roof modifications to 2023 Energy Conservation
Code for Climate Zone 1A, as submitted to the Florida Building Commission by Miami-Dade
County. The proposal will save money over the long-term for cornmercial building owners and
tenants, help maintain comfortable indoor air temperatures for occupants, and reduce outdoor
arnbient air temperatures that endanger community health.

Coaol roof materials with the reflectance specifications contained in the proposal are widely
available and typically cost no more than equivalent products with lower specifications. Even in
those few circumstances where there might be a greater initial expense, it would be offset by
cumulative savings from lower cooling costs over the long term. Cool roof materials also extend
rocf service life, generating further savings to property owners.

We also support these “cooler” roof code changes because heat issues are becoming a serious
public health concern in Climate Zone 1A. The proposed code changes will ensure that more solar
energy is reflected away from heat-retaining concrete and asphalt in our community's built
environment. By retaining and emitting heat, these materials can significantly raise outdoor
ambient heat levels across the landscape and increase heat-related health risks to residents,
especially outdoor workers and people without sufficient air conditioning or ventilation. Studies
have shown that cool roofs can reduce average urban heat intensity by approximately 23% and
have the potential to limit dangerous extrerme temperatures during heatwaves.

The Florida Building Code exists to ensure the health and safety of building inhabitants and
surrcunding communities and to support cost-effective maintenance and operation of structures.
The proposed code meodifications advance these goals and will provide meaningful economic and
public health benefits. For these reasons, we support the proposed Cool Roof modifications to
2023 Energy Conservation Code for Climate Zone 1A.

2600 Hollywood Boulevard

PO. Box 229045

Hollywood, Florida

330229045
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Yours sincerely,

Mﬁéﬁr‘?’

Russell Long

Chief Building Official

Building Division, Developrment Services
City of Hollywood

oo Broward County Board of Rules and Appeals, lames Dipietro (JDiPietro@broward.org)
Miami-Dade County Board and Code Administration Division, Jaime Gascon
{laime.Gascon@miamidade.gov)
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p mpano DEPARTMENT OF DEVELOPMENT SERVICES
CITY OF POMPANO BEACH

#&¥beach BUILDING INSPECTIONS DIVISION

Florida’s Warmest Welcome 100 West Atlantic Boulevard - Room 360

Date: November 23, 2021

To: Broward County Board of Rules and Appeals

From: Michael Rada, Building Official

Subject: Energy Conservation Code Modification

Gentlemen.

Thank you for the opportunity for our Building Department to opine on the proposed
modification to the Energy Conservation Code.

The municipality of the City of Pompano Beach has a current population of over 100,000
residents. We have districts of Commercial, Industrial and Residential use throughout our
City and are experiencing very aggressive growth in all aspects of construction.

Our Leadership has maintained a progressive vision of sustainability for all future
development within our City.

We believe the proposed modification to the Energy Conservation Code to adopt an
increase in solar reflectance for all new Commercial roofs would have a huge impact on
limiting greenhouse emissions and overall energy consumption.

We sincerely appreciate your consideration for allowing the City of Pompano Beach to
support your endeavor.

/‘ Respectfully.
[/

Michael Rada, Building Official
City of Pompano Beach

C\Users\RADMIC Desktop\BORA letter of support.doc 11/23/2021 11:17 AM
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TAC: Energy

Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

é 8
EN9845
01/19/2022 Section 402.5 Proponent Timothy de Carion
Chapter 4 Affects HYHZ No Attachments Yes
TAC Recommendation Pending Review
[Commission Action Pending Review
Comments
General Comments No Alternate Language No

Related Modifications

Sub Code Section Mod# Why? Energy 402.5.9 EN8736 Original 402.5.9 Building cavities was replaced. Energy
402.5.10 NEW Maintain current Florida section from existing 402.5.9 by moving it to 402.5.10

Summary of Modification

Mod. clarifies mandatory sections referenced in C402.5. Previous section C402.5 included up to section C402.8 as
mandatory provisions. C402.5 updates language to include "C402.5.1 through C402.5.10"

Rationale

Section C402.5.9 from current 2020 Energy code should remain as a mandatory provision of the building thermal
envelope. Many designers assume an acoustical tile ceiling is an air barrier. This code section will address this
violation and this section refers to the definition of air barrier. Without new section C402.10 as mandatory
requirement, significant energy is wasted. Florida specific humidity and condensation problems occur around grills
when vented or unvented cavities are not sealed airtight from the conditioned space. Drop ceilings shall not be used
as an air barrier to vented and unvented cavities Without including section C402.5.9 from the current 2020 code, the
drop ceiling cavities over T-bar ceilings would not be specifically addressed in the code. 1) Vented Cavities above
drop ceilings with loose leaky tiles should not be used as an air barrier with an open ventilated or unventilated cavity
to the outside of the building. (See air barrier definition.) 2) 402.5.10.2 addresses unvented Cavities above drop
ceilings and the need to seal this area above a drop ceiling. 3) 402.5.10.3 addresses the free flow of air between
tenants and the required air barrier. 4) 402.5.10.4 addresses cavities used as plenums that must be sealed airtight.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
Building inspectors already require openings into the building&#39;s conditioned space to be sealed. No
additional inspections will be needed.
Impact to building and property owners relative to cost of compliance with code
No impact
Impact to industry relative to the cost of compliance with code
No impact
Impact to small business relative to the cost of compliance with code
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Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
Propose modification prevents humidity, condensation, and mold issues from developing, which improves the
health of the general public.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of

construction
This code mod clarifies that cold air should remain in the conditioned space and hot humid air should be kept out
of the conditioned space. It specifically addresses building cavities.

Does not discriminate against materials, products, methods, or systems of construction of demonstrated

capabilities
This code mod. does not discriminate against any product, methods or systems.

Does not degrade the effectiveness of the code
This code mod. does not degrade the effectiveness of the code.
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EN9845Text Modification

C402.5 Air leakage—thermal envelope (Mandatory). The building thermal envelope shall comply with Sections C402.5.1
through C402.5.8 18, or the building thermal envelope shall be tested in accordance with Section C402.5.1.2.3. Where
compliance is based on such testing, the building shall also comply with Sections C402.5.5, C402.5.6 and C402.5.7.

C402.5.10 Building cavities.

C402.5.10.1 Vented dropped ceiling cavities. Where vented dropped ceiling cavities occur over conditioned spaces, the ceiling shall be
considered to be both the upper thermal envelope and pressure envelope of the

building and shall contain a continuous air barrier between the conditioned space and the vented unconditioned space that is also sealed to
the air barrier of the walls. See the definition of air barrier in Section C202.

C402.5.10.2 Unvented dropped ceiling cavities. Where unvented dropped ceiling cavities occur over conditioned spaces that do not have
an air barrier between the conditioned and unconditioned space (such as T-bar

ceilings), they shall be completely sealed from the exterior environment (at the roof plane) and adjacent spaces by a continuous air barrier
that is also sealed to the air barrier of the walls. In that case, the roof assembly shall

constitute both the upper thermal envelope and pressure envelope of the building,

C402.5.10.3 Separate tenancies. Unconditioned spaces above separate tenancies shall contain dividing partitions between the tenancies to

form a continuous air barrier that 1s sealed at the ceiling and roof to prevent

airflow between them.

C402.5.10.4 Air distribution system components.

Building cavities designed to be air distribution system components shall be sealed according to the criteria for air ducts, plenums, etc., in
Section C403.2.9.
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TAC: Energy

Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

9
EN9963
02/15/2022 Section 402.2.7 Proponent Amanda Hickman

Chapter 4 Affects HYHZ No Attachments No

‘AC Recommendation Pending Review
Commission Action Pending Review
Comments
General Comments No Alternate Language No

Related Modifications

None

Summary of Modification
New Section: C402.2.7 Airspaces

Rationale

This modification provides language for reflective and non-reflective air spaces consistent with ASHRAE'’s
Handbook of Fundamentals. Airspaces are common in building assembilies, but the term itself is not defined in the
code. Airspaces are permitted to be counted as contributing toward satisfying the building envelope thermal
requirements. Properly constructed airspaces can contribute to the thermal performance of an assembly. This
section provides provisions for that purpose.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code

Yes, will improve enforceability of the code through clarification of airspace language.
Impact to building and property owners relative to cost of compliance with code

No impact to cost of compliance with the code. This is already common practice.
Impact to industry relative to the cost of compliance with code

No impact to cost of compliance with the code. This is already common practice.
Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
Yes, will ensure more energy efficiency.
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
Yes, codifies and clarifies common practice.
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Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities

No, it only clarifies an already common practice.
Does not degrade the effectiveness of the code

No, it only clarifies an already common practice.
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C402.2.7 Airspaces. Where the R-value of an airspace is used for compliance in accordance with Section C402.1, the airspace shall be

enclosed in an unventilated cavity bounded on all sides by building components.
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TAC: Energy

Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

EN9972
02/02/2022 Section 405.1 Proponent Timothy de Carion
Chapter 4 Affects HYHZ No Attachments Yes
TAC Recommendation Pending Review
[Commission Action Pending Review
Comments
General Comments Yes Alternate Language No

Related Modifications

Summary of Modification

Modification corrects a glitch in the 2020 code for missing lighting requirements for walk-in coolers. Section
C403.2.14 has no lighting requirements for walk-in coolers. Section of C403.10.1 of the 2018 IECC was not
adopted. Adding item #11 from Section C403.10.1 fixes this glitch.

Rationale

By deleting the wording in C405.1 about walk-in cooler/freezer lighting that sends you on a looking for lighting
requirements that do not exist in the code, this fixes that glitch. By adding Section C405.1.1 (from IECC) for
mandatory efficient lighting and the option of an occupancy sensor for non efficent lighting, it will fixe this glitch,
makes it easy to find, gives options, saves energy.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
No additional inspections required.

Impact to building and property owners relative to cost of compliance with code
Energy efficient lighting has a proven long term pay back to the added initial cost. Options of a possible
occupancy sensor will add to the long term savings. No need to have the lights remain on inside a walk-in cooler
when it's not occupied and waste energy.

Impact to industry relative to the cost of compliance with code
See attached

Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public

Modification will reduce electrical energy consumption so more would not have to be generated.
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
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Fixes current glitch in the code.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities

Many products exist for compliance
Does not degrade the effectiveness of the code

No

1st Comment Period History

Proponent pete quintela Submitted 3/29/2022 12:24:28 PM Attachments  No
Comment:

ppears to be glitch in the current code, approval of this proposed modification will fix current code. | recommend
approval.
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SECTION C405

ELECTRICAL POWER AND LIGHTING SYSTEMS

C405.1 General (Mandatory). This section covers lighting system controls, the maximum lighting
power for interior and exterior applications and electrical energy consumption. Dwelling units within
multifamily buildings shall comply with Section R404.1. All other dwelling units shall comply with Section
R404.1, or with Sections C405.2.4 and C405.3. Sleeping units shall comply with Section C405.2.4, and
Lichtine installed T 1 e i £ i i

with Section R404.1 or C405.3. . .

C405.1.1 Walk-in cooler lighting

Lights in walk-in coolers, walk-in freezers, refrigerated warehouse coolers and refrigerated warehouse
freezers shall either use light sources with an efficacy of not less than 40 lumens per watt, including
ballast losses, or shall use light sources with an efficacy of not less than 40 lumens per watt, including

ballast losses, in conjunction with a device that turns off the lights within 15 minutes when the space is not
occupied.
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& . PROJECT NAME:
( ® w NOTES:

'WARELIGHT

CATALOG NUMBER:

FIXTURE SCHEDULE:

V)

WARRANTY

Q

REMIUI"I

APPLICATIONS:
¢ (Cold storage locations

¢ Food processing locations
¢ Parking structures

¢ Industrial locations

¢  Metal/Wood Shops

SPECIFICATIONS:
2FT

Length: 23.6"”
Width: 3.5”
Depth: 3.1”
Weight: 3.31 |bs
AFT

Length: 47.2"
Width: 3.5”
Depth: 3.1"

WARELIGHT LED VAPCORTIGHT

Warelight LED vapor tight fixtures are designed to
save energy and meet your lighting reguirements in
harsher than narmal environments. They are vandal
resistant and can be used indoors or ocutdoors.
They provide superior light distribution and are
intended for applications where moisture and/or
dust may be present.

FEATURES:
e \Wattage available: 20W, 38W and 52W
¢ Lifetime: 100,000 Hours
e  Warranty: 5 Years
e Stainless steel latches
¢ The 0-10V Dimming type is continuous
¢ The product can dim to 10%
e Voltage: 120-277V
¢ C(RI:80
e CCT: 5000K
¢ [Efficacy: 131Lm/W
¢ DLC Premium Listed
e |P66 Rated
e UL 1538 suitable for wet locations
e UL 8750 LED equipment in Lighting Products
¢ Temperature Rated at (-40°C to +50°C)(-40°F
to 122°F)

MOUNTING CPTIONS:
e V-Hook ready

¢ Surface Mounting
0023 6~

90/3.5%

120004 7.2°

Weight: 4.41 |bs

D
3

5 [

WAREHOUSE-LIGHTING.COM
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‘WARELIGH

/%)
LED WARELIGHT WRAP LIGHTS
Series and Length LED Wattage CCT Temperature 0-10V Dimming Multi-Volt
WL-VT2- 20W-
WL-VT4- LED- 38W- 50K- DMO10- MV
WL-VT4- 52W-
Performance and Certification Information {120v)

Series DLCID DLC Casting Watts DLC Rated Lm Listings
WL-VT2-LED-20W-50K-DMO10-MV | PLZOXRPM20OVP 20W 2620 UL, DLC
WL-VT4-LED-38W-50K-DMO10-MV | PLZNDCTOSLME 38w 4978 UL, DLC
WL-VT4-LED-52W-50K-DMO10-MV PLDBNJBF8F2J 52w 6312 UL, DLC

7 Warehouse-Lighting.com Warehouse-Lighting.com

G

v 4

2750 South 163™ St
New Berlin, W1 53151

WAREHOUSE-LIGHTING.COM
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Color: White

UPC Code : 078477354377

Country Of Origin : Please Contact Customer

Page 66

Service.

LEVITON.
OSFHU-CTW

Cceoupancy Sensor, Fixture Mount, PIR, High Bay, 2 Interchangeable Lenses and Aisle
Mask, Cold Storage Model, White

High-Bay Fixture Mount Occupancy Sensor lighting control, Adjustable 360° Low Bay
{8'-20 and High Bay (20'-40") Lenses, Aisle Mask, Cold Storage, Passive Infrared
Technology, 120/208/220/230/240/277/347V; 50/60Hz. Quick-snap threaded nipple,
Instant Start-ug, Return-to-last state afler power outage, Auto-Sensitivity gain from
temperature increase, False-detection protection, Super Bright Green LED. USMCA
Coempliant, Commercial Grade - White, Title 24 Compliant, ASHRAE 30.1 Cempliant

The OSFHU high-bay ococupancy sensor is specifically designed for high mounted
areas such as warehouses, manufacturing and other high ceiling applications. The
OSFHU installs directly to an industrial fluorescent luminaire or an electrical junction
box. Itis a self-contained sensor and relay that turns individual light fixtures on or off
based on occupancy in the detection zone. It comes with three interchangeable lenses
for use in either a 360-degrees high-bay or 360-degrees low-bay general area or an
aisle way. The OSFHU provides reliable coverage up to 40 ft. Mounting heights. The
OSFHU is also available in a model for cold storage applications with temperatures as
low as -40-degrees 1. To improve the field-of-view for deep body fixtures, a separate
offset adapter accessory {(OSFOA-00W) can be used to position the sensor below the
fixture body. The adapter simply snaps into a 1/2-inch knockout on the end of the
industrial fixture to attach the sensor.

Technical Information

Product Features

Application : Cold Storage, Alsle,
arehouses, Manufacturing facilites,
High ceiling applications

Commissioning : Manual

Performance Specilications
Coverage (Sq.Ft.) : 840 FT
Pattern : 360°

Electiical Specifications
Frequency : 50/60Hz

Load Rating : 800VA @ 120VAC
Sensor Technology : Passive Infrared ?E?(Ijlg?},i\g)ogrﬁvgozégl\f:i? E(?(I]IS?}A @
(PIR) 480VAC Ballast, Motor: 1/4 HP Load @
Sensor Type : Occupancy 120V

Time Delay : 30s-20m Heutral Wire Connection : Reguired
Voltage : 120-347 VAC

Wiring : Line-Black, Load-Red, Meutral-
White

Mounting : Fixture Mount
Product Line : OSFHU

Mechanical Specifications
Colaor : White

Construction : High-impact, injection
melded plastic housing

Grade : Commercial
Mounting Type : Fixture Mount

Sensor Mounting Configuration :
External

Size : Height 3.50" (8.99mm), Width
3.50" (8.89mm), Depth 1.258" (30.756mm)  Environmental Specificalions

Environment : Cold Storage

Relative Humidity : 20°% to 80% non-
condensing

Storage Temperature Range : -40° o
160°F {-40° to 71°C)

Type
Product Type : Occupancy Sensor

Standards and Certificalions

Listings : UL and CUL Listad {(OSFHU
maodels). Can be used to comply with
|[ECC, ASHRAE 80.1, and Title 24, Part
6 nocupancy sensing requirements.

Title 24 Compliant : Yes

Warranty
Warranty : 5-Year Limited

Features and Benefits

pact_Sensor Product Spec or Info Sheet - OSFHU-CTW.pdf Page: 1
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- Quicksnap: built into the 1/2" nipple, this locking mechanism allows for the fastest
and easiest mounting not requiring a threaded lock-nut

- Reduce time and materials: easily reach the ballast at ither end of the fixture
without requiring more wire or connectors with the included 21" wire leads

- Fast, gasy time delay setling: can be set al any time without requiring power 1o
the sensor; time delay is variable from 308-20m

- Instantly verlfy fixiure operation and wiring connections: "instant ON" closing
relay fires lamps in under 5 seconds

- High Inrush Stability {H.1.S. Technology): Zero crossing circuitry optimizes relay
operation for reliable, long-life operationRobust mechanical latching relay is
durable for all load types

- Adjusts the PIR sensitivity as ambient temperature rises to increase detection of
heat movement through the field-ofview

- Return to last state: for safety and energy savings, the OSFHU contains a
laiching relay so that in the event power is lost to the device, the device will
return to the last known stale of the relay

- False detection intelligence: for increased energy savings and to mitigate
nuisance tripping, the super bright LED indicate s advanced delection has been
activaled and the lights will only tumn ON when true occupancy has been

determined

SPECIFICATION SUBMITTAL

108 MAME CATALOG NUMBERS

JOB NUMBER

Leviton Manutacturing Co., Inc.

201 North Service Road, Melville, NY 11747

Telephone: +1-800-323-8820 - FAX: +1-800-832-8538 - Tech Line (8:30AM-7:30PM E.S.T. Monday-Friday):
+1-800-824-3005

Leviton Manufacturing of Canada, Ltd. Erar="

165 Hymus Boulevard, Pointe Claire, Quebec HER 1ES - Telephone: +1-800-468-7890 - ISO

FAX: +1-800-824-3005 - www. leviton.com/canada

Leviton S. de R.L.de C.V. 900 1

Lago Tana 43, Mexico DF, Maxico CP 11290 - Tel.: {+52)55-50682-1040 - FAX: {+52)5388-

1797 - www lsviton.com.mx
Lty Narufachurer

Visit our Website at: www.leviton_.com
2021 Leviton Manufacturing Co., Inc. All Rights Resarved. Subject to change without notice.

Leviton has a global presence.

If you wauld like to know where your local Leviton office is located please go to:
www.leviton.cominternational/contacts/

Page 67

Page: 2

pec or Info Sheet - OSFHU-CTW.pdf

t Sensor Product S

_Impac

Mod_9972 Im



EN9972Impact Statement

Leviton OSFHU-CTW High Bay Occupancy Sensor

3)

_—

Fast, simple installation

Zero-crossing circuitry

Green LED indicates occupancy detection

Interchangeable lenses for 360 degrees high-bay, 360 degrees low-bay, and aisle
way patterns

The aisle lens is designed to provide detection of 60 ft. long by 20 ft. wide for
heights up to 40 ft. mounting

Buying options

$64.41

+$4.51 est. tax
Free delivery

Free 90-day returns

Home Depot

@ Trusted store - 4.6/5 * (1.5K)

$62.00
+$0.00 est. tax

$13.86 delivery by Tue, Feb 8

Energy Avenue

LOW PRICE

$52.92

+$0.00 est. tax

$11.40 delivery by Wed, Feb 9
Gordon Electric Supply

4.8/5 * (1.9K store reviews)

Compare prices from 10+ stores

About this page

Visit site

Visit site
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= s
-
Vs Search over 24,000 lighting products

WAREHOUSE-LIGHTING.COM

INDUSTRIAL COMMERCIAL OUTDOOR LIGHT RETROFIT LIGHTING BALLASTS &
LIGHTING LIGHTING LIGHTING BULBS KITS DRIVERS
@ TAKE A DISCOUNT OFF EVERYTHING! FREE SHIPPING

Use coupon code at checkout. On orders over $2000
View our Coupons & Prome Codes View our Shipping Information

Home 4 Foot LED Vapor Tight Fixture, 52 Watl, 100-277V, 6812 Lumens, 5000K

B

Need Help? Speak to a Lighting Pro

866-924-3301
CART 0 ltem -Q

RESIDENTIAL SENSORS & LIGHT ELECTRICAL

LIGHTING

CONTROLS ACCESSORIES

$ PREFERRED PARTNER PROGRAM
Become a partner and get extra discounts!

4 FOOT LED VAPOR TIGHT FIXTURE, 52 WATT, 100-277V,
6812 LUMENS, 5000K

ITEM: WL-VT4-LED-52W-50K-DM010-MV | Brand: Warelight
UPC: 582157331444

From & Reviews | Leave s Review WARE LlGl:f[)

« Brand: WareLight « CRI: 80

¢ DLCID #: PLD8NJBF8F2.J ¢ Lumens: 6812

= Wattage: 52 = UL, IP66

« Voltage: 100-277 * 5year warranty

« CCT: 5000K

37999 -S-g-g—g.g. | Pay in full orin 4 interest-
or free installments of $19.99

with shop ) Learn more
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TAC: Energy

Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

-
EN9974

11

02/02/2022 Section 405.9 Proponent John Hall
4 Affects HVHZ No Attachments Yes

TAC Recommendation
[Commission Action

Pending Review
Pending Review

Comments

General Comments Yes

Alternate Language Yes
Related Modifications
None

Summary of Modification

This modification creates new section C405.9 to require electric vehicle charging equipment (EVSE) in all new
commercial construction. The number of EV Ready and EV Capable parking spaces required would be determined
by the attached chart that is part of the modification.

Rationale

Florida is ranked number two in the United States for the number of registered electric vehicle as of the latest
ranking in June 2021. EVs provide significant economic benefits for consumers through fuel and maintenance cost
savings, and have been identified as a key climate strategy to reduce GHG emissions from the U.S. transportation
sector. The interest in EVs has grown alongside greater EV model availability and increased vehicle range. Every
major auto manufacturer in the world has announced a plan to electrify a significant portion of their vehicle fleets
over the next 3-5 years. Ford recently announced an $11 billion investment to reach their goal of 40 EV models by
2022. The goal for GM: 20 EV models by 2023; for VW: 27 EV models by 2022; for Toyota: 10 BEVs by the early
2020’s; and similar goals for Volvo, Daimler, Nissan, BMW, and Fiat-Chrysler. However, the lack of access to EV
charging stations continues to be a critical barrier to EV adoption. In particular, there are significant logistical barriers
for commercial building tenants to upgrade existing electrical infrastructure and install new EV charging stations. A
lack of pre-existing EV charging infrastructure, such as electrical panel capacity, raceways, and pre-wiring, can
make the installation of a new charging station cost-prohibitive for a potential EV-owner. The installation of an EV
charging station is made three to four times less expensive when the infrastructure is installed during the initial
construction phase as opposed to retrofitting existing buildings to accommodate the new electrical equipment.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
This modification will increase the number of inspections to be performed. The cost of enforcement will be offset
by permit fees.

Impact to building and property owners relative to cost of compliance with code
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The proposed modification increases the cost of construction. Costs for new EV Capable parking spaces i range
from $300 to $850 per space. Costs for new EV Ready spaces range from $800 to $1300. The cost for EVSE
retrofit in can be three or more times the cost of installations in new construction.

Impact to industry relative to the cost of compliance with code
Industry will likely benefit from this modification. Industry is adjusting by adopting a business model that involves
installation, maintenance, and operation by an off site entity that then shares a portion of the revenue with the
property or business owner.

Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
This modification provides an additional resource to reduce greenhouse gas emissions from petroleum fueled
vehicles, thus contributing to the reduction in the effects of climate change, which has been identified as a hazard
too the health and welfare of the general public.
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
This modification strengthens the code by providing guidance on the installation electric vehicle service
equipment.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities
This modification does not discriminate against any materials, products, methods, or systems of construction of
demonstrated capabilities.
Does not degrade the effectiveness of the code
This modification does not degrade the effectiveness of the code. To the contrary, this modification provides
guidance on the installation of electric vehicle service equipment.
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Alternate Language

Bryan Holland Submitted 3/28/2022 5:20:22 PM Attachments Yes

his alternative proposed modification makes a few minor revisions to the original proposed modification. This
includes editorial revisions to the definitions and the rules to provide technical clarity. Otherwise, NEMA fully
supports the concept of EV-ready provisions in the FBC-EC as proposed and substantiated in the original proposed
modification. NEMA urges the TAC(s) and Commission approve this proposed modification.
Fiscal Impact Statement
Impact to local entity relative to enforcement of code
This alternative proposed modification provides clear and enforceable language for the AHJ.
Impact to building and property owners relative to cost of compliance with code
This alternative proposed modification will increase the cost of compliance for buildings/property owners at time
of initial construction while reducing the cost of compliance for an existing building that does not have the
capacity or infrastructure in-place for the installation of EVSE.
Impact to industry relative to the cost of compliance with code
This alternative proposed modification will increase the cost of compliance for industry.
Impact to small business relative to the cost of compliance with code
Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public

This alternative proposed modification improves the general welfare of the public as the electrification of
transportation becomes a fundamental of modern society.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction

This alternative proposed modification improves the code.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities
This alternative proposed modification does not discriminate against materials, products, methods, or systems of
construction.
Does not degrade the effectiveness of the code
This alternative proposed modification improves the code.

Proponent John Hall Submitted 3/31/2022 10:35:28 AM Attachments No
Comment:

| support the alternate language comment submitted by Bryan Holland and endorse it&#39;s submission to the
AC(s) for consideration of inclusion in the 2023 FBC.

Proponent Susannah Troner Submitted 4/12/2022 11:24:34 PM Attachments No

Comment:

riting to express strong SUPPORT for proposed code modification EN 9974. The transportation sector, dominated
by traditional internal combustion engine vehicles, currently generates 55% of our community’s carbon pollution.
EVs greatly reduce this pollution. Therefore this code modification will help minimize future impacts such as sea
level rise and intensification of storms that are associated with carbon pollution (GHGs). These pollution reductions

Page 72



resulting from the code change will lead to community health and safety benefits which are core objectives of the
Florida Building Code. Our office is fielding more inquiries every day from stakeholders regarding the lack of EVSE
and standardization and perceived costs. It is time to standardize the process and require EV Ready Spaces and
EV Capable Spaces for new commercial construction. This will help prevent future EVSE scarcity and extreme
costs associated with facility retrofits.

1st Comment Period History_

Proponent kamrath christian Submitted 4/13/2022 12:35:56 PM Attachments  No

Comment:

| am writing to express strong SUPPORT for proposed code modification EN 9974. The transportation sector,
ominated by traditional internal combustion engine vehicles, generates 55% of our community’s carbon pollution.

EVs greatly reduce this pollution and help create healthier environments. And we need to be doing everything we
can to reduce carbon pollution faster to stem the accelleration of rising water levels and climate disruption.
herefore this code modification will help minimize future impacts such as sea level rise and intensification of
torms that are associated with carbon pollution (GHGs). Pollution reductions resulting from the code change will
lead to community health and safety benefits which are core objectives of the Florida Building Code. Our
County&#39;s office is fielding more inquiries every day from stakeholders regardlng the lack of EVSE and
tandardization, and perceived costs. It is time to standardize the process and require EV Ready Spaces and EV
Capable Spaces for new commercial construction. This will help prevent future EVSE scarcity and extreme costs
associated with facility retrofits.

1st Comment Period History

Matthew Chen Submitted 4/13/2022 4:44:23 PM Attachments No

Proponent
Comment:
SemaConnect, a leading provider of EV charging solutions with many EVSE projects in Florida, supports proposed
code modification EN 9974, which establishes modest but necessary EVSE commercial requirements for new
construction. We also support the proposed alternative modification submitted by Bryan Holland. We respectfully
recommend inclusion of the proposed alternative modification in the 2023 Florida Building Code.

1st Comment Period History

N9974-G4

4/14/2022 10:09:32 AM Attachments

No

Nicholas Gunia Submitted

Proponent

Comment:
s past Chair of the Miami Branch of the South Florida Chapter of the US Green Building Council, | am writing to
oice my support for EN10370 for requiring new commercial to have EVSE. | believe the proposed changes will

help future-proof our commercial buildings given the rise of EVs. As such, the proposed changes should be
adopted.

1st Comment Period History

Amanda Hickman Submitted 4/14/2022 11:16:08 AM Attachments No

Proponent
Comment:

LBA does not support the modification, as it is not appropriate for Florida and/or is not cost justified.
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Proponent Jared Walker Submitted 4/14/2022 2:25:00 PM  Attachments No

Comment:

EN 9974 - Electric vehicle charging infrastructure (EVSE) commercial requirements The Electrification Coalition
(EC) is a national, nonpartisan, not-for-profit organization committed to promoting policies and actions that facilitate
he deployment of electric vehicles on a mass scale to combat the national security, economic, and public health
impacts associated with our nation’s dependence on oil. The EC SUPPORTS proposed code modification EN
9974, establishing modest but necessary EVSE commercial requirements for new construction. Mass adoption of
EVs is key to addressing the U.S.’s reliance on oil, which currently powers 91% of our nation’s transportation
system. Not only will ongoing transportation electrification policies such as Miami Dade’s code modification (EN
9974) accelerate EV adoption, but fostering investments in the future of electric transportation will be a boon to
Miami-Dade’s economy and job growth.

EN9974-G7

Proponent Estela Tost Submitted 4/14/2022 6:56:52 PM  Attachments  Yes

Comment:

I am in support of EN9974 Electrical Vehicle Charging Station infrastructure for new commercial construction

N9974-G8

Proponent Richard Logan Submitted 4/15/2022 9:57:28 AM  Attachments  No

AIA Florida supports this code modification with the alternate language

James Ellis Submitted 4/15/2022 2:34:08 PM  Attachments No

EV Connect, a leading electric vehicle infrastructure network and services provider with many EVSE projects in
Florida, SUPPORTS proposed code modification EN 9974, which establishes modest but necessary commercial
EVSE requirements for new construction. EV Connect encourages this body to consider diversity of electric supply
or more than 10 parking spaces in accordance with 2017 NFPA 70. Please Note: An omission of the number “20”
in Table C405.9.2.1 under Total Number of Parking Spaces requires revision for clarity.

EN9974-G10

Sandra St. Hilaire Submitted 4/15/2022 2:44:53 PM Attachments No

riting to express strong SUPPORT for proposed code modification EN 9974. The transportation sector, dominated
by traditional internal combustion engine vehicles, generates 55% of our community’s carbon pollution. EVs greatly
reduce this pollution. Therefore this code modification will help minimize future impacts such as sea level rise and
intensification of storms that are associated with carbon pollution (GHGs). Pollution reductions resulting from the
code change will lead to community health and safety benefits which are core objectives of the Florida Building
Code. Our office is fielding more inquiries every day from stakeholders regarding the lack of EVSE and
standardization, and perceived costs. It is time to standardize the process and require EV Ready Spaces and EV
Capable Spaces for new commercial construction. This will help prevent future EVSE scarcity and extreme costs
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associated with facility retrofits.

Proponent Mike Gibaldi Submitted 4/15/2022 4:50:58 PM  Attachments  No

Comment:

No brainer here. Our firm with hundreds of EVSE charging ports installed throughout the State, fully SUPPORTS
his proposed code modification which establishes modest but necessary EVSE commercial requirements for new
construction. This will encourage more emission-free driving in Florida which will in turn greatly reduce CO2
pollution.

Proponent Chris Sanchez Submitted 4/15/2022 5:12:18 PM  Attachments No

Comment:

| am strongly in favor of the proposed modifications to EN 9974. The transportation sector currently generates 55%
of our community’s carbon pollution. EVs greatly reduce this pollution by shifting from tail-pipe to electricity grid.
herefore this code modification will help minimize future impacts such as sea level rise and intensification of
storms that are associated with carbon pollution (GHGs). Pollution reductions resulting from the code change will
lead to community health and safety benefits which are core objectives of the Florida Building Code. Our office is
ielding more inquiries every day from stakeholders regarding the lack of EVSE and standardization, and perceived
costs. It is time to standardize the process and require EV Ready Spaces and EV Capable Spaces for new
commercial construction. This will help prevent future EVSE scarcity and extreme costs associated with facility
retrofits.

Marta Marello Submitted 4/17/2022 4:02:30 PM  Attachments No

| express strong SUPPORT for proposed code modification EN 9974. It is time to standardize the process and
require EV Ready Spaces and EV Capable Spaces for new commercial construction. As more EV models are
coming onto the market and the share of EVs increases, it is important to integrate EVSE in buildings in a cost-
effective way and avoid very costly retrofits. The transportation sector is the number one cause of our region’s
carbon pollution. EVs greatly reduce this pollution. Pollution reductions resulting from the code change will lead to
community health and safety benefits which are core objectives of the Florida Building Code. Miami-Dade
County&#39;s Office of Resilience has responded to an increasing number of inquiries from stakeholders regarding
he lack of EVSE, EVSE standardization, and perceived costs.

EN9974-G14
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EN9974-A1Text Modification

C405.9. Electric Vehicle Service Equipment

ELECTRIC VEHICLE SUPPLY EQUIPMENT (EVSE). Equipment for plue-in power transfer including the
ungrounded, erounded, and equipment grounding conductors, and the Electric Vehicle connectors, attachment plugs
and all other fittings. devices, power outlets, or apparatus installed specifically for the purpose of transferring energy
between the premises wiring and the Electric Vehicle.

EV CAPABLFE SPACE. Electrical distribution equipment capacity and space to support a minimum 40-ampere
208-volt or 240-volt branch circuit for each EV parking space, and the installation of necessarv wiring methods and
materials to supply EFSE.

EV READY SPACE. A designated parking space which is provided with one 40-ampere, 208-volt or 240-volt
individual branch circuit for £VSE supplving Electric Vehicles. The circuit shall terminate in a suitable termination
point such as a receptacle, outlet box, enclosure, or an EVSE. and be located in close proximity to the proposed
location of the EV parking spaces.

C405.9.2. Electric Vehicle (EV) power transfer for new construction. New construction shall facilitate future
installation and use of E£VSE 1n accordance with the NFPA 70.

C405.9.2.1. New commercial buildings. F'I7 Ready Spaces and EV Capable Spaces shall be provided in accordance
with Table C405.9.1. Where the calculation of percent served results in a fractional parking space. it shall be shall
rounded up to the next whole number. The electrical distribution equipment circuit directorv shall identify the spaces

reserved to support EV power transfer as “EV Capable” or “EV Ready”. The box or enclosure provided for future
EVSE shall be marked “FOR EVS USE.” The marking shall comply with NFPA 70, Section 110.25

TABLE C405.9.2.1.

EVREADY SPACE AND EV CAPABLE SPACE REQUIREMENTS

Total Number of Parking Minimum number of EV Ready Minimum number of EV Capable
Spaces Spaces Spaces

1

2-10

1115

1619

21-25

3
4
3
2

SN [SSHTSA 1SRN =

26+ 0% of total parking spaces

C405.9.2.2. Identification. Construction documents shall indicate the raceway or cable assembly termination point
and proposed location of future EV spaces and EVSE. Construction documents shall also provide information on the
wiring methods. wiring schematics, and electrical load calculations to verify that the service capacity and premises
wiring system have sufficient capacity to simultaneously charge all EVs at all required EV spaces at the full rating
of the ETSE.
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EN9974Text Modification

SECTION C405

ELECTRICAL POWER AND LIGHTING SYSTEMS

C405.1General (Mandatory).

This section covers lighting system controls, the maximum lighting power for interior and
exterior applications and electrical energy consumption.

Dwelling units within multifamily buildings shall comply with Section R404.1. All other

dwelling units shall comply with Section R404.1, or with Sections C405.2.4 and C405.3.
Sleeping units shall comply with Section C405.2.4, and with Section R404.1 or C405.3.
Lighting installed in walk-in coolers, walk-in freezers, refrigerated warehouse coolers and
refrigerated warehouse freezers shall comply with the lighting requirements of Section
C403.2.14.

C405.9. Electric Vehicle Service Equipment

ELECTRIC VEHICLE SUPPLY EQUIPMENT (EVSE). The conductors, including the
ungrounded, grounded, and equipment grounding conductors, and the Electric Vehicle
connectors, attachment plugs, and all other fittings, devices, power outlets, or apparatus
installed specifically for the purpose of transferring energy between the premises wiring
and the Electric Vehicle.

EV CAPABLE SPACE. Electrical panel capacity and space to support a minimum 40-
ampere, 208/240-volt branch circuit for each EV parking space, and the installation of
raceways, both underground and surface mounted, to support the EVSE.

EV READY SPACE. A designated parking space which is provided with one 40-ampere,
208/240-volt dedicated branch circuit for EVSE servicing Electric Vehicles. The circuit
shall terminate in a suitable termination point such as a receptacle, junction box, or

an EVSE, and be located in close proximity to the proposed location of the EV parking

spaces.

C405.9.2. Electric Vehicle (EV) charging for new construction. New construction
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EN9974Text Modification

shall facilitate future installation and use of Electric Vehicle Supply Equipment
{EVSE)} in accordance with the NFPA 70.

C405.9.2.1. New commercial buildings. EV Ready Spaces and EV Capable

Spaces shall be provided in accordance with Table C405.9.1. Where the calculation
of percent served results in a fractional parking space, it shall be shall rounded up
to the next whole number. The service panel or sub panel circuit directory shall
identify the spaces reserved to support EV charging as “EV Capable” or “EV
Ready”. The raceway location shall be permanently and visibly marked as “EV

Capable”.

TABLE C405.9.2.1.

EV READY SPACE AND EV CAPABLE SPACE REQUIREMENTS

Total Number Minimum number of EV Minimum number of EV
of Parking Spaces Ready Spaces Capable Spaces

1 1 -

2-10 2 -

11-15 2 3

16 —19 2 4

21-25 2 5

26+ 2 20% of total parking spaces

C405.9.2.2. Identification. Construction documents shall indicate the raceway
termination point and proposed location of future EV spaces and EV chargers.
Construction documents shall also provide information on amperage of

future EVSE, raceway methods, wiring schematics and electrical load calculations
to verify that the electrical panel service capacity and electrical system, including
any on-site distribution transformers, have sufficient capacity to simultaneously
charge all EVs at all required EV spaces at the full rated amperage of the EVSE.
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EN9974-G8General Comment

Page 79

BCISHame | LogOut  UserRejistraton | HotTopics  Submt Surcharge  Stats S Fects  Publizations | ComtactUs | BCIS StzMas | Unks | Search |

Florda —
pr i’ broposed Code Modifications
(E:j USER. Zatels ezt

2 uposed Sude Mo Teabivim Mang > Mudilicslin S=and = MudificsUus Lal > Modificstio s Del=il = Subil = Connmenl > Gerreral Cor
+ CFFICE OF THE = Required ficlds
SECRETARY
Modification # ENS974-G3
Hame Estelz Tost
Address €500 SW 117 Avenue
Sulte 120
City Miami
State FL
£ip Code 43143
Cmail estelat@baptisthealth.net

Pritrery Phime
Alternata Phone
Fax

Conle Change Cy:e
Code Varsion

Sub Code

Chaptar & Taplc
Saoction

STatus
General Comment™

(305) e03-9371
(786) 504-6013

2023
2023
Energy Conservation

Chapter 4 - [CE] - CommearZlal Enargy Efficlency
105.9

wiAl Fiesl Cominacl Seriod 03/13/2039 - 04/17/2027

Fanding DBFE Revigw

[ am in support of EN9074 Hectrical Vehicle Charging Staticn infrastructure for new commercial constructicn

upload Comment

vate submitted

U4y 1a/20a

1

Page

.pdf

Mod_9974 G8 General EN9974



EN9974Impact Statement

Page 80

EV Charging Infrastructure by Location (2030)
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Figure 1. EV Charging Infrastructure in 2030 Based on EEVIE| Forecast.
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Related Modifications

Summary of Modification

This proposed modification adds requirements for fault detection and diagnostics (FDD) for new buildings with an
HVAC system serving a gross conditioned floor area of 100,000 square feet or larger.

Rationale

Fault Detection and Diagnostics (FDD) technology significantly reduces costs and improves operational efficiency. It

incorporates a standard library of fault rules that can be customized to predict equipment failures and advise
personnel of preventive actions. Before the emergence of FDD software solutions, many organizations relied on

institutional knowledge in order to fix or maintain their wide variety of equipment. After the development of FDD tech,

this type of info (the numerous symptoms, causes and recommended actions) that may have only existed in the
heads of senior personnel or, if lucky, in print or electronic archives, could now be used in algorithms to help
organizations move from reactionary “break/fix” maintenance to more modern, more cost-effective predictive

maintenance. Return on investment studies indicate typical ROI within 12 to 18 months following installation. Please

see the attached reports from the Lawrence Berkeley National Laboratory and American Society of Heating,
Refrigerating and Air-Conditioning Engineers/Pacific Northwest National Laboratory. This proposed modification
improves the code and meets the mandate outlined in F.S. 553.886 that states; "the Florida Building Code must
facilitate and promote the use of cost-effective energy conservation, energy-demand management, and renewable
energy technologies in buildings.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
This proposed modification will require the local entity to confirm FDD is included on the construction documents
at time of plan review and has been installed and operational at time of inspection.

Impact to building and property owners relative to cost of compliance with code
This proposed modification will increase the cost of compliance with the code but will result in improved HVAC
system efficiency and have a return on investment not greater than 18 months from time of installation.

Impact to industry relative to the cost of compliance with code
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This proposed modification will increase the cost of compliance with the code for industry. FDD software and

hardware is readily available in the marketplace by a multitude of manufacturers. FDD design, installation, and
operation requires specialized training.

Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
This proposed modification will improve the health and welfare of the general public by improving HVAC system
efficacy and reducing operating costs for large HVAC systems.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of

construction
This proposed modification improves the code and meets the mandate outlined in F.S. 553.886 that states;
&quot;the Florida Building Code must facilitate and promote the use of cost-effective energy conservation,
energy-demand management, and renewable energy technologies in buildings.&quot;

Does not discriminate against materials, products, methods, or systems of construction of demonstrated

capabilities
This proposed modification does not discriminate against any materials, methods, or systems of constructions.

Does not degrade the effectiveness of the code
This proposed modification improves the effectiveness of the code.

Proponent Muthusamy Swami Submitted 4/17/2022 12:49:49 PM Attachments  No
Comment:

he change requires permanently installed sensors, sample data every 15 minutes, and communicate faults and
recommended repair remotely. R-1 and R-2 group buildings are exempted from this requirement. The proposed
code change increases construction cost but it is economical per FSEC’s cost-benefit analysis with an average
payback period of under 2.5 years and with a SIR value range of 1.57 - 15.21. Note that this proposed code
impacts building floor area greater than 100,000 square foot. FSEC encourages this change.
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EN9993Text Modification

(C403.2.15 Fault Detection and Diagnostics. New buildings with a gross conditioned floor area of 100,000 square
feet (9290 square meters) or larger shall include a fault detection and diagnostics (FDD) system to monitor the
HVAC system's performance and automatically identify faults. The FDD svstem shall:

1. Include permanently installed sensors and devices to monitor the HVAC system's performance;

2. Sample the HVAC system's performance at least once per 15 minutes;

3. Automatically identify and report HVAC system faults;

4.  Automatically notify authorized personnel of identified HVAC system faults;

5. Automatically provide prioritized recommendations for repair of identified faults based on analysis of data
collected from the sampling of HVAC svstem performance; and

6. Be capable of transmitting the prioritized fault repair recommendations to remotely located authorized personnel.
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LBNL-2001075

Lawrence Berkeley National Laboratory

Characterization and Survey of
Automated Fault Detection and
Diagnostic Tools

Jessica Granderson and Rupam Singla
Building Technology and Urban Systems Division
Lawrence Berkeley National Laboratory

Ebony Mayhorn, Paul Ehrlich and Draguna Vrabie
Pacific Northwest National Laboratory

Stephen Frank
National Renewable Energy Laboratory
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Disclaimer

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor The Regents of the University of
Califarnia, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commaercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or The Regents of the University of
Califarnia. The views and opinions of authors expressed herein do not necessarily state
ar reflect those of the United States Government or any agency thereof or The Regents
of the University of California.
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conducted in this work. We also recognize each of the fault detection and diagnostic tool
developers who participated in this survey.
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Executive Summary

Background

It is estimated that 5%—-30% of the energy used in commercial buildings is wasted due to faults
and errors in the aperation of the control system. Tools that are able to automatically identify
and isolate these faults offer the potential to greatly improve performance, and to do so cost
effactively. This document characterizes the diverse landscape of these automated fault
detection and diagnostic (AFDD) technologies, according to a common framework that captures
key distinguishing features and core elements.

Approach

To understand the diversity of technologies that provide AFDD, a framework was developed to
capture key elements to distinguish the functionality and potential application of one offering
from another. The AFDD characterization framework was applied to 14 currently available
technologies, comprising a sample of market offerings. These 14 technologies largely represent
solutions that integrate with building automation systems, that use temporary in field
measurements, or that are implemented as retrofit add-ons to existing equipment. To
characterize them, publicly available information was gathered from product brochures and
websites, and from technical papers. Additional information was acquired through interviews
and surveys with the developers of each AFDD tool. The study concludes with a discussion of
technology gaps, needs for the commercial sector, and promising areas for future development.

Key Findings

Today’s AFDD technologies are being used in nearly all commercial building sectors. Smaller
facilities, however, are less commaonly served, and when they are it is often through portfolios of
small buildings as opposed to single sites.
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Software-as-a-service models have quickly become the norm for AFDD technologies; even
vendors providing on premise and desktop applications also tend to offer SaaS options. A
compelling evolution in the industry is seen in the expansion of market delivery of FDD through
third-party service providers using the tools as a way to provide value-add to their customers.
This expansion offers the potential to increase access to the technology and its associated
benefits for a new class of owners who otherwise may not be using it, however third parties’
costs may vary significantly and each cost component should be defined in full to be able to
compare across delivery options.

16
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Number of tools

(=R A

FDD software vendor Engineering Third-party service provider
manager/operator/site staff

Intended users of surveyed AFDD tools

16
14
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Number of tools

Locally hosted server Cloud hosted Desktop computer or Controller-embedded
other device

(=T A

Location of surveyed AFDD tools

While rule-based methodologies to detect and diagnose faults are still heavily used, vendors are
beginning to use process history-based technigues. Indepandent of the FDD methodology used,
vendors report a high degree of commonality in the systems and types of faults that their
products can cover. That is, coverage of systems and faults is driven more by site data availability
than by product offering. Most AFDD tools surveyed accept real-time BAS data and external
meters and sensors; many accept historical data from the BAS, and several accept equipment’s
onboard/ internal measures without going through the BAS. The majority of the AFDD tool
vendors surveyed cover major the HVAC systems found in commercial buildings, as well as

2
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lighting systems and whole building energy use. Many tools have large libraries that are able to
determine at least some types of faults across all systems for whatever data can be provided.
Nearly all of the tool vendors surveyed are able to detect faults in the major categories, including:
sensors, energy consumption, economizers and ventilation, commercial refrigeration,
cooling/heating systems, equipment cycling, scheduling, and lighting or other end uses.
Configuration of the technelogies does require site-specific tuning. While this is not a fully
automated process, some elements of the process may be automated for streamlining.

Distinguishing factors are often associated with the additional features offered to complement
the AFDD, and with the available delivery models. The market offers great diversity in additional
analytics and reporting capabilities, integration architectures, and purchase models, making it
possible to custom fit the technology to the neads of the organization. While custom solutions
are desirable for some portions of the buildings market— such as campuses, enterprises, and
large or complex facilities—others may benefit from higher degrees of commaoditization.

An important theme in interpreting the findings from this survey is that many products are sold
with an emphasis on broad-scale applicability, and in analyzing the features and capabilities
across all offerings as whole, there is indeed a high degree of similarity. However, it is critical for
prospective technology users to probe providers to understand the precisely what is entailed in
a given offering’s implementation of a feature of interest. For example, there are many ways to
prioritize faults and estimate their impacts, and effective prioritization may be dependent on
customer input. Similarly, root cause analysis (diagnosis) may be supported for just a subset of
faults, or require manual input from operational staff. Analogously, ease of integration with
different makes and vintages of BAS is another critical element of implementation for which “the
devil is in the details.”

Outstanding Needs

FDD technology is seeing increased uptake in the market, and is constantly developing and
evolving. Best practice implementations can deliver significant improvements in energy
efficiency, utility expenses, operations and maintenance processes, and operational
performance—all with rapid return on investment. However, for the full potential to be realized
at scale, a core set of interrelated informational, organizational, and technical needs and barriers
must be addressed.

The primary informational barriers for prospective users are rooted in interpreting the value
proposition of FDD for their facilities, and in accessing best practices in implementation — for
example all-in costs and benefits, effective use of contractors and service providers, and
integration with higher level energy management practices. Organizationally, successful
implementation of AFDD can be slowed by a need to diverge from existing business practices and
norms. While the costs are modest compared to capital projects and can be quickly recovered,
decision makers must buy in to anincrease in operation and maintenance expenses and be willing
to manage a certain degree of risk. Finally, from a technical standpoint, IT and data integration
represent one of the largest challenges. Even once data is accessible through cross-system

3
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integration, it must be interpreted for use in analytic applications. The current lack of common
standards in data, metadata, and semantic representation also poses difficulties in scaling. Lastly,
today’s AFDD offerings can prove difficult and expensive to apply in smaller commercial buildings.

Future Work

AFDD has matured significantly since its first introduction into commercial buildings. Based on
information gathered through this survey and discussion with both vendors and users, several
opportunities emerge to further advance the technology. Continued development of algorithms
that include machine learning and other promising techniques could reduce tuning needs,
simplify configuration, and enhance diagnostic power. Following the trends in other industries,
there is also potential to move beyond diagnostics into prognostics and predictive maintenance.
Machine-to-machine integration presents further opportunity for advancement to realize
pervasive “plug-and-play” functionality, thereby enabling tighter coupling of AFDD with
computerized maintenance management systems, meter analytics, and operations and asset
management tools. Finally, there are gains to be achieved through the development of corrective
and adaptive controls, in combination with tool chains that can ensure that operational design
intent is correctly implemented and maintained over the duration of the operational stage in the
building lifecycle,
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1. Overview

Energy Management and Information Systems (EMIS) comprise a broad family of tools and
services to analyze, monitor, and control commaercial building equipment and energy use. These
technologies include, for example, meter analytics or energy information systems (EIS), some
types of automated fault detection and diagnostic tools (AFDD), benchmarking and utility hill
tracking tools, and building automation systems. These technologies may encompass uses that
include monitoring-based and ongoing commissioning, remote audits and virtual assessments,
enterprise monitoring and asset tracking, continuous savings estimation, and energy anomaly
detection. There are a wide a wide variety of EMIS products available on the commaercial market,
and they are increasingly heavily marketed to the energy management community.

It is estimated that 5%—30% of the energy used in commercial buildings is wasted due to faults
and errors inthe operation of the control systam™ 2 2, Tools that are able to automatically identify
and isalate these faults offer the potential to greatly improve perfarmance, and to do so cost
effectively.

This document characterizes the diverse landscape of technologies that offer AFDD functionality,
according to a common framework that captures key distinguishing features and core elements.
These technologies can reside on local servers or in the cloud, as well as at the network edge
within equipment or controller-embedded solutions.

The primary audience for this document is building owners and operators, who are seeking an
understanding of the functionality available in AFDD products and services to inform piloting and
procurement decisions. It also may be useful to utility energy efficiency program stakeholders
who are interested in emerging technologies to test and pilot for incentive programs. A
secondary audience includes developers of AFDD solutions who are looking for infoermation to
inform and target their efforts.

In the following sections of this review we present a general overview of FDD and other analytics
technology types, followed by a common framework to distinguish among various types of AFDD
tools. We then apply this framework to evaluate a sampling of AFDD tools and discuss the
findings. The evaluation focused primarily on solutions that integrate with building automation
systems, that use temporary in-field measurements, or that are implemented as retrofit add-ons
to existing equipment; it did not include OEM-embedded AFDD offerings (although in a few
instances these variants are available through the AFDD vendor). We conclude with a discussion
of technology gaps, needs for the commercial sector, and promising areas for future
development.

1 Roth, K. W., D. Westphalen, M. Y. Feng, P. Llana, and L. Quartararc. Energy fmpact of Commercial Building Confrois
and Performance Diagnostics: Market Characterization, Energy impact of Building Fauwlts and Energy Savings Pofential.
2005. Report prepared by TIAC LLC for the LS. Department of Energy.

2 Katipamula, 5., and M. Brambley. 2005. “Methods for fault detection, diagnostics, and prognostics for building systems
— areview, part 1.” HAVAC&R Research 11(1): 3-25.

3 Fernandez, N., et al. 2017. impacts on commercial building controls on energy savings and peak load reduction. Pacific
Northwest National Laboratory. PNNL Report Number PNNL-25985.

5
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2. Introduction to Fault Detection and Diagnostics

FDD is the process of identifying (detecting) deviations from normal or expected operation
(faults) and resolving (diagnosing) the type of problem or its location. FDD has been used for
decades to great success inindustries that include aerospace, nuclear, and industrial applications,
and its use in building operation and control applications is growing. In practice, FDD in buildings
is most commonly conducted for heating, ventilation, and air conditioning (HVAC) systems,
however as a process, FDD is applicable to all systems in the building., Although currently
underutilized, FDD is a powerful approach to ensuring efficient building operations.

As further detailed in the characterization framework that follows, AFDD technology may be
delivered through a variety of implementation models. The FDD code may be integrated into
either server-based software, desktop software, or software that is embedded in an equipment
controller. The AFDD algorithms may rely on historical or near-real time data from building
automation systems (BAS), from data local to the equipment or controller, from external sensors
and meters, or from some combination of these data sources. AFDD software may be used by
the building operator or energy manager, or may be delivered through analysis-as-a-service
contracts that do not require direct “in-house” use of the technology.

The software tools that offer AFDD may include additional functionality such as energy
consumption monitoring and analytics, visualization, benchmarking, reporting of key
performance indicators, or fault prioritization and impact assessment. The server-based offerings
rely on continuous data acquisition and analysis; these types of AFDD tools are commonly
considerad part of the broader family of tools called Energy Management and Information
Systems (EMIS). Although not within the scope of this document, other EMIS technologies such
as meter analytics or energy information systems, automated (HVAC) system optimization, and
building automation systems are powerful tools for ensuring persistent low-energy commercial
building operations—both at the facility and enterprise levels.

3. FDD Technology Characterization Framework

To understand the diversity of technologies that provide AFDD, a characterization framework
was developed to capture key elements that can be used to distinguish the functionality and
potential application of one offering from another. Content contained in this framework was
developed through review with a subset of providers, and is based on the authors’ collective
subject matter expertise, knowledge of AFDD technology and its use in commaercial building
energy management applications. The categories in the framewark are defined in the following
sactions, with characteristics spanning delivery to market, technical capabilities, and additional
software functionality.
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3.1 Delivery to Market
Company or institution name: The developer of the AFDD technology.
Tool name: The name of the AFDD software or service offering.

Saftware type: Whether the AFDD is offered as a commaercial product or service, or as open
source code.

Availability to market: Whether the AFDD is commercially available or still being researched
(pre-commercial).

Current markets served: What markets are currently served in terms of:

e Building type (multi-family, hospital, outpatient healthcare, hotel, office, restaurant,
retail, supermarket, college and university, K=12 education, warehouse).

e Building size (large [> 50k square feet (sf)], medium [10-50k sf], small [< 10k sf]).

Software location: Whether the AFDD software is cloud hosted, locally hosted on an “on-site”
server, located on a desktop computer or other device, or controller-embedded.

Purchase model: Whether the AFDD software is a one-time purchase, software as a service (with
monthly or annual fee), or other. Additionally, whether the AFDD software comes with updates
and/or periodic maintenance in the initial offering costs, or whether additional purchase is
required.

intended users: Whether the AFDD software is intended for use by the vendor (for analysis-as-a-
sarvice), an enginaering manager/operator/site staff, and/or a third-party service providar,

Software configuration: Whether the party typically responsible for the AFDD software
installation and configuration is the software vendor; an integrator, distributor, or third-party
service provider; or an engineering manager/operator/site staff.

Data sources: Whether the AFDD software relies upon data from BAS real-time data (i.e., live,
continuous), from BAS historical data (e.g., trend logs, csv, xls), from on-board or internal
equipment measures, or from external meters and sensors.

Data ownership: Whether the owner(s) of the AFDD software tool inputs and outputs is the end-
customer, the FDD software vendar, and/or a third-party service provider,

FDD method tailoring: Whether the AFDD software requires tailoring of the tuning algorithm
parameters and associated thresholds manually or automatically, or whether it is not applicable
Qr unnecessary.

Notification of findings: Whether the AFDD software tool delivers results through a software user
interface with fault findings, through a service to the user that includes periodic reports of fault
findings, and/or through automated notifications, e.g., via email or text.
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3.2 Technical Capabhilities

Systems covered: Whether the FDD software has existing libraries and rules for the following
systems: air conditioners/heat pumps (including packaged rooftop units), chillers and towaers, air
handler units (AHUs) and variable air volumes (VAVs), fan coil units (FCUs), commercial
refrigeration, lighting, boilers/furnaces, water heaters, and/or whole-building.

Categories of faults detectable: These are broad categories of faults that the AFDD tool is able to
detect and potentially diagnose. The fault categories included in this framework include:

* Sensor errorsffaults

¢ Energy consumption (explicit energy use fault)

e Economizers and ventilation

e Control-related pressurization issues

e Commercial refrigeration (related to vapor/compression)

e Space cooling/heating (related to vapor/compression)

e Heating system (boiler, heat exchanger, furnace, etc.)

e  Cooling system (chillers, towers, etc.)

e Equipment cycling

¢  Pump and fan systems

e Scheduling (too little, too long, wrong time, etc.)

¢ Simultaneous heating and cooling

e Lighting or other end uses

Note that problems such as mechanical failures and departures from setpoint or intended
sequences may be included under multiple fault categories in the list above.

Methods/algorithms: These are the categories of analytical methods used in the AFDD software.,
The schematic diagram below depicts the definition of algorithm types that are used in this
framework.

Diagnostic
Methods
Qualitative
Model-Based

Qualitative
Physics-Based

Quantitative
Model-Based

| Detailed

Process
History-Based

| Black-Box | | Gray-Box ‘

Simplified

Physical Models ‘ Physical Models

Rule-Based | ‘

. . : ! ¢ ’

. 2z ini Other Pattern

Expert First= Limits and 3 Artificial Neural Y
Fuzzy Logic Statistical Recognition
Systems Principles Based Alarms Networks Techniques

Figure 1. Depiction of algorithm types used in this framework, from Katipamula and Bramhbley, 20052
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As illustrated in Figure 1, FDD methods may be model-based or based purely on process history
data. The model-based methods rely upon knowledge of the underlying physical processes and
first principles governing the system(s} being analyzed. Quantitative model-based approaches
are not yet frequently employed in commercial AFDD tool offerings, however qualitative model-
based approaches which include rule-based FDD, have been extensively used in the industry and
provide intuitive representations of engineering principles. The process history-based (data-
driven) approaches do not rely upon knowledge of first principles, but may leverage some degree
of engineering knowledge; they rely upon data from the system in operation. These include
statistical regression models, neural networks, and other methods. Process history-based AFDD
algorithms are increasingly being explored for use in commercial tool offerings. Although the
distinctions between these method types may become blurry (even to developers), AFDD users
may have interest in understanding whether a technology uses rules-based techniques versus
newer data driven approaches, or less commonly employed first principles — ar a combination of
several approaches.

Detection and diagnosis capabilities: Whether the AFDD tool is capable of identifying fault
prasence (reporting a fault without specification of the physical location, severity, or root cause),
fault location, fault severity (degree of faultiness as opposed to impact on energy or dollars,
which is covered in “additional functionality”), root cause, and/or estimated costs of resolution
and payback.

3.3 Additional Functionality

Other features: Additional features of the AFDD tool that are not represented above, and may
include:

e Detection of equipment degradation

e Fault prioritization

¢ Automated work order request system integration

e Assessment of energy impacts

e Conversion of energy impacts to cost impacts

e Assessment of cost impacts other than energy cost, e.g., reduced equipment life

¢  Meter data analytics

e Time series visualization and plotting

e Key parformance indicator (KPI) tracking and reporting

e Longitudinal and cross-sectional benchmarking (within a given portfolio or via ENERGY

STAR Portfolio Manager)
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4, Technology Characterization Findings
The AFDD characterization framework was applied to 14 currently available technologies,
comprising a sample of market offerings (see the Appendix for a list of those surveyed). These
technologies were identified based on factors including:
e Diversity across defining characteristics to illustrate market breadth
e Known use in commercial buildings based on the authors’ knowledge of the market and
engagement with the community of AFDD users
¢  Vendor or developer willingness and ability to share information necessary for a full
characterization
It is important to emphasize that inclusion in this survey does not indicate endorsement, and
conversely, absence from the survey does not indicate non-endorsement.

To characterize the technologies, publicly available information was gathered from product
brochures and websites, and from technical papers. Additional information was acquired through
interviews and surveys with the vendors and developers of each AFDD tool. The information that
was acquired was therefore based on self-reporting from the technology provider. It was not
within the scope of this effort to independently verify reported functionality and characteristics
of each technology that is included. Moreover, as the market is constantly evolving and
technologies are continuously modified, these market findings represent a snapshot in time.
Although specific offerings may evolve, it is expected that the characterization framework itself
will remain a viable tool to distinguish key AFDD technology elements well into the future.

The tables in the Appendix provide a summary of the capability of each tool surveyed, with
respect to each category in the characterization framewaork.

4.1 Delivery to Market

All tool vendors surveyed offered proprietary, commercially available software and/or hardware.
However, several of the software vendors noted that they provide an open application
programming interface (API) to support integration with third-party applications.

The markets currently served by the AFDD toolvendors are representad in Figure 2, Multi-family,
restaurant, data centers, and manufacturing facilities are less commaonly served, with a mostly
even coverage of other sectors. In addition to the market segments shown in the figure, several
tool vendors noted additional facility types such as industrial subsectors, arenas, multi-event
facilities, and correctional facilities. The technologies are commonly used in large and medium
facilities, with less penetration in smaller buildings. Several tool vendors also noted that they do
not serve a particular building size and that their product would be applicable to any size building.
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Figure 2.Market presence of surveyed FDD tools

As shown in Figure 3, the software for all 14 tool vendors can be cloud hosted; eight of them offer
that as the only option. Additionally, four AFDD tools can be installed on a locally hosted on-site
server, and three can be located on a desktop computer or other device (such as a handheld
device). Three can be controller-embedded, reflecting emerging variants in software delivery that
can entail relationships with OEMs.

Number of tools
[
T 00 O N

'y

[T N

Locally hosted server Cloud hosted Desktop computer or Controller-embedded

other device

Figure 3. Software location

AFDD tool vendors offer a wide range of variability in purchase models. Many vendors noted that
there is no standard, and that often the purchase model is tailored to what the customer wants.
Typically tools that are hosted on the cloud offer a software-as-a-service (SaaS) model with
angoing updates and maintenance included for either an annual ar a monthly fee. Maintenance
and updates may come bundled or optionally in an upfront fee, or can be deferred for later
purchase.

As reflected in the tallies in Figure 4, all of the AFDD tool vendors surveyed have multiple
intended users. The traditional model of in-house technology used by the end customer is still
prevalent—all vendors surveyed listed engineering manager/operator/site staff as an intended
user. However, tools are increasingly being usad by and resold by third-party service providers
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as a value-add to customers, with all of the AFDD tool vendors surveyed also listing a third-party
service provider as an intended user. Nine vendors provide analysis-as-a-service directly to their
clients and are therefore an intended user of the tool. This is expected to grow as the market
matures and alternative business models are explored by the industry.

Number of tools

FDD software vendor Engineering Third-party service provider
manager/operator/site staff

Figure 4. Intended Users

The majority of the AFDD tools are installed and configured by some combination of the software
vendar, an integrator/distributor/third-party service provider, and the engineering
manager/operator/site staff, as shown in Figure 5. In most cases, the vendor plus a third party
do the configuration, working from owner requirements. In some cases multiple parties are
required for the installation, and in some cases the vendor offers several options for who does
the installation.

12

10

00

Number of tools
[=a]

a
2
0
FDD software vendor Integrator, distributor or third- Engineering
party service provider manager/operator/site staff

Figure 5. Parties involved in software configuration

There is a range of input data that are required by AFDD tools and a range of data that they can
accept, as shown in Figure 6, Most of the tools take in real-time BAS data, which would be
expected, given the large number of cloud-based solutions that serve as a BAS overlay. Eleven
tools are also able to utilize historical data from the BAS. Maost of the tools are also able to utilize
external meters and sensors. Three tools are able to utilize equipment’s anhoard/ internal
measures without going through the BAS. Typically not all of the data points that can be

12
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processed by the tool are required, and the technologies operate based on the data that are
available. Though the tool vendor may have a short list of critical points, additional data are used
to enhance the spectrum of diagnostics that can be performed.

14
12
v
g 10
5 8
t
2 6
E ,
5 4
=
p
0
BAS real-time data BAS historical data Equipment’s on- External meters and
board/internal Sensors
measures

Figure 6. Data sources for surveyed FDD tools

All AFDD tool vendors note that primarily, the customer owns the data. Additionally, two vendors
noted that they themselves also have ownership over the data and one other tool vendor noted
that a third-party service provider has ownership over the data. Several tool vendors noted that
they retain the right to use aggregate and anonymous data for benefit of all their users; for
example, to provide peer benchmarking analyses.

All 14 tools require some degree of tuning or tailoring algorithm configuration and
implementation. While none offer fully automated tuning, six vendors noted that they provide
automated routines and/or GUIs to streamline the process. At least one tool comes with a fault
library with default thresholds, with which the customer may subsequently tune parameters or
hire consultants to help.

All of the AFDD tool vendors provide access and viewing of fault findings through a software
interface, as shown in Figure 7. In addition to user-facing GUIs, the majority of offerings surveyed
also provide services to periodically output reports of fault findings. All but two of the tools
provide automated notifications via text, e-mail, or even other novel communications options
such as tweets. Several tool vendors have the capability to have reports sent via e-mail at user-
defined intervals (daily, weekly, monthly) and on customer demand.
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Number of tools
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Software userinterface with  Service with periodic reports Automated notifications
fault findings of fault findings

Figure 7. Notification of findings

4.2 Technical Capabilities

As seen in Figure 8, the majority of the AFDD tool vendors surveyed cover most of the systems
that were included in the survey (AC/heat pump which includes packaged rooftop units, chillers
and towers, AHU and VAV, FCUs, commercial refrigeration, lighting, boilers/furnaces, water
heaters, and whole-building). Many tools have large libraries that are able to determine at least
some types of faults across all systems for whatever data can be provided. Several vendors
reported that they additionally include energy recovery ventilators (ERVs), other terminal units
besides VAV boxes, solar panels, industrial processes, variable refrigerant flow (VRF) systems,
BAS controls, cogeneration, and manufacturing equipment.
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Figure 8. Systems covered

Nearly all of the tool vendars surveyed are able to detect faults in the majority of the fault
categories in the survey: sensor errors/faults, enargy consumption, economizers and ventilation,
control-related pressurization issues, commercial refrigeration, space cooling/heating, heating
system, cooling system, equipment cycling, pump and fan systems, scheduling, simultaneous
heating and cooling, and lighting or other end uses. Many tools have large libraries that are able
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to determine at least some types of faults for whatever data can be provided. See Figure 9 for

details.
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Figure 9. Categories of detectable faults

Most of the tools (12 out of 14) use rule-based algorithms, the majority of which apply some
combinatiaon of expert systems, first principles-based, and limits and alarms. Many of the rule-
based tools are supplemented with other approaches, and in one case the offering is a platform
that is most commonly programmed and configured to deliver rule-based algorithms, but also
includes machine learning functions. Three tools use black-box process history-based
approaches; one of these also uses a gray-box approach. Two tools use quantitative model-based
approaches. Figure 10 illustrates these findings graphically—dark shading indicates approaches
used by ten or more tools, medium shading indicates approaches used by two or three tools, and

light shading indicates approaches used by ane or no toals.
|0'1||2'3|| 10+ ‘ Diagnostic
Methads
Quantitative Qualitative Proccss
Modcl-Bascd Modcl-Bascd History-Bascd
Detailed Simplified Rule-Based Qualitative | Black-Box | | Gray-Box |
Physical Models Physical Models Physics-Based
Figure 10. Methods and algorithms
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As shown in Figure 11, all vendors surveyed reported the ability to identify fault presence as well
as physical fault location. All but one tool is able to identify potential root causes. Depending on
the specific fault identified, root case identification may be more or less precise, or in some cases,
not possible. In addition, all but one reported some quantification of fault severity, e.g., degree
of leakage. The degree of faultiness may be determined based on the frequency of a fault, fault
magnitude (e.g.,, how far a point is away from setpoint), and fault duration. Several tools
associate fault severity with assessment of the degree to which energy, energy cost, comfort, and
maintenance costs are affected. At least one of these tools pricritizes the faults, then displays
only one fault at a time to the user.

Number of tools

Fault presence Fault location Fault severity Root cause of fault

Figure 11. Detection and diagnosis capabilities

4.3 Additional Functionality

AFDD tools are commonly delivered with many supplementary features. Qut of the tools
surveyed, the most common features were time series visualization and plotting, quantification
of energy impacts, and fault prioritization, as shown in Figure 12. Other very common features
were equipment degradation, conversion of energy impacts to cost impacts, KPI tracking and
reporting, automated work order request system integration, and meter data analytics. Less
common but still prevalent features were cost impacts other than energy cost (such as the cost
of pending equipment failure), longitudinal and cross-sectional benchmarking, and estimated
cost of fault resolution and payback.

In addition, tool vendors noted a number of other features, including feedback for load
management and demand response applications, verification of corrective actions, savings
measurement and verification (M&V), equipment level M&Y, asset data and service history, and
issue-tracking systems. These other features were not exhaustively reviewed in the survey (or
Tabulated findings in the Appendix) but are important complements to the AFDD capabilities.
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Figure 12. Relative frequency of a selected set of additional features of AFDD tools

5. Industry Needs and Future Development

This survey focused on AFDD solutions that integrate with building automation systems, that use
temporary in-field measurements, or that are implemented as retrofit add-ons to existing
equipment. As indicated in the findings, today’s AFDD technologies are being used in nearly all
commercial building sectors. Smaller facilities, however, are less commonly served, and when
they are it is often through portfolios of small buildings as opposed to single sites. Cost
effectiveness and complexity of implementation may vary as the technology is applied to
different sectors and building sizes. For example, with a historic emphasis on HVAC systems and
larger buildings, solutions for built-up systems may be simultaneously mare developed, yet also
more complex than those for packaged systems.

Software-as-a-service models have quickly become the norm for AFDD technologies; even
vendors providing on-premise and desktop applications also tend to offer SaaS options. A
compelling evolution in the industry is seen in the expansion of market delivery of FDD through
third-party service providers using the tools as a way to provide value-add to their customers.
Illustrated in Figure 13, these third-party services may cover a spectrum of activities. This is in
contrast to earlier models that relied on in-house direct organizational use, and also from
analysis-as-a-service provided by the AFDD vendor. This expansion offers the potential to
increase access to the technology and its associated benefits for a new class of owners who
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otherwise may not be using it, however third parties’ costs may vary significantly and each cost
component should be defined in full to be able to compare across delivery options.

* Integrate data from a variety of sources
» Check data quality

* Develop diagnostic rules

» Configure user interface

Technology
installation and
commissioning

* Prioritize findings

Ongoing data * Review software and other data sources to
review determine root causes

= Develop summary reports and action plans

* Troubleshoot issues on-site
sl a=tmnhi=0 lenlaly i * Track corrective actions

and Verification » Verify faults have been corrected
* Estimate energy and cost savings

Increasing levels of support for in-house staff

Figure 13. A spectrum of analytics-focused activities that service providers may offer their customers

While rule-based methodologies to detect and diagnose faults are still the norm, vendors are
beginning to use process history-based technigues. Independent of the FDD methadology used,
vendors report a high degree of commonality in the systems and types of faults that their
products can cover. That is, coverage of systems and faults is driven more by site data availability
than by product offering. Configuration of the technologies does require site-specific tuning,
which may be conducted by vendors and service providers with varying degrees of involvement
from site staff. While this is not a fully automated process, some elements of the process may be
automated for streamlining.

Distinguishing factors are often associated with the additional features offered to complement
the AFDD, and with the available delivery models. The market offers great diversity in additional
analytics and reporting capabilities, integration architectures, and purchase models, making it
possible to custom fit the technology to the needs of the organization. While custom solutions
are desirable for some portions of the buildings market— such as campuses, enterprises, and
large or complex facilities—other portions of the market may benefit from higher degrees of
commaoditization.
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An important theme in interpreting the findings from this survey is that many products are sold
with an emphasis on broad-scale applicability, and in analyzing the features and capabilities
across all offerings as whole, there is a high degree of similarity. However, actual implementation
needs can differ widely from one application case to another. Moreover, it is critical for
prospective technology users to probe providers to understand the precisely what is entailed in
a given offering’s implementation of a feature of interest. For example, there are many ways to
prioritize faults and estimate their impacts, ranging from those that rely upon static assumptions
of fault persistence versus intermittence, to those that rely upon more dynamic calculations of
concurrent operational conditions — and effective prioritization may be dependent on customer
input. Similarly, root cause analysis (diagnosis) may be supported for just a subset of faults, or
require manual input from operational staff. Analogously, ease of integration with different
makes and vintages of BAS is another critical element of implementation for which “the devil is
in the details.”

FDD technology is seeing increased uptake in the market, and is constantly developing and
evolving. Best practice implementations can deliver significant improvements in energy
efficiency, utility expenses, operations and maintenance processes, and operational
performance—all with rapid return on investment (see the Smart Energy Analytics Campaign
Year 1 Report?® for a snapshot of EIS, FDD and ASQ performance and cost). However, for the full
potential to be realized at scale, a core set of interrelated informational, organizational, and
technical needs and barriers must be addressed.

informational:

1. Prospective users remain challenged in interpreting the value proposition of FDD for their
facilities. Common questions include: what will it really take to make this work for my
buildings? What will the all-in costs and benefits be, up-front, and in the long-term? How
do | navigate this developing market with numerous evolving players and product
options?

2. Prospective users also face more specific implementation questions such as: What is the
distinction between automated fault detection and diagnostics (AFDD) and BAS alarms,
and which products support one versus the other? What are best practices for tuning and
avoidance of false positives? What is the benefit of integrating AFDD within higher-level
energy management practices such as strategic energy management and ongoing
monitoring-based commissioning? How do | best integrate the support of contractors and
service providers with in-house activities?

4 Smart Energy Analytics Campaign. Synthesis of year 1 outcomes in the Smart Energy Analytics Campaign [Internet].
2017 [accessed on September 25, 2017]. Available from: hitps://smart-energy-analytics.org/
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Organizational:

3.

Successful implementation of AFDD can be slowed by a need to diverge from existing
business practices and norms. While the costs are modest compared to capital projects
and can be quickly recovered, decision makers must buy in to an increase in operation
and maintenance expenses and be willing to manage a certain degree of risk. Translation
of information into action requires allocation of resources for staff time and training to
act upon on identified fixes; it also requires effective operational response processes.

Technical:

4.

While improving, IT and data integration represent one of the largest barriers to scale. It
is complex, expensive and crosses organizational business units, and communications
infrastructures are not easily leveraged for installation of analytics technologies.

Once data is accessible through cross-system integration, it must be interpreted for use
in analytic applications. The current lack of common standards in data, metadata, and
semantic representation also poses difficulties in scaling.

Similar to many efficiency solutions, today’s AFDD offerings can be difficult and expensive
to apply in smaller commercial buildings. Smaller facilities do not commonly have building
automation systems or energy management staff and present much tighter payback
constraints due to smaller energy expenditures.

A number of academic, industry, utility, and federal effarts are seeking to address these barriers.
These collective efforts are far too varied and numerous to comprehensively describe, however,
a few examples from current work sponsored by the U.S. Department of Energy (DOE) are
provided as an illustration.

The University of New Haven is conducting a public-facing field evaluation® of
approximately 10 AFDD solutions to quantify technology costs and benefits, and is
partnering with the utility community to inform the development of incentive programs
for scaled regional deployment.

The National Renewable Energy Laboratory (NREL) is conducting early-stage development
of AFDD solutions for small commercial facilities that are based on simulation modeling
and smart meter data.®

Lawrence Berkeley National Laboratory (LBNL) is administering the Smart Energy
Analytics Campaign’ to provide technical assistance to AFDD and other analytics users,
track gaps and benefits, and synthesize barriers.

5 .S, Department of Energy, Office of Energy Efficiency and Renewable Energy. Department of Energy announces
scaling up the next generation of building efficiency packages funding awards [Internet]. 2017 [accessed on August
29, 2017]. Available from: https://energy.gov/eere/buildings/articles/department-energy-announces-scaling-next-
generation-building-efficiency

B Frank, S., et al. 2016. Hyhrid medel-based and data-driven fault detection and diagnestics for commercial buildings.
Proceedings of the 2016 ACEEE Summer Study on Energy Efficiency in Buildings.

7 Smart Energy Analytics Campaign. Smart Enargy Analytics Campaign [Internet]. 2017 [accessed on August 29, 2017].
Available from: hitps://smart-energy-analytics.org/
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e LBNL and NREL are conducting public-facing multi-site field evaluations of technologies
for rooftop unit AFDD and combined FDD/HVAC optimization.® Performance results are
intended to inform the market at large, with a particular focus on public and private sector
portfolio owners.

AFDD has matured significantly since its first introduction into commercial buildings. Based on
information gathered through this survey and discussion with both vendors and users, several
opportunities emerge to further advance the technology. Some of these are technical
development challenges, and some strongly tied to the interplay between market demand and
business choices cancerning standardization and interoperability.

Continued development of algorithms that include machine learning and other promising
techniques could reduce tuning needs, simplify configuration, and enhance diagnostic power.
Following the trends in other industries, there is also potential to move beyond fault diagnostics
into controls optimization, prognostics, and predictive maintenance. Integration of physics-based
models to complement data-driven approaches holds promise to increase diagnostic power and
support predictive analytics.

Machine-to-machine integration presents further opportunity for advancement. For example,
truly pervasive “plug-and-play” functionality is still being developed, as are solutions to
automatically extract and semantically interpret data across diverse systems and data types. The
ability to interface AFDD tools with computerized maintenance management systems (CMMS) is
just beginning to be explored, and will streamline the process of operationalizing action-taking
based on the findings from analytics tools. Similarly, the practice of energy management will be
enhanced through an ahility to mare tightly couple today’s disparate systems and platforms with
more pervasive data and connectivity for controls optimization, FDD, site and portfolio meter
analytics, and operations and asset management. While an “all in one” tool is not likely, nor
necessarily optimal, some convergence for users would be beneficial.

Finally, there are gains to be achieved through the development of corrective and adaptive
controls, in combination with tool chains that can ensure that operational design intent is
correctly implemented and maintained over the duration of the operational stage in the building
lifecycle.

g .5 Department of Energy, Office of Energy Efficiency and Renewable Energy. Building|Q Inc: Predictive Energy
Optimization [Internet]. 2017 [accessed on August 28, 2017]. Available from:
https://energy.gov/eere/buildings/ downloads/buildingig-inc-predictive-energy-optimization
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Appendix

Table 1 summarizes aspects of market delivery for each tool surveyed, and Table 2 summarizes their AFDD technical capabilities and additional
software features.

Takle 1. Market delivery aspects of each tool surveyed

K-12 Ed, Warehouse

Tool name Campany Building type of Building |Software Purchase madel [Intended Software Data sources Data FDD Notification of
markets served size of location users canfiguration ownership (method findings
markets tailoring
served
SkySpark SkyFoundry Hospital, Outpat. Large, Cloud hosted, |Cnetime FDD vendor, |Third-party  |BAS real-time End- Manual Software user
{platform) Health., Hotel, Office, |Medium, |Desktop purchase with Site staff, provider; Site |and historical customer interface, Service
Restaurant, Retail, Small computer or maintenance Third-party  |staff data, Equipment with periodic
Supermarket, College other device, included; SaaS  |provider on- reports,
and Univ, Controller- through partners board/internal [Automated
K-12 Ed, Warehouse emhedded measures, notifications
External meters
and sensors
SkySpark CRRE|ESI Hospital, Office, Retail, |Large, Locally hosted  |SaaS. Optional Site staff, Third-party  |BAS real-time End- Manual Software user
{implementn.] Supermarket, College [Medium |server, Cloud updates and Third-party  |provider and historical customer, interface, Service
and Univ, hosted maintenance provider data, External FDD vendor, with periodic
K-12 Ed after first year meters and Third-party reports,
SeNsors provider Automated
notifications
True Analytics  |Ecorithm Multi-fam., Hospital, |Large Cloud hosted SaaS. Updates Site staff, FDD vendor, |BAS real-time End- Manual and |Software user
Hotel, Office, College and Third-party  |Third-party  |and historical customer  [Automated [interface, Service
and Univ, K-12 Ed, maintenance provider provider data with periodic
Warehouse included reports
Clockworks KGS Multi-fam., Hospital, |Large, Cloud-hosted  |SaaS. Updates FDD vendor, |FDD vendor, |[BAS real-time End- Manual Software user
Qutpat. Health., Hotel, [Medium |{via platform-  [and maintenance |Site staff, Third-party  |and historical customer interface, Service
Office, Retail, as-a-service) included Third-party  |provider data, External with periodic
Supermarket, College provider meters and reports,
and Univ, sensors [Automated

notifications
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Tool name Campany Building type of Building |Software Purchase model [Intended Software Data sources Data FDD Notification of
markets served size of location users canfiguration ownership (method findings
markets tailoring
served
Kaizen CopperTree Multi-fam., Hospital, |Large, Cloud hosted Saas. Use FDD vendor, |FDD vendor, |[BAS real-time End- Manual and |Software user
Analytics Gutpat. Health., Hotel, [Medium, partners as Site staff, Third-party  |and historical customer  [Automated [interface, Service
Office, Restaurant, Small value-added Third-party  |provider data, External with periodic
Retail, Supermarket, resell distributers |provider meters and reports,
College and Univ, Updates and $ENSOrs Automated
K-12 Ed, Warehouse raintenance notifications
included
BuildPulse BuildPulse Inc. |Hospital, Outpat. Large, Cloud hosted SaaS. Updates FDD vendor, |Third-party  |BAS real-time End- Manual and |Software user
Health., Hotel, Office, |Medium and maintenance [Site staff, provider, Site |data, External customer  [Automated [interface, Service
Retail, College and included Third-party  |staff meters and with periodic
Univ, K-12 Ed provider Sensors reports,
Automated
notifications
Analytika Cimetries Hospital, Outpat. Large, Cloud hosted SaaS. Updates FDD vendor, |FDD vendor |[BAS real-time End- Manual and |Software user
Health., Hotel, Office, |Medium and maintenance [Site staff, and historical customer  [Automated |interface, Service
Supermarket, College included Third-party data, External with periodic
and Univ, provider meters and reports,
K-12 Ed, Warehouse, $ensors [Automated
Mfg Facilities notifications
Niagara Tridium Multi-fam., Hospital, |Large, Locally hosted  [One time FDD vendor, |FDD vendor, |[BAS real-time End- Manual and |Software user
Analytics 2.0 Outpat. Health., Hotel, [Medium, |server, Cloud purchase with Site staff, Third-party  |and historical customer  [Automated |interface,
Office, Restaurant, Small hosted, optional updates [Third-party  |provider data, Equipment Automated
Retail, Supermarket, Controller- and maintenance |provider on- notifications
College and Univ, embeddad hoard/internal
K-12 Ed, Warehouse, measures,
Data Centers, Mfg External meters
Facilities and sensors
IntelliCommand [JLL Hospital, Outpat. Large, Cloud hosted SaaS. Updates Site staff, FDD vendor |BAS real-time End- Manual Software user
Health., Hotel, Office, |Medium and maintenance [Third-party and historical customer interface, Service
Retail, Supermarket, included provider data, External with periodic
College and Univ, meters and reports,
K-12 Ed, Warehouse, sensors (Automated

Data Centers, Mfg
Facilities

notifications
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Tool name Campany Building type of Building |Software Purchase model [Intended Software Data sources Data FDD Notification of
markets served size of location users canfiguration ownership (method findings
markets tailoring
served
Balance EEI Multi-fam, Hospital, Large, Cloud hosted Saas. Updates FDD vendor, |FDD vendor, |[BAS real-time End- Manual Software user
Qutpat. Health., Hotel, [Medium and maintenance [Site staff, Third-party  |and historical customer, interface, Service
Office, Restaurant, included. Third-party  |provider, Site |data, External FDD vendor with periodic
Retail, Supermarket, provider staff meters and reports
College and Univ, $ENSOrs
K-12 Ed, Warehouse,
Data Centers, Mfg
Facilities
Facility Analytix [ICONICS Hospital, Outpat. Large Locally hosted |Cne-time Site staff, FDD vendor, |BAS real-time End- Manual Software user
Health., Hotel, Office, server, Cloud purchase or SaaS. |Third-party  |Third-party  |and historical customner interface, Service
Restaurant, Retail, hosted Maintenance provider provider, Site |data, External with periodic
Supermarket, College included, staff meters and reports,
and Univ, updates optional sensors (Automated
K-12 Ed, Warehouse, notifications
Data Centers, Mfg
Facilities
elq Transformativ |Hospital, Outpat. Large, Cloud hosted SaaS. Updates FDD vendor, |FDD vendor, |[BAS real-time End- Manual Software user
e Wave Health., Hotel, Offica, |Medium, and maintenance [Site staff, Third-party  |and historical customer interface,
Restaurant, Retail, Small included Third-party  |provider, Site |data, External [Automated
Supermarket, College provider staff meters and notifications
and Univ, sensors
K-12 Ed, Warehouse,
Data Centers, Mfg
Facilities
ClimaCheck ClimaCheck Multi-fam, Hospital, Large, Locally hosted  |Onsite: One-time |FDD vendor, |Third-party  |BAS real-time End- Manual and |Software user
Onsite/ Qutpat. Health., Hotel, [Medium, |server, Cloud purchase. Site staff, provider, Site |data, External customer  [Automated |interface, Service
ClimaCheck Office, Restaurant, Small hosted, Desktop|Cptional updates [Third-party  |staff meters and with periodic
Online Retail, Supermarket, computer or provider $ENSOrs reports,
College and Univ, other device Cnline: Updates [Automated
K-12 Ed, Warehouse, and maintenance notifications
Data Centers, Mfg included.
Facilities
HYAC Service  |Field Multi-fam, Cutpat. Large, Cloud hosted, |Cne-time Site staff, Equipment on-  |End- Manual Software user
Assistant, SA Diagnostic Health., Hotel, Office, |Medium, |Desktop purchase or SaaS. [Third-party hoard/internal  |custormner interface, Service
Mgohile, Services Restaurant, Retail, Small computer or Updates included |provider measures, with periodic
Onboard Supermarket, K-12 Ed, other device, External meters reports,
controller Warehouse, Data Controller- and sensors [Automated
Centers embedded notifications
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Table 2. Technical capabilities and additional features of each tool surveyed

towers, AHU & VAV,
FCU, Com. refrig.,
Lighting,
Boilers/furnace,
Water heaters,
Whole-huilding

vent., Pressurization issues, Com. refrig.,
Space Clg./Htg., Htg. system, Clg. system,
Equip cycling, Pump & fan systems,
Scheduling, Sim. htg. & clg., Lighting or other
enduses

Meodels, Expert Systems,
First Principles-based,
Limits and Alarms,
Statistical

location,
severity,
root cause

Tool name Company Systems covered Categoaries of faults detectable Methods/algorithms Detection and  |Additional functionality
diagnasis
capabilities

SkySpark SkyFoundry AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & |Rule-based. Platform Fault presence, |Equip degradation, Fault prioritization, Autc
towers, AHU & VAV, |vent,, Pressurization issues, Com. refrig., supports full location, work order, Energy impacts, Energy cost
FCU, Com. refrig.,  [Space Clg./Htg., Hig. system, Clg. system, pregrammability of rules[severity, impacts, Other cost impacts, Meter data
Lighting, Equip cycling, Pump & fan systems, and includes machine root cause analytics, Time series visualization, KPI
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other |learning functions for tracking and reporting, Benchmarking, Cost
Water heaters, end uses use in FDD algorithms. of resolution and payback
Whole-huilding

SkySpark CBRE|ES! AC/HP, Chillers & Sensor errors, Energy consumption, Econ. &  [Rule-based Fault presence, |Equip degradation, Fault prioritization, Auto

{implementn.] towers, AHU & VAV, |vent., Prassurization issues, Space Clg./Htg., location, work order, Energy impacts, Energy cost
FCU, Lighting, Htg. system, Clg. system, Equip cycling, Pump severity, impacts, Meter data analytics, Time series
Boilers/furnace, & fan systems, Scheduling, Sim. htg. & clg., root cause visualization, KPI tracking and reporting,
Whole-huilding Lighting or other end uses Benchmarking, Cost of resolution and

payhack

True Analytics  |Ecorithm AC/HP, Chillers & Sensor errors, Energy consumption, Econ. &  |Qual. Model-based, Fault presence, |Equip degradation, Fault prioritization,
towers, AHU & VAV, |vent., Pressurization issues, Com. refrig., Rule-hased, Expert location, Energy impacts, Meter data analytics, Time
FCU, Com. refrig,  [Space Clg./Htg., Htg. system, Clg. system, Systems, First Principles- [severity, series visualization, KPI tracking and
Lighting, Equip cycling, Pump & fan systems, based, Machine learning [root cause reporting, Benchmarking
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other |techniques, fast-
Water heaters, end uses sampling algerithms,
Whole-huilding and the spectral

method.
Clockworks KGS AC/HP, Chillers & Sensor errors, Energy consumption, Econ. &  [Simplified Physical Fault presence, |Equip degradation, Fault prioritization, Auto

work order, Energy impacts, Energy cost
impacts, Meter data analytics, Time series
visualization, KPI tracking and reporting,
Benchmarking
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Tool name Company Systems covered Categories of faults detectable Methods/algorithms Detection and  |Additional functionality
diagnasis
capabhilities
Kaizen CopperTree AC/HP, Chillers & Sensor errors, Enargy consumption, Econ. & |Rule-based. Includes an [Fault prasence, |Equip degradation, Fault prioritization, Auto
Analytics towers, AHU & VAV, |vent., Pressurization issues, Com. refrig., open library of rules for [location, work order, Energy impacts, Energy cost

FCU, Com. refrig,  [Space Clg./Htg., Htg. system, Clg. system, users to download, severity, impacts, Other cost impacts, Meter data
Lighting, Equip cycling, Pump & fan systems, publish and share root cause analytics, Time series visualization, KPI
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other tracking and reporting
Water heaters, end uses
Whole-huilding

BuildPulse BuildPulse Inc.  |AC/HP, Chillers & Sensor errors, Energy consumption, Econ. &  |Rule-based, Qualitative [Fault presence, |Equip degradation, Fault prioritization, Auto
towers, AHU & VAV, |vent., Pressurization issues, Space Clg./Htg., |model location, work order, Energy impacts, Energy cost
FCU, Lighting, Htg. system, Clg. system, Equip cycling, Pump severity, impacts, Other cost impacts, Meter data
Boilers/furnace, & fan systems, Scheduling, Sim. htg. & clg., root cause analytics, Time series visualization, KPI
Water heaters, Lighting or other end uses tracking and reporting, Benchmarking, Cost
Whole-huilding of rasolution and payhack

Analytika Cimetrics AC/HP, Chillers & Sensor errors, Enargy consumption, Econ. &  |Quant. Model-bhased, Fault presence, |Equip degradation, Fault prioritization, Auto
towers, AHU & VAV, vent., Pressurization issues, Com. refrig., Qual. Model-hased, location, work order, Energy impacts, Energy cost
FCU, Com. refrig,  [Space Clg./Htg., Htg. system, Clg. system, Rule-hased, Expert severity, impacts, Other cost impacts, Meter data
Lighting, Equip cycling, Pump & fan systems, Systems, First Principles- [root cause analytics, Time series visualization, KPI
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other |based, Limits and tracking and reporting, Benchmarking
Water heaters, end uses Alarms, Process History-
Whole-huilding based, Black Box,

Statistical, Gray Box

Niagara Tridium AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & |Rule-based, Limits and  [Fault presence, |Equip degradation, Fault prioritization, Auto

Analytics 2.0 towers, AHU & VAV, |vent,, Pressurization issues, Com. refrig., Alarms location, work order, Energy impacts, Energy cost
FCU, Com. refrig.,  |Space Clg./Htg., Htg. system, Clg. system, severity, impacts, Other cost impacts, Meter data
Lighting, Equip cycling, Pump & fan systems, root cause analytics, Time series visualization, KPI
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other tracking and reporting, Cost of resolution
Water heaters, end uses and payback
Whole-huilding

IntelliCommand |ILL AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & |Rule-based, Limits and [Fault presence, |Equip degradation, Fault prioritization, Auto
towers, AHU & VAV, |vent., Prassurization issues, Space Clg./Htg.,, |Alarms, Statistical, Other |location, work order, Energy impacts, Energy cost
FCU, Com. refrig., Htg. system, Clg. system, Equip cycling, Pump |Pattern Recognition severity, impacts, Other cost impacts, Meter data
Lighting, & fan systems, Scheduling, Sim. htg. & clg., Techniques root cause analytics, Time series visualization, KPI
Boilers/furnace, Lighting or other end uses tracking and reporting
Whole-huilding
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Tool name Company Systems covered Categories of faults detectable Methods/algorithms Detection and  |Additional functionality
diagnasis
capabhilities
Balance EEI AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & |Rule-based, Expart Fault presence, |Equip degradation, Fault prioritization, Auto
towers, AHU & VAV, [vent.,, Pressurization issues, Com. refrig., Systems, First-Principles [location, work order, Energy impacts, Energy cost
FCU, Com. refrig,  [Space Clg./Htg., Htg. system, Clg. system, Based severity impacts, Other cost impacts, Meter data
Lighting, Equip cycling, Pump & fan systems, analytics, Time series visualization, KPI
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other tracking and reporting, Cost of resolution
Water heaters, end uses and payback
Whole-huilding
Facility Analytix [ICONICS AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & |Rule-based, First Fault presence, |Fault prioritization, Auto work order, Energy
towers, AHU & VAV, |vent., Pressurization issues, Com. refrig., Principles-based, Limits |location, impacts, Energy cost impacts, Other cost
FCU, Com. refrig.,  |Space Clg./Htg., Htg. system, Clg. system, and Alarms severity, impacts, Meter data analytics, Time series
Lighting, Equip cycling, Pump & fan systems, root cause visualization, KPI tracking and reporting
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other
Water heaters, end uses
Whole-huilding
elt Transformative |AC/HP Sensor errors, Energy consumption, Econ. &  |Rule-based, Expert Fault presence, |Fault prioritization, Energy impacts, Energy
Wave vent., Pressurization issues, Space Clg./Htg., |Systems, Limits and location, cost impacts, Time series visualization
Htg. system, Pump & fan systems, Sim. htg. & [Alarms root cause
clg.
ClimaCheck ClimaCheck AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & | Thermodynamic Fault presence, |Equip degradation, Energy impacts, Energy
Onsite/ towers, AHU & VAV, lvent., Com. refrig., Space Clg./Htg., Htg. Evaluation, Energy location, cost impacts, Time series visualization, KPI
ClimaCheck FCU, Com. refrig. system, Clg. system, Equip cycling, Pump &  [Signatures severity, tracking and reporting
Online fan systems, Scheduling, Sim. htg. & clg., root cause

Lighting or other end uses

HVAC Service
Assistant, SA
Mobile, Onhoard
controller

Field Diagnostic
Services

AC/HP, AHU & VAY,
FCU

Sensor errors, Energy consumption, Space
Clg./Htg.

Fault presence,
location,
severity,

oot cause

Equip degradation, Fault prioritization, Auto
work order
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This paper is the second of a two-part review of methods for automated foult detection and diag-
nostics (FDD) and prognostics whose intent is to increase awareness of the HVAC&R research
and development community to the body of FDD and prognostics developmenis in other fields
as well as advancements in the field of HVAC&R.  The first part of the review focused on
generic FDD and prognostics, provided a framework for categorizing methods, described them,
and identified their primary strengths and weaknesses (Katipamula and Brambley 2005). In this
paper we address research and applications specific to the fields of HVAC&R, provide a brief
discussion on the current state of diagnostics in buildings, and discuss the future of auwtomated
diagnostics in buildings.

INTRODUCTION

Poorly maintained, degraded, and improperly controlled equipment wastes an estimated 15%
oy 30% of energy used in commercial buildings. Much of this waste could be prevented with
widespread adoption of automated condition-based maintenance. Automated fault detection and
diagnostics (FDD) along with prognostics provide a comerstone for condition-based mainte-
nance of engineered systems. Although FDD has been an active area of research in other fields
for more than a decade, applications for heating, ventilating, air conditioning, and refrigeration
(HVAC&R) and other building systems have lagged those in other industries. Nonetheless, over
the last decade there has been considerable research and development targeted toward develop-
ing FDD methods for HYAC&R equipment. Despite this research, there are still only a handful
of FDD tools that are deployed in the field.

This paper, which is the second of two parts, provides a review of fault detection, diagnostics,
and prognostics (FDD&P) research in the HYAC&R field and concludes with discussions of the
current state of applications for buildings and likely contributions to operating and maintaining
buildings in the future. In the first paper (Katipamula and Brambley 2005), we provided an over-
view of FDD&P, starting with descriptions of the fundamental processes and some important
definitions, and then identified the strengths and weaknesses of methods across the broad spec-
trurn of approaches.

Srinivas Katipamulais a senior research scientist and Michael R. Brambley is a staff scientist at Pacific Northwest Na-
tional Laboratory, Richland, Washington.
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FDD RESEARCH IN HVAC&R

In this section we review FDD research relating to refrigerators, air conditioners, chillers, and
air-handling units (AHUSs), which represent most of the HVAC&R FDD research completed to
date. This review is an update o the review previously published by Katipamula et al. (2001)
and includes recent FDD publications. For information on FDD for other building systems refer
to Pape et al. (1990), Dexter and Benouarets (1996), Georgescu et al. (1993), Jiang et al. (1993),
and Han et al. (1999) for HVAC&R plants; Fasolo and Seborg (1995) for HYAC&R control
systems; Li et al. (1996, 1997) for heating systems; Isermann and Nold (1988) and Dalton et al.
(1995} for pumnps; Noura et al. (1993) for large thermal plants; Isermann and Ballé (1997) for
applications for motors; and Dodier and Kreider (1999} for whole-building systems.

Refrigerators

Ome of the early applications of FDD was to vapor-compression-cycle-based refrigerators
(McKellar 1987; Stallard 1989). Although McKellar (1987} did not develop an FDD system, he
identified commen faults for a refrigerator based on the vapor-compression cycle and investi-
gated the effects of the faults on the thermodynamic states at various points in the cycle. He con-
cluded that the suction pressure (or temperature), discharge pressure (or temperature), and the
discharge-to-suction pressure ratio were sufficient for developing an FDD system. The faults
considered were compressor valve leakage, fan faults (condenser and evaporator), evaporator
frosting, partially blocked capillary tubes, and improper refrigerant charge {under and over
charge).

Building upon McKellar’s work, Stallard (1989) developed an automated FDD system for
refrigerators. A rule-based expert systern was used with simple limit checks for both detection
and diagnesis. Condensing temperature, evaporating temnperature, condenser inlet temperature,
and the ratio of discharge-to-suction pressure were used ditectly as classification features. Faults
were detected and diagnosed by comparing the change in the direction of the measured quanti-
ties with expected values and matching the changes to expected directional changes associated
with each fault.

Air Condiftioners and Heat Pumps

There are many applications of FDD to air conditioners and heat pumps based on the vapor-
compression cycle. Some of these studies are discussed below (Yoshimura and Ito 1989;
Kumamaru et al. 1991; Tnatsu et al. 1992; Wagner and Shoureshi 1992; Rossi 1995; Rossi and
Braun 1996, 1997; Breuker 1997; Breuker and Braun 1998b; Ghiaus 1999; Chen and Braun
20003, Breuker and Braun (1998a) summarized common faults in air conditioners and their
impact on performance. In addition, the frequency of fault occurrence and the relative cost of
service for various faults were estimated from service records.

Yoshimura and Tto (1989) used pressure and temperature measurements to detect problems
with condenser, evaporator, compressor, expansion valve, and refrigerant charge on a packaged
air conditioner. The differences between measured values and expected values were used to
detect faults. Expected values were estimated from manufacturers’ data, and the thresholds for
fault detection were experimentally determined in the laboratory. Both detection and diagnosis
were conducted in a single step. No details were provided as to how the thresholds for detection
were selected.

Wagner and Shoureshi (1992) developed two different fault detection methods and compared
their abilities o detect five different faults in a small heat pump system in the laboratory. The
five faults included abrupt condenser and evaporator fan failures, capillary tube blockage, com-
pressor piston leakage, and seal system leakage. The first method was based on limit and trend
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Table 1. Symptom Patterns for Selected Faults (Grimmelius et al. 1995)
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checking (qualitative model-based), and the second method was a simplified physical
model-based approach. In the second approach, differences between predictions from a simpli-
fied physical model and the monitored observations are transformed into useful statistical quan-
tities for hypothesis testing. The transformed statistical quantities are then compared to
predetermined thresholds to detect faults.

The two fault detection strategies were operated in parallel on a heat pump in a psychrometric
room. The qualitative method was able to detect four of five faults that were intoduced
abruptly, while the simplified physical model-based method was successful in only detecting
two faults. Because the selection of thresholds for both methods is critical in aveiding false
alarms and reduced sensitivity, Wagner and Shoureshi (1992) provide a brief discussion of how
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to trade off diagnostic sensitivity against false alarms. Their implementation is only capable of
detecting faults and does not include diagnesis, evaluation, and decision making.

Rossi (1995) described the development of a statistical rule-based fault detection and diag-
nostic method for air-conditioning equipment with nine temperature measurements and one
humidity measurement. The FDD method is capable of detecting and diagnosing condenser
fouling, evaporator fouling, liquid-line testriction, compressor valve leakage, and refrigerant
leakage. In addition to the detection and diagnosis, Rossi and Braun (1996) also describe an
implementation of fault evaluation. A detailed explanation of the fault evaluation method can be
found in Rossi and Braun (1997). The methods were demonstrated in limited testing with a roof-
top air conditioner in the laboratory.

Breuker {1997) performed a more detailed evaluation of the methods developed by Rossi
(1995). The detailed evaluation relied on steady-state and transient tests of a packaged air condi-
tioner in a laboratory over a range of conditions and fault levels (Breuker and Braun 1998b).
Seven polynemial models (ranging from first to third order) were developed to characterize the
performance of the air conditioner (evaporating, condensing, and compressor outlet tempera-
res, suction line superheat, liquid line subcooling, temperature rise across the condenser, and
ternperature drop across the evaporator) using steady-state data representing normal (unfaulted)
operations. The steady-state normal data are also used to determine the statistical thresholds for
fault detection, while transient data with faults were used to evaluate FDD performance. Breuker
and Braun (1998b) concluded that refrigerant leakage, condenser fouling, and liquid line restric-
tion were detected and diagnosed before 8% reduction in capacity or COP occurred. The tech-
nique, however, was less successful in detecting evaporator fouling and compressor valve
leakage. The authors also concluded that increasing the measurements from 6 (2 inputs and 4
outputs) to 10 (3 mputs and 7 outputs) and using higher order polynomial models improved the
performance by a factor of two.

Ghiaus (1999) presented a bond-graph model for a direct-expansion vapor-compression sys-
tem and applied it to diagnosing two faults in an air conditioner. The author states that this qual-
itative approach of modeling faults does not need a priori knowledge of possible faults as long
as the bond mode] is complete and accurate.

Chillers

Several researchers have applied FDD methods to detect and diagnose faults in vapor-com-
pression-based chillers; some of the studies are summarized below (Grimmelius et al. 1995;
Gordon and Ng 1994, 1995; Stylianou and Nikanpour 1996; Tsutsui and Kamimura 1996; Peits-
man and Bakker 1996; Stylianou 1997; Bailey 1998; Sreedharan and Haves 2001; Castro 2002).
Comstock et al. (1999) and Reddy et al. (2001) provide a detailed review of FDD literature relat-
ing to chiller systems up to their respective times. Comstock et al. (2002) presented a list of
commmon chiller faults and their impacts on performance.

Grimmelius et al. (1995) developed a fault diagnostic system for a chiller, in which fault
detection and diagnostics are carned out in a single step. The FDD method uses a reference
model based on multivariate linear regression that was developed with data from a properly
operating chiller to estimate values for process variables for a healthy (unfaulted) chiller. These
estitnates are subsequently used to generate residuals (i.e., differences between actual measured
values and the values from the reference model). Patterns of these residuals are compared to
characteristic patterns corresponding to faulted conditions, and scores are assigned indicating
the degree to which the patterns match the pattern corresponding to each fault mode. Fault
modes with good fits (high scores) are judged as probably existing in the chiller. Fault modes
with poor fits (low scores) are judged as unlikely to exist in the chiller, and faults with interme-
diate scores are labeled as possibly existing. Twenty different measurements are used including
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Table 2. Scoring of Fault Modes for a Highly Idealized Example

Fault Mode/ Symptom  Symptom  Symptom  Symptom Total Score Normalized

Score 1 2 3 4 Score
Fl 1 - 4 t
Scores 10 10 10 10 40 1.0
F2 T - T -
Scores 0 9 0 3 12 0.3
Measurement- 1 — 4 T

Based Pattern

tEThperatuTes, Pressures, power consumption, and compressor oil level. In addition to the mea-
sured variables, some derived variables, such as liquid subcooling, superheat, and pressure drop,
are used. The inputs to the model also include the outdoor ambient temperature and load condi-
tions.

To identify potential fault modes, the chiller is classified into seven components: compressor,
condenser, evaporator, expansion valve, liquid line immediately downstream of the condenser
and including a filter drier, liguid line with solenoid and sight glass between the other liquid line
and the evaporator, and the crankcase heater. Fault modes are associated with any component
that is serviceable, which leads to 58 different fault modes. A cause and effect study of the 38
fault modes helped establish the expected influence of the faults on the components, measured
variables, and subsequent chiller behavior. Symptoms are defined as a difference in any mea-
sured or derived variable from its expected value for normal unfaulted operation (i.e., the value
given by the reference model). Symptoms associated with all 58 fault modes were generated and
arranged into symptom patterns. Fault modes having identical symptom patterns were aggre-
gated into a single fault mode, reducing the total number of fault modes from 58 to 37, These
symptom patterns are arranged in a symptom matrix as shown in Table 2, with each row giving
the symptom pattern associated with a particular fault. A symptom (cell in the matrix) shown
by an arrow pointing up, T, indicates a value for the variable greater than that given by the refer-
ence model. Likewise, an arrow pointing down, |, indicates a symptom corresponding to a value
for the variable less than the value from the reference model, and a horizontal arrow, —, indi-
cates the fault has no effect on the corresponding variable.

To diagnose a fault, a symptom pattern corresponding to a set of measurements is compared
to the symptom patterns for all of the fault modes. Scores are assigned to each fault mode indi-
cating the probability that its symptom pattern matches the measured symptomn pattern as fol-
lows. For each fault mode, each symptom is compared to its corresponding measured symptom
and assigned a score between 0 and 10. It the symptom for the fault mode matches the measured
symptom very well, it is assigned a high score (close to 10). If it weakly matches, it is assigned a
score around 5, and if it does not match well at all, it is assigned a score close to zero. A total
score for each fault mode is generated by adding the individual scores of all symptoms and
dividing the total by the maximum possible score per pattern (i.e., the number of symptoms in
the pattern multiplied by 10} to obtain a normalized score. These normalized scores are then
classified into three categories. A normalized score of 0.9 or higher indicates a probable fault, a
score between 0.5 and 0.9 indicates a possible fault, and scores lower than 0.5 indicate that the
fault is likely not present.

A highly simplified example is shown in Table 2. Symptom patterns for two faults, F1 and
F2, are shown along with a symptom pattern derived from measurements. Each pattern consists
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of symptoms based on four variables. Scores have been assigned to the symptorms in cach pat-
tern based on how well the symptom shown in the symptom matrix comresponds to the symptom
based on measurements. For example, Symptom | for fault mode Fl comesponds identically to
Symptom 1 in the pattern derived from measurements, so it is assigned a score of 10. The nor-
malized scores in this example lead to the conclusion that fault F1 with a score of 1.0 probably
exists in this systemn and fault F2 with a score of D.3 is likely not present. In actual implementa-
tion, this methodology accounts for uncertainty in measurements by establishing threshold
bands around numerical values of measured and derived variables and using the proximity to
them in assigning scores to symptoms. The exact algorithm for assigning numerical scores, how-
gver, is not available in the paper.

Although the method proved effective in identifying faults in systems before the chiller sys-
tern failed completely, faults with only a few symptoms tended to get high scores more often.
Because the reference model is a simple regression model developed with data from a specific
test chiller, the same model cannet be used on other chillers but instead new models would need
to be developed for each chiller. Nonetheless, this generic approach provided a foundation for
diagnostic work that followed.

Stylianou and Nikanpour (1996) used the universal chiller model developed by Gordon and
Ng (1993} and the pattern matching approach outlined by Grimmelius et al. (1993) as part of
their FDD system. Like Grimmelius et al. (1995), Stylianou and Nikanpour also perform detec-
tion and diagnosis in a single step. The methods used in the FDD system included a thermody-
namic mode] for fault detection and pattern recognition from expert knowledge for diagnosis of
selected faults. The diagnoses of the faults are performed by an approach similar to that outlined
by Grimmelius et al. {1993). Seventeen different measurements (pressures, temperatures, and
flow rates) were used to detect four different faults: refrigerant leal, refrigerant line flow restric-
tion, condenser water-side flow resistance, and evaporator water-side flow resistance.

The FDD system is subdivided into three parts: one used to detect problems when the chiller
is off, one used during chiller start-up, and ene used at steady-state conditions. The off-cycle
module is deployed when the chiller is turned off and is primarily used to detect faults in the
temperature sensors. The temperature sensor readings at different locations on the system are
compared to one another after the chiller is shut down and reaches steady state {under the
assumnption that the temperature of refrigerant will reach equilibrium conditions and reach the
ambient state when the chiller is shut down overnight). The differences are then compared to the
difference observed during commissioning (if the sensors are calibrated during commissioning,
the differences should be zero). The monitored rate of change of a sensor value is used to check
whether a particular sensor has reached steady state or not before comparing measurements
ACTOSS SENSOTS.

The start-up medule is deployed during the first 15 minutes after the chiller is started. The
module uses four measured inputs (discharge temperature, crankcase oil temperature, and refrig-
erant temperatures entering and leaving the evaporator) scanned at five-second intervals to
detect refrigerant flow faults, which are easier to detect before the system reaches steady state.
To detect faults, the transient trends in measured variables during start-up are compared to the
baseline trend from normal start-up. For example, a shift (in tme or magnitude) in the peak of
the discharge temperature may indicate liquid refrigerant flood back, refrigerant loss, or a refrig-
grant line restriction. Because ambient conditions affect the baseline response, the baseling
response has to be nommalized before a comparison is made.

The steady-state module is deployed after the chiller reaches steady state (steady-state condi-
tion is established by monitering the rate of change of the sensor values just as in off-cycle anal-
ysis) and stays deployed until the chiller is turned off. In this mode, the module performs two
functions: (1) verifies performance of the system and (2) detects and diagnoses selected faults.
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Table 3. Fault Patterns Used in the Diagnostic Module (Stylianou and Nikanpour 1996)
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Performance is verified using the thenmodynamic models developed by Gorden and Ng (1995).
For fault diagnostics, linear regression models are used to generate estimates of pressure and
ternperature variables that are then compared to actual measurements in an approach similar to
that described by Grimmelius et al. (1995). The estimated variables are compared to the mea-
sured values, and the residuals are matched to predefined patterns corresponding to the various
faults using a tule-base (as shown in Table 3).

Although Stylianou and Nikanpour (1996) extended the previous work of Gordon and Ng
(1995) and Grimmelius et al. (1995), their evaluation of the FDD systems was not comprehen-
sive and lacked several key elements including sensitivity and rate of false alanms. In addition, it
is not clear whether the start-up module can be generalized easily.

Stylianou (1997) replaced the rule-based model used w match the patterns shown in Table 3
with a statistical pattern recognition algorithm. This algorithm uses the tesiduals generated from
comparison of predicted (using linear regression models) and measured pressures and tempera-
tures to generate patterns that identify faults. Because this approach relies on the availability of
training data for both normal and faulty operation, it may be difficult to implement in the field.
Only limited testing of the method was presented in the paper.

Tsutsui and Kamimura (1996) developed a model based on a topological-case-based reason-
ing (TCBR) technique and applied it to an absorption chiller. Case-based reasoning is a knowl-
edge-based problem-solving technigue that solves new problems by adapting old solutions. Tt is
based on defining neighborhoods that provide the needed measure of similarity between cases.
In contrast, TCBR defines “the neighborhood theoretically, based on the assumption that the
input/output relationship is locally continuous” (Tsutsui and Kamimura 1996). Tsutsui and
Kamimura (1996) also compared the diagnostic capabilities of TCBR with a linear regression
model. The authors state that although the linear regression model had a better overall modeling
error (mean error) than the TCBR model, the TCBR model was better at identifying abnormal
conditions.
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Peitsmman and Bakker (1996) used two types of black-box models (artificial neural networks
[ANNz] and auto regressive with exogenous inputs [ARX!]) to detect faults in the systemn and at
the component level of a reciprocating chiller system. The inputs to the systern models included
condenser supply water temperature, evaporator supply glycol temperature, instantaneous power
of the compressor, and flow rate of cooling water entering the condenser (for the ANN only).
The choice of the inputs was limited to those that are commonly available in the field. Using
these inputs with both the ANN and ARX maodels, 14 outputs were estimated. For the ANN
models, inputs from the current and the previous time step and outputs from two previous time
steps were used.

Peitsman and Bakker (1996) compared diagnostic capabilities of two types of models—a
multiple input/output ARX model and ANN models. They used a two-level approach in which
system-level models were used to detect “faulty” operation and component-level models were
used o diagnose the cause of the fault. They developed 14 system-level models and 16 compo-
nent-level models to detect and diagnose faults in a chiller; however, only one example (air in
the system) is described in their paper. ANN models appeared to have a slightly better perfor-
mance than the ARX models in detecting faults at both the systemn and the component levels.
The authors also note that it is critical to find a global minimum when using ANN models. If an
mcorrect mitial state is chosen, it may lead to a local minimum rather than the global minimurm.

Bailey (1998) also used an ANN model to detect and diagnose faults in an air-cooled chiller
with a screw compressor. The detection and diagnosis were carried out in a single step. The
faults evaluated included refrigerant under- and overcharge, oil under- and overcharge, con-
denser fan loss (total failure), and condenser fouling. The measured data included superheat for
heat exchanger circuits 1 and 2, subcooling from circuits | and 2, power consumption, suction
pressure for circuits | and 2, discharge pressures for circuits 1 and 2, chilled water inlet and out-
let temperatures from the evaporator, and chiller capacity. Each heat exchanger circuit has its
own compressor. The ANN model was applied to normal and “faulty” test data collected from a
70-ton laboratory air-cooled chiller with screw compressor.

Sreedharan and Haves (2001) compared three chiller models for their ability to reproduce the
observed performance of a centrifugal chiller. Although the evaluation was meant to find the
most suitable model for chiller FDD, no FDD system was proposed or developed. Two models
were based on first principles (from Gordon and Ng [1995] and a modified ASHRAE Primary
Toolkit from Bourdouxhe et al. [1997]) and the third was an empirical model. While each model
has some distinct advantages and disadvantages, they concluded that the accuracies of all three
models were similar. Hydeman et al. (2002) reported that the three models compared by
Sreedharan and Haves (2001) were not accurate in predicting the power consumption of chillers
with variable condenser water flow and centrifugal chillers operating with vanable-speed drives
at low loads. They reformulated the Gordon and Ng model and found that it performed better
than the three models described above.

Castro (2002) used a physical model developed by Rossi (1995) along with a k-nearest neigh-
bor classifier to detect faults and a rule base to diagnose five different faults (condenser and
evaporator fouling, liguid line restriction, and refrigerant under- and overcharge) in a reciprocat-
ing chiller. The FDD implementation detected and diagnosed condenser fouling, refrigerant
undercharge at faults level of 20% or greater, and e vaporator fouling and liquid line restriction at
fault levels of 30% or greater.

'Refer to Box and Jenkins (1976) for more details on ARX type models.
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Air-Handling Units

There are several studies relating to FDD methods for air-handling units (both the airside and
the waterside); some of these are surnmarized in this section (Norford and Little 1993; Glass et
al. 1995; Yoshida et al. 1996; Haves et al. 1996; Lee et al. 1996a, 1996b; Lee et al. 1997 ; Peits-
man and Soethout 1997, Brambley et al. 1998; Katipamula et al. 1999; House et al. 1999; Ngo
and Dexter 1999; Yoshida and Kumar 1999; Seern et al. 1999; Karki and Karjalainen 1999;
Morisot and Marchio 1999; House et al. 2001; Dexter and Ngo 2001; Kumar et al. 2001; Sals-
bury and Diamend 2001; Carling 2002; Norford et al. 2002; Wang and Chen 2002; Pakanen and
Sundquist 2003).

Norford and Linle (1993) classify faults in ventilating systems, consisting of fans, ducts,
dampers, heat exchangers, and controls. They then review two fonms of steady-state parametric
models for the electric power used by supply fans and propose a third, that of correlating power
with a vaniable-speed drive control signal. The models are compared based on prediction accu-
racy, sensor requiremnents, and their ability to detect faults.

Using the three proposed models, four different types of faults associated with fan systems are
detected: (1) failure to maintain supply air temperature, (2) failure to maintain supply air pres-
sure setpoint, (3) increased pressure drop. and (4) malfunction of fan motor coupling to fan and
fan controls. Although the paper by Norford and Litde (1993) lacks details on how the faults
were evaluated, error analysis and associated model fits were discussed. The results indicate that
all three models were able to identify at least three of the four faults. The diagnosis of the faults
is inferred after the fault is detected.

Glass et al. (1995) use a qualitative model-based approach to detect faults in an air-handling
unit. The method uses outdoor, return, and supply air temperatures and control signals for the
cooling coil, heating coil, and the damper system. Although Glass et al. (1995) mention that the
diagnosis is inferred from the fault conditions, no clear explanation or examples are provided.
Detection starts by analyzing the measured variables to verify whether steady-state conditions
exist. Then, the controller values are converted to qualitative signal data and, using a model for
expected values and measured temperature data, qualitative signals are estimated. Faults are
detected based on discrepancies between measured qualitative controller outputs and corre-
sponding mode] predictions based on the temperature measurements. Examples of qualitative
states for the damper signal include “maximum position,” “minimum position,” “closed,” and
“in between.” When the quantitative value of the damper signal approaches the maximum value,
the corresponding qualitative value of “maximum™ is assigned to the measured controller out-
put. The results of testing the method on a laboratory AHU were mixed because the method
requires steady-state conditions to be achieved before fault detection is undertaken. Fault detec-
tion sensitivity and ability to deal with false alarms are not discussed.

Yoshida et al. {1996) use ARX and the extended Kahman filter approach to detect abrupt
faults with simulated test data for an AHU. Although the fault diagnosis approach is clearly
described, the authors note that diagnosis is not feasible with the ARX method but that the Kal-
man filter appreach could be used for diagnosis. Fault detection sensitivity and ability to deal
with false alarms are not discussed.

Haves et al. (1996) use a combination of two models to detect coil fouling and valve leakage
in the cooling coil of an AHU. The methodology was tested with data produced by the HVAC-
SIM+ simulation tool (Clark 1985). A radial bias function (RBF) models the local behavior of
the AHU and is updated using a recursive gradient-based estimator. The data generated by exer-
cising the RBF over the operating range of the system are used in the estitnation of the parame-
ters for the physical model (UA and percent leakage) using a direct search method. Detection is
accomplished by comparing estimated parameters to fault-free parameters.

"o
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Lee et al. (1996a) used two methods to detect eight different faults (mostly abrupt faults) in a
laboratory test AHU. The first method uses discrepancies between measured and expected vari-
ables (residuals) to detect the presence of a fault. The expected values are estimated at nominal
operating conditions. The second method compares parameters estitnated using autoregressive
moving average with exogenous input (ARMX) and ARX models with the normal (or expected)
parameters to detect faults. The faults evaluated included complete failure of the supply and
return fans, complete failure of the chilled-water circulation pump, stuck cooling-coil valve,
complete failure of temperature sensors, complete failure of the static pressure sensor, and fail-
ure of the supply and return air fan flow stations. Because each of the eight faults has a unique
signature, no separate diagnosis is necessary.

Lee et al. (1996b) used an ANN to detect the same faults described previously (Lee et al.
1996a). The ANN was trained using the normal data and data that represented each of the eight
faults. Inputs to the ANN were values for seven normalized residuals, and the outputs were nine
values that constitute pattems that represent the normal mode and the eight fault modes. Instead
of generating the training data with faults, idealized training patterns were specified by consider-
ing the dominant symproms of each fault. For example, supply fan failure implies that the sup-
ply fan speed is zero, the supply air pressure is zero, the supply fan control signal 1s maximum,
and the difference between the flow rates in the supply and return ducts is zero. Using similar
reasoning, a pattern of domimant training residuals was generated for each fault (see Table 4). A
deminant syrptom residual is assigned a value of +1 if the residual is positive and —1 if the
residual is negative; all other residuals are assigned a value of 0. The ANN was trained using the
pattern shown in Table 4. Normalized residuals were calculated for faults that were artificially
generated in the laboratory AHU. The nommalized residuals vector at each time step was then
used with the trained ANN to identify the fault. Although the ANN was successful in detecting
the faults from laboratory data, it is not clear how successful this method would be in general
because the faults generated in the laboratory setting were severe and without noise.

Lee et al. (1997) extended the previous work described in Lee et al. (1996b). In the 1997 anal-
ysis, Lee et al. (1997) used two ANN models to detect and diagnose faults. The AHU is decom-
posed into various subsysterns such as the pressure control subsystem, the flow-control
subsystem, the cooling-coil subsystem, and the mixing-darmper subsystermn. The first ANN
model is rained to identify the subsystem in which a fault occurs, while the second ANN model
is trained to diagnose the specific cause of a fault at the subsystem level. An approach similar to
the one used in Lee et al. 1996b is used to train both ANN models. Lee et al. (1997) note that this
two-stage approach simplifies generalization by replacing a single ANN that encompasses all
considered faults with a number of less complex ANNs, each one dealing with a subset of the
residuals and symptoms. Although 11 faults are identified for detection and diagnosis, fault
detection and diagnosis are presented for only one fault in the paper.

Peitsmman and Soethout (1997} used several different ARX models to predict the performance
of an AHU and compared the predictions to measured values to detect faults. The training data
for the ARX models were generated using HVACSIM+. The AHU is modeled at two levels. The
first level is the system level, where the complete AHU is modeled with one ARX model. The
second level 1s the component level, where the AHU is subdivided into several subsysterns such
as the return fan, the mixing box, and the cooling coil. Each component is modeled with a sepa-
rate ARX model. The first level ARX model is used to detect a problem and the second level
models are used to diagnose the problem. Most abrupt faults were correctly identified and diag-
nosed, while slowly evolving faults were not detected. There is a potential for a conflict between
the two levels with this approach; for example, the top-level ARX model could detect a fault
with the AHU, while the second-level ARX models do not indicate any faults. Furthermore,
there is a potential for multiple diagnoses at the second level. Peitsman and Soethout (1997)
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Table 4. Normalized Patterns for AHU Fault Diagnosis
Used in ANN Training (Lee et al. 1996b)
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indicated that some of this multiple diagnosis could be discriminated by ranking of diagnoses
according to their improbability; however, no details were provided on how to implement such a
scheme.

House et al. (1999) compared several classification techniques for fault detection and diagno-
sis of seven different faults in an AHU. The data for the comparison were generated using an
HVACSIM+ simulation model. Using the residuals, as defined in Lee et al. (1996a, 1996b), five
different classification methods are evaluated and compared for their ability to detect and diag-
nose faults. The five classification methods include: ANN classifier, nearest neighbor classifier,
nearest prototype classifier, a rule-based classifier, and a Bayes classifier.

Based on the performance of classification methods, the Bayes classifier appears to be a good
cheice for fault detection. For diagnosis, the rule-based method proves to be a better choice for
the classification problems considered, where the various classes of faulty operations were well
separated and could be distinguished by a single dominant symptom or feature.
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Ngo and Dexter (1999) developed a semi-qualitative analysis of measured data using generic
fuzzy reference models to diagnose faults with the cooling coil of an AHU. The method uses
sets of training data with and without faults to develop generic fuzzy reference models for diag-
nosing faults in a cooling coil. The faults include leaky valve, waterside fouling, valve stuck
closed, valve stuck midway, and valve stuck open. The fuzzy reference models describe in qual-
itative terms the steady-state behavior of a particular class of equipment with no faults present
and when each of the faults has occurred. Measured data are used to identify a partial fuzzy
model that describes the steady-state behavior of the equipment at a particular operating point.
The partial fuzzy model is then compared to each of the reference models using a fuzzy match-
ing scheme to determine the degree of similarity between the partial model and the reference
models. Ngo and Dexter (1999) provide a detailed description of fault detection sensitivity and
talse alarm rates.

Yoshida and Kumar {1999) evaluated two model-based methods to identify abrupt (sudden)
faults in an AHU. They report that both ARX and adaptive forgetting through multiple models
({AFMM) seem promising for use in on-line fault detection of AHUs. They report that ARX
models require only a minimal knowledge of the system, and the potential limitation of the tech-
nigue is that it requires long periods to stabilize its parameters. On the other hand, Yoshida and
Kumar (1999) report that the AFMM method requires long moving averages to suppress false
alarms. When this is done, faults of lesser magnitude cannot be easily detected. Implementation
details are not provided, and only one example of fault detection is provided.

Morisot and Marchio (1999) use an ANN-based approach to detect degradation of perfor-
mance of a cooling coil in an AHU. The ANN network includes an input layer {(six inputs), a
hidden layer (four nodes), and an output layer (two outputs). The inputs include entering air
ternperature and humidity, entering and leaving water temperatures, fan-control signal, and
cooling-coil-valve-control signal. The outputs are the leaving air temperature and humidity. The
authors highlight the difficulties of using ANNs with real measured data, which include a need
for an exhaustive training data set and the inability of the ANNSs to extrapolate values outside the
range of the training data. The proposed altemative is to use a simulation model to generate the
training data for the ANN. Using this alternative approach, the authors test the ability of the
ANN to detect two faults (air-side fouling and a sensor fault).

Dexter and Ngo (2001) outline a multi-step fuzzy model-based FDD approach to detecting
and diagnosing faults with AHUs. This approach involves classifying measured data with fuzzy
rles and comparing them to a set of fuzzy reference models for normal and faulty operations.
The fuzzy reference models for a specific system are developed from data that are generated
from simulations. Each rule is assigned a rule-confidence in the range from zero to one, where
zero indicates no confidence and one indicates complete confidence in the rule correctly describ-
ing the behavior. Rule-confidence values are estimated from the data. The authors state that this
method prevents false alarms because it accounts for major sources of uncertainty. The
multi-step approach is shown to be capable of detecting and iselating faults in a cooling coil
{leaking valves and fouling).

Kumar et al. {2001) propose a method based on an auto regressive exogenous model and a
recursive parameter estimation algorithm to detect faults with AHUs. They conclude that
changes in parameter estimates from real data cannot be directly used to detect faults; instead a
statistical analysis of the frequency response of the model parameters is needed to detect faults.

Salsbury and Diamond (2001) develop a simplified physical model-based approach to both
control and detect faults in AHUs. Results from a field test on a single AHU demonstrate the
fault detection capabilities but alse highlight some of the practical implementation difficulties
including selection of model parameters, reliability of sensor signals, and difficulty in establish-
ing a baseline of “correct” operation of the AHU.
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Carling {2002) assesses the performance of three fault detection methods for AHUs: (1) qual-
itative model-based approach outlined in Glass et al. (1995), (2) rule-based approach outlined in
House et al. (2001}, and (3) simplified steady-state model-based. The normal and “faulty™ data
used for the assessment were collected from real systems for an offline analysis. The “faulty
data” were collected by introducing artificial faults in the AHU. The qualitative model was easy
o set up, generated few false alarms, but also detected fewer faults. The rule-based method
detected more faults but required some analysis and customization during setup. The third
method detected more faults but also generated more false alanms and took considerable time to
set up and customize. It also required installation of additional sensors.

Norford et al. (2002) present results from controlled field tests for detecting and diagnosing
faults in AHUs. These tests were part of an ASHRAE research project (RP-1020), which was to
demonstrate FDD methods for AHUs. The first FDD method used a first-principles model-based
approach, and the second one was based on semi-empirical polynomial correlations of subme-
tered electrical power with flow rates or process control signals generated from historical data.
Although data representing faulty operation were based on blind tests, the faults were selected
from a predefined set for an agreed set of conditions and magnitudes. The criteria used in the
evaluation of the two FDD methods were sensitivity, robustness, the number of sensors
required, and ease of implementation.

Both methods were successful in detecting faults but had difficulty in diagnosing the actual
cause of the fault. The first principles-based method requires more sensors and more training
data and misdiagnosed more often than the semi-empirical method.

CURRENT STATE FOR DIAGNOSTICS IN BUILDINGS

During the 1990s, significant growth occurred in research on the development of fault detec-
tion and diagnostic methods for HVAC&R systems. Still, very few commercial FDD products
exist today, and the ones that do are very specialized or not fully automated. There are several
reasons for lack of widespread availability and deployment of FDD systems: lack of demand by
the building operations and maintenance (O&M) community, possibly as a result of insufficient
information on the improvements possible from automated FDD, lack of adequate sensors
installed on building systems, reliable sensors being too costly, high perceived cost-to-benefit
ratio of deploying FDD systems with current sensor technologies, lack of acceptable bench-
marks to quantify the potential benefits from deploying FDD systems, lack of easy access to
real-time data unless FDD is built directly into building automation systems, and lack of infra-
structure to gather data from existing building automation systems (BASs) for add-on applica-
tions.

Most papers reviewed for this study did not cover the evaluation and decision stages of a
generic O&M support systern using FDD; yet to be useful in the field FDD must be embedded in
complete building management and decision support systems. Katipamula et al. (1999), Rossi
and Braun {1996}, and Breuker and Braun (1998b) have addressed the evaluation aspect of the
O&M support system, and Katipamula et al. (2002) and Brambley and Katipamula (2003) pro-
posed a decision step for AHUs. Furthermore, many of the FDD methods have only been tested
in laboratory or special test environments (Castro et al. 2003). Sorme FDD tools have been tested
in the field (Katipamula et al. 2003; Castro et al. 2003; Braun et al. 2003). The detection sensi-
tivity of the methods and ocourrence rates for false alanms have not been thoroughly investigated
in real buildings yet. Although the R&D reviewed is focused on methods for automating FDD,
most papers do not address the automation itself in sufficient detail. Efficiently and cost-effec-
tively creating the code that implements these methods represents an important aspect of creat-
ing usable tools based on these methods.
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A significant number of papers address FDD methods based on process history. In most
cases, models based on process history are specific to the system from which the training data
are collected. In order to make these methods broadly applicable, the models need to be devel-
oped in factory settings for equipment model lines or automatically online in an as-installed set-
ting. Automation of the model development process is critical to controlling the costs of FDD
systems. Preliminary work on online modeling has been done by Reddy et al. (2001), but more
work is needed in this general area.

Another major limitation of most FDD methods developed to date is that they work well
when a single dominant fault is present in a system, but if multiple faults occur simultaneously
or are present when FDD is done initially, many of the methods fail to properly detect or diag-
nose the causes of the faults. Braun et al. (2003) extended the previous work by Rossi and Braun
(1996) and Breuker and Braun (1998b) to diagnose multiple simultaneous faults. More work is
needed in development of methods that can reliably handle multiple faults.

FUTURE FOR AUTOMATED DIAGNOSTICS IN BUILDINGS

The application of automated FDD to building HVAC&R is still in its infancy. Key technical

problems still requiring solutions include:

+ eliminating the need to handcraft FDD systemns

* automating generation of FDD systems

v selecting the best FDD method for each type of HVAC&R application and the constraints
applicable to it

* developing the balance of system for operation and maintenance support tools—evaluation
and decision support

v development of prognostics to transform HVAC&R maimtenance from corrective and preven-
tive to predictive condition-based maintenance

+ lowering the cost of obtaining data for FDD and O&M support

To the extent that FDD requires handcrafting for each installation, costs will likely be prohib-
itive. Three generically different solutions for this problem exist: (1) deploy FDD in service
tools with databases sufficient to cover many equipment model lines, (2) deploy FDD as part of
on-board equipment control packages, and (3) develop methods for automatically generating
FDD tools. The first approach has already been introduced to the market in a hand tool for
air-conditioning service providers (Honeywell 2003). More tools of this type, embedding auto-
mated FDD, are likely to evolve. The second approach of embedding monitoring and safety con-
trols capabilities in on-board equipment control is already underway to some extent by
manufacturers of equipment and equipment contrel packages (such as chillers for safety reasons
but not for system performance). Capabilities deployed to date appear limited and details of
methods are difficult o obtain because of their proprietary nature, but FDD deployment is
beginning to emerge via this route. The third approach mvoelving rapid generation, possibly in an
autormated manner, requires further research not only into the methods for FDD but also for
automated code generation (in the fields of software development, adaptive systems, genetic
systems, erc.).

Additional R&D is needed in the field of FDD itself to further develop fundamental methods
for FDD, selection and specialization of methods to the constraints of the built environment
(&.g.. pressure to keep costs Jow and a data-poor environment in buildings), application and test-
ing of FDD to the various systems, equipment, and components used in buildings, and develop-
ment and application of FDD for building systems of the future, which are likely to include
integration with on-site electricity generation, management of electric loads, real-time purchas-
ing of electricity, and other interactions with the electric power grid of the future, and transition
to new fuels (e.g., energy carriers such as hydrogen). All provide rich areas for research and
development that will improve the performance and efficiency of commercial and residential
buildings.
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Prognostics are critical to transitioning building equipment maintenance as practiced today to
condition based so that it accounts for the expected remaining life of equipment and its perfor-
mance degradation over time. Only with this information can decisions be made regarding the
optimal scheduling of maintenance. The field of prognostics presents a rich area of investigation
and development for the HVAC&R research community. Little has been published to date on
prognostics for HVAC&R.

Beyond research into FDD methodologies and their application to building systems, the
HVAC&R field is faced with the opportunity to develop an entirely new class of tools and to
add them to building automation systems. FDD methods may provide a core capability for
enhanced operation and maintenance support systems of the future, but the balance of those sys-
terns must be developed. Packaging is critical to success in the market. Tools must be developed
that meet the needs and fit into the environment of building operators and maintenance service
providers and provide them value.

Probably the most constraining of all problems facing the application of FDD&P to
HVAC&R is the dearth of data. Relatively sall numbers of sensors are generally installed in
building systems and the quality (accuracy, precision, and reliability) of the sensors that are
installed is inadequate for many uses. Sensors frequently fail or drift out of calibration and
remain that way for long periods of time until fortuitously discovered. Performance, cost, and
durability need to be addressed to promote better sensing in buildings.

With the development of low-cost reliable sensor technology (Kintner-Meyer and Brambley
2002; Kintner-Meyer et al. 2002), a major hurdle to commercial deployment of FDD systems
would be overcome. This would potentially speed the deployment of third party FDD tools and
integration of FDD into individual equipment controllers and building automation systems to
provide continuous meonitoring, teal-time fault detection and diagnostic information, and recom-
mendations for maintenance service and would lead to much mproved maintenance of
HVAC&R systems. Ultimately, as networking infrastructure matures, the use of automated
FDD systems should enable a small support staff to operate, monitor, and maintain a large num-
ber of different systems from a remote, centralized location. Local FDD systems could commu-
nicate across a network o provide reports on the health of the eguipment that they monitor.
Failures that lead to loss of comfort could be identified quickly before significant impacts on
comfort or equipment damage occurs. In many cases, degradation faults could be identified well
before they lead to loss of comfort or uneconomical operation, allowing more efficient schedul-
ing of (and lower costs for) maintenance service.

At present, no fully automated FDD systems have been integrated into individual controllers
for commercial HVAC&R equipment. In general, larger equipment applications (e.g., chillers)
can absorb more add-on costs than smaller ones (e.g.. rooftop units) and, therefore, automated
FDD will probably appear first in larger equipment.

Open communication standards for building automation systems are catching on, and use of
Internet and intranet technologies is pervasive. These developments enable FDD systems to be
deployed more readily. In addition, the structure of the industry that provides services for the
operations and maintenance of buildings is changing; companies are consolidating and offering
whole-building operations and maintenance packages. Furthenmore, as utilities are deregulated,
they will begin to offer new services, including complete facility management. With complete
and distributed facility management, the cost-to-benefit of deploying FDD systems will improve
because the cost can be spread over a large number of buildings (Katipamula et al. 1999). To
benefit from these changes, facility managers, owners, operators, and energy service providers
are challenged to acquire or develop new capabilities and resources to better manage this infor-
mation and, in the end. their buildings and facilities.
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Although the incentives for application of FDD systems for HVAC&R and other building
systems have never been greater, there still are several obstacles to their development and
deployment. Beyond research and development, there is a need to quantify the benefits, to estab-
lish benchmarks for acceptable costs, and to provide market information. Assessing and demon-
strating value for these technologies is an opportunity for public/private partmerships. Public
agencies can help reduce risk to facility owners and operators while promoting and accelerating
transition to a more efficient buildings sector by dermonstrating the value of these technologies
and transforming the market to accelerate adoption where public benefits warrant. FDD&P
promises to help transform the buildings sector to a new level of energy and operational perfor-
mance and efficiency.
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Related Modifications

Summary of Modification

This proposed modification adds requirements for economizer fault detection and diagnostics (FDD) for air-cooled
unitary direct-expansion units variable refrigerant flow (VRF) units that are equipped with an economizer.

Rationale

Commercial HVAC systems have been shown to have problems with economizer function, control and performance
in field studies and utility-sponsored maintenance programs. This results in reduced energy efficiency and potential
energy savings from the economizer with fan-only operation. Adding such systems will provide building owners key
information regarding the operation of their HVAC systems. Fault Detection and Diagnostics (FDD) technology
significantly reduces costs and improves operational efficiency. It incorporates a standard library of fault rules that
can be customized to predict equipment failures and advise personnel of preventive actions. Before the emergence
of FDD software solutions, many organizations relied on institutional knowledge in order to fix or maintain their wide
variety of equipment. After the development of FDD tech, this type of info (the numerous symptoms, causes and
recommended actions) that may have only existed in the heads of senior personnel or, if lucky, in print or electronic
archives, could now be used in algorithms to help organizations move from reactionary “break/fix” maintenance to
more modern, more cost-effective predictive maintenance. Return on investment studies indicate typical ROI within
12 to 18 months following installation. Please see the attached reports from the Lawrence Berkeley National
Laboratory and American Society of Heating, Refrigerating and Air-Conditioning Engineers/Pacific Northwest
National Laboratory. This proposed modification improves the code and meets the mandate outlined in F.S. 553.886
that states; "the Florida Building Code must facilitate and promote the use of cost-effective energy conservation,
energy-demand management, and renewable energy technologies in buildings.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
This proposed modification will require the local entity to confirm Economizer FDD is included on the construction
documents at time of plan review and has been installed and operational at time of inspection.

Impact to building and property owners relative to cost of compliance with code
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This proposed modification will increase the cost of compliance with the code but will result in improved HVAC
system efficiency and have a return on investment not greater than 18 months from time of installation.
Impact to industry relative to the cost of compliance with code
This proposed modification will increase the cost of compliance with the code for industry. FDD software and
hardware is readily available in the marketplace by a multitude of manufacturers. FDD design, installation, and
operation requires specialized training.
Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
This proposed modification will improve the health and welfare of the general public by improving HVAC system
efficacy and reducing operating costs for HVAC economizers.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of

construction
This proposed modification improves the code and meets the mandate outlined in F.S. 553.886 that states;
&quot;the Florida Building Code must facilitate and promote the use of cost-effective energy conservation,
energy-demand management, and renewable energy technologies in buildings.

Does not discriminate against materials, products, methods, or systems of construction of demonstrated

capabilities
This proposed modification does not discriminate against any materials, methods, or systems of constructions.

Does not degrade the effectiveness of the code
This proposed modification improves the effectiveness of the code.
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C403.3.5 Economizer fault detection and diagnostics. Air-cooled unitarv direct-expansion units listed in the tables in
Section C403.2.3 and variable refrieserant flow (VRF) units that are equipped with an economizer in accordance with
Sections C403.3 through C403.3.4 shall include a fault detection and diagnostics system complyine with the

following:

1. The following temperature sensors shall be permanently installed to monitor system operation:

1.1. Qutside air.

1.2. Supply air.

1.3. Return air.

2. Temperature sensors shall have an accuracy of £2°F (1.1°C) over the range of 40°F to 80°F (4°C to 26.7°C).

3. Refrigerant pressure sensors, where used, shall have an accuracy of +3 percent of full scale.

4. The unit controller shall be configured to provide system status by indicating the following:

4.1. Free cooling available.

4.2. Economizer enabled.

4.3. Compressor enabled.

4.4. Heating enabled.

4.5. Mixed air low limit cvele active.

4.6. The current value of each sensor.

5. The unit controller shall be capable of manuallv initiating each operating mode so that the operation of
compressors, economizers, fans and the heating system can be independently tested and verified.

6. The unit shall be configured to report faults to a fault manasement application available for access by day-to-day
operating or service personnel. or annunciated locally on zone thermostats.

7. The fault detection and diagnostics system shall be configured to detect the following faults:

7.1. Air temperature sensor failure/fault.

7.2. Not economizing when the unit should be economizing.

7.3. Economizing when the unit should not be economizing.

7.4. Damper not modulating,

7.5. Excess outdoor air.
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Disclaimer

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor The Regents of the University of
Califarnia, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commaercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or The Regents of the University of
Califarnia. The views and opinions of authors expressed herein do not necessarily state
ar reflect those of the United States Government or any agency thereof or The Regents
of the University of California.
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Executive Summary

Background

It is estimated that 5%—-30% of the energy used in commercial buildings is wasted due to faults
and errors in the aperation of the control system. Tools that are able to automatically identify
and isolate these faults offer the potential to greatly improve performance, and to do so cost
effactively. This document characterizes the diverse landscape of these automated fault
detection and diagnostic (AFDD) technologies, according to a common framework that captures
key distinguishing features and core elements.

Approach

To understand the diversity of technologies that provide AFDD, a framework was developed to
capture key elements to distinguish the functionality and potential application of one offering
from another. The AFDD characterization framework was applied to 14 currently available
technologies, comprising a sample of market offerings. These 14 technologies largely represent
solutions that integrate with building automation systems, that use temporary in field
measurements, or that are implemented as retrofit add-ons to existing equipment. To
characterize them, publicly available information was gathered from product brochures and
websites, and from technical papers. Additional information was acquired through interviews
and surveys with the developers of each AFDD tool. The study concludes with a discussion of
technology gaps, needs for the commercial sector, and promising areas for future development.

Key Findings

Today’s AFDD technologies are being used in nearly all commercial building sectors. Smaller
facilities, however, are less commaonly served, and when they are it is often through portfolios of
small buildings as opposed to single sites.
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Software-as-a-service models have quickly become the norm for AFDD technologies; even
vendors providing on premise and desktop applications also tend to offer SaaS options. A
compelling evolution in the industry is seen in the expansion of market delivery of FDD through
third-party service providers using the tools as a way to provide value-add to their customers.
This expansion offers the potential to increase access to the technology and its associated
benefits for a new class of owners who otherwise may not be using it, however third parties’
costs may vary significantly and each cost component should be defined in full to be able to
compare across delivery options.
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Location of surveyed AFDD tools

While rule-based methodologies to detect and diagnose faults are still heavily used, vendors are
beginning to use process history-based technigues. Indepandent of the FDD methodology used,
vendors report a high degree of commonality in the systems and types of faults that their
products can cover. That is, coverage of systems and faults is driven more by site data availability
than by product offering. Most AFDD tools surveyed accept real-time BAS data and external
meters and sensors; many accept historical data from the BAS, and several accept equipment’s
onboard/ internal measures without going through the BAS. The majority of the AFDD tool
vendors surveyed cover major the HVAC systems found in commercial buildings, as well as

2
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lighting systems and whole building energy use. Many tools have large libraries that are able to
determine at least some types of faults across all systems for whatever data can be provided.
Nearly all of the tool vendors surveyed are able to detect faults in the major categories, including:
sensors, energy consumption, economizers and ventilation, commercial refrigeration,
cooling/heating systems, equipment cycling, scheduling, and lighting or other end uses.
Configuration of the technelogies does require site-specific tuning. While this is not a fully
automated process, some elements of the process may be automated for streamlining.

Distinguishing factors are often associated with the additional features offered to complement
the AFDD, and with the available delivery models. The market offers great diversity in additional
analytics and reporting capabilities, integration architectures, and purchase models, making it
possible to custom fit the technology to the neads of the organization. While custom solutions
are desirable for some portions of the buildings market— such as campuses, enterprises, and
large or complex facilities—others may benefit from higher degrees of commaoditization.

An important theme in interpreting the findings from this survey is that many products are sold
with an emphasis on broad-scale applicability, and in analyzing the features and capabilities
across all offerings as whole, there is indeed a high degree of similarity. However, it is critical for
prospective technology users to probe providers to understand the precisely what is entailed in
a given offering’s implementation of a feature of interest. For example, there are many ways to
prioritize faults and estimate their impacts, and effective prioritization may be dependent on
customer input. Similarly, root cause analysis (diagnosis) may be supported for just a subset of
faults, or require manual input from operational staff. Analogously, ease of integration with
different makes and vintages of BAS is another critical element of implementation for which “the
devil is in the details.”

Outstanding Needs

FDD technology is seeing increased uptake in the market, and is constantly developing and
evolving. Best practice implementations can deliver significant improvements in energy
efficiency, utility expenses, operations and maintenance processes, and operational
performance—all with rapid return on investment. However, for the full potential to be realized
at scale, a core set of interrelated informational, organizational, and technical needs and barriers
must be addressed.

The primary informational barriers for prospective users are rooted in interpreting the value
proposition of FDD for their facilities, and in accessing best practices in implementation — for
example all-in costs and benefits, effective use of contractors and service providers, and
integration with higher level energy management practices. Organizationally, successful
implementation of AFDD can be slowed by a need to diverge from existing business practices and
norms. While the costs are modest compared to capital projects and can be quickly recovered,
decision makers must buy in to anincrease in operation and maintenance expenses and be willing
to manage a certain degree of risk. Finally, from a technical standpoint, IT and data integration
represent one of the largest challenges. Even once data is accessible through cross-system

3
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integration, it must be interpreted for use in analytic applications. The current lack of common
standards in data, metadata, and semantic representation also poses difficulties in scaling. Lastly,
today’s AFDD offerings can prove difficult and expensive to apply in smaller commercial buildings.

Future Work

AFDD has matured significantly since its first introduction into commercial buildings. Based on
information gathered through this survey and discussion with both vendors and users, several
opportunities emerge to further advance the technology. Continued development of algorithms
that include machine learning and other promising techniques could reduce tuning needs,
simplify configuration, and enhance diagnostic power. Following the trends in other industries,
there is also potential to move beyond diagnostics into prognostics and predictive maintenance.
Machine-to-machine integration presents further opportunity for advancement to realize
pervasive “plug-and-play” functionality, thereby enabling tighter coupling of AFDD with
computerized maintenance management systems, meter analytics, and operations and asset
management tools. Finally, there are gains to be achieved through the development of corrective
and adaptive controls, in combination with tool chains that can ensure that operational design
intent is correctly implemented and maintained over the duration of the operational stage in the
building lifecycle,
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1. Overview

Energy Management and Information Systems (EMIS) comprise a broad family of tools and
services to analyze, monitor, and control commaercial building equipment and energy use. These
technologies include, for example, meter analytics or energy information systems (EIS), some
types of automated fault detection and diagnostic tools (AFDD), benchmarking and utility hill
tracking tools, and building automation systems. These technologies may encompass uses that
include monitoring-based and ongoing commissioning, remote audits and virtual assessments,
enterprise monitoring and asset tracking, continuous savings estimation, and energy anomaly
detection. There are a wide a wide variety of EMIS products available on the commaercial market,
and they are increasingly heavily marketed to the energy management community.

It is estimated that 5%—30% of the energy used in commercial buildings is wasted due to faults
and errors inthe operation of the control systam™ 2 2, Tools that are able to automatically identify
and isalate these faults offer the potential to greatly improve perfarmance, and to do so cost
effectively.

This document characterizes the diverse landscape of technologies that offer AFDD functionality,
according to a common framework that captures key distinguishing features and core elements.
These technologies can reside on local servers or in the cloud, as well as at the network edge
within equipment or controller-embedded solutions.

The primary audience for this document is building owners and operators, who are seeking an
understanding of the functionality available in AFDD products and services to inform piloting and
procurement decisions. It also may be useful to utility energy efficiency program stakeholders
who are interested in emerging technologies to test and pilot for incentive programs. A
secondary audience includes developers of AFDD solutions who are looking for infoermation to
inform and target their efforts.

In the following sections of this review we present a general overview of FDD and other analytics
technology types, followed by a common framework to distinguish among various types of AFDD
tools. We then apply this framework to evaluate a sampling of AFDD tools and discuss the
findings. The evaluation focused primarily on solutions that integrate with building automation
systems, that use temporary in-field measurements, or that are implemented as retrofit add-ons
to existing equipment; it did not include OEM-embedded AFDD offerings (although in a few
instances these variants are available through the AFDD vendor). We conclude with a discussion
of technology gaps, needs for the commercial sector, and promising areas for future
development.

1 Roth, K. W., D. Westphalen, M. Y. Feng, P. Llana, and L. Quartararc. Energy fmpact of Commercial Building Confrois
and Performance Diagnostics: Market Characterization, Energy impact of Building Fauwlts and Energy Savings Pofential.
2005. Report prepared by TIAC LLC for the LS. Department of Energy.

2 Katipamula, 5., and M. Brambley. 2005. “Methods for fault detection, diagnostics, and prognostics for building systems
— areview, part 1.” HAVAC&R Research 11(1): 3-25.

3 Fernandez, N., et al. 2017. impacts on commercial building controls on energy savings and peak load reduction. Pacific
Northwest National Laboratory. PNNL Report Number PNNL-25985.

5

Page: 7

-2001075 FDD Characterization and Survey.pdf

Mod_9994 Text LBNL



EN9994Text Modification

Page 143

2. Introduction to Fault Detection and Diagnostics

FDD is the process of identifying (detecting) deviations from normal or expected operation
(faults) and resolving (diagnosing) the type of problem or its location. FDD has been used for
decades to great success inindustries that include aerospace, nuclear, and industrial applications,
and its use in building operation and control applications is growing. In practice, FDD in buildings
is most commonly conducted for heating, ventilation, and air conditioning (HVAC) systems,
however as a process, FDD is applicable to all systems in the building., Although currently
underutilized, FDD is a powerful approach to ensuring efficient building operations.

As further detailed in the characterization framework that follows, AFDD technology may be
delivered through a variety of implementation models. The FDD code may be integrated into
either server-based software, desktop software, or software that is embedded in an equipment
controller. The AFDD algorithms may rely on historical or near-real time data from building
automation systems (BAS), from data local to the equipment or controller, from external sensors
and meters, or from some combination of these data sources. AFDD software may be used by
the building operator or energy manager, or may be delivered through analysis-as-a-service
contracts that do not require direct “in-house” use of the technology.

The software tools that offer AFDD may include additional functionality such as energy
consumption monitoring and analytics, visualization, benchmarking, reporting of key
performance indicators, or fault prioritization and impact assessment. The server-based offerings
rely on continuous data acquisition and analysis; these types of AFDD tools are commonly
considerad part of the broader family of tools called Energy Management and Information
Systems (EMIS). Although not within the scope of this document, other EMIS technologies such
as meter analytics or energy information systems, automated (HVAC) system optimization, and
building automation systems are powerful tools for ensuring persistent low-energy commercial
building operations—both at the facility and enterprise levels.

3. FDD Technology Characterization Framework

To understand the diversity of technologies that provide AFDD, a characterization framework
was developed to capture key elements that can be used to distinguish the functionality and
potential application of one offering from another. Content contained in this framework was
developed through review with a subset of providers, and is based on the authors’ collective
subject matter expertise, knowledge of AFDD technology and its use in commaercial building
energy management applications. The categories in the framewark are defined in the following
sactions, with characteristics spanning delivery to market, technical capabilities, and additional
software functionality.
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3.1 Delivery to Market
Company or institution name: The developer of the AFDD technology.
Tool name: The name of the AFDD software or service offering.

Saftware type: Whether the AFDD is offered as a commaercial product or service, or as open
source code.

Availability to market: Whether the AFDD is commercially available or still being researched
(pre-commercial).

Current markets served: What markets are currently served in terms of:

e Building type (multi-family, hospital, outpatient healthcare, hotel, office, restaurant,
retail, supermarket, college and university, K=12 education, warehouse).

e Building size (large [> 50k square feet (sf)], medium [10-50k sf], small [< 10k sf]).

Software location: Whether the AFDD software is cloud hosted, locally hosted on an “on-site”
server, located on a desktop computer or other device, or controller-embedded.

Purchase model: Whether the AFDD software is a one-time purchase, software as a service (with
monthly or annual fee), or other. Additionally, whether the AFDD software comes with updates
and/or periodic maintenance in the initial offering costs, or whether additional purchase is
required.

intended users: Whether the AFDD software is intended for use by the vendor (for analysis-as-a-
sarvice), an enginaering manager/operator/site staff, and/or a third-party service providar,

Software configuration: Whether the party typically responsible for the AFDD software
installation and configuration is the software vendor; an integrator, distributor, or third-party
service provider; or an engineering manager/operator/site staff.

Data sources: Whether the AFDD software relies upon data from BAS real-time data (i.e., live,
continuous), from BAS historical data (e.g., trend logs, csv, xls), from on-board or internal
equipment measures, or from external meters and sensors.

Data ownership: Whether the owner(s) of the AFDD software tool inputs and outputs is the end-
customer, the FDD software vendar, and/or a third-party service provider,

FDD method tailoring: Whether the AFDD software requires tailoring of the tuning algorithm
parameters and associated thresholds manually or automatically, or whether it is not applicable
Qr unnecessary.

Notification of findings: Whether the AFDD software tool delivers results through a software user
interface with fault findings, through a service to the user that includes periodic reports of fault
findings, and/or through automated notifications, e.g., via email or text.
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3.2 Technical Capabhilities

Systems covered: Whether the FDD software has existing libraries and rules for the following
systems: air conditioners/heat pumps (including packaged rooftop units), chillers and towaers, air
handler units (AHUs) and variable air volumes (VAVs), fan coil units (FCUs), commercial
refrigeration, lighting, boilers/furnaces, water heaters, and/or whole-building.

Categories of faults detectable: These are broad categories of faults that the AFDD tool is able to
detect and potentially diagnose. The fault categories included in this framework include:

* Sensor errorsffaults

¢ Energy consumption (explicit energy use fault)

e Economizers and ventilation

e Control-related pressurization issues

e Commercial refrigeration (related to vapor/compression)

e Space cooling/heating (related to vapor/compression)

e Heating system (boiler, heat exchanger, furnace, etc.)

e  Cooling system (chillers, towers, etc.)

e Equipment cycling

¢  Pump and fan systems

e Scheduling (too little, too long, wrong time, etc.)

¢ Simultaneous heating and cooling

e Lighting or other end uses

Note that problems such as mechanical failures and departures from setpoint or intended
sequences may be included under multiple fault categories in the list above.

Methods/algorithms: These are the categories of analytical methods used in the AFDD software.,
The schematic diagram below depicts the definition of algorithm types that are used in this
framework.

Diagnostic
Methods
Qualitative
Model-Based

Qualitative
Physics-Based

Quantitative
Model-Based

| Detailed

Process
History-Based

| Black-Box | | Gray-Box ‘

Simplified

Physical Models ‘ Physical Models

Rule-Based | ‘

. . : ! ¢ ’

. 2z ini Other Pattern

Expert First= Limits and 3 Artificial Neural Y
Fuzzy Logic Statistical Recognition
Systems Principles Based Alarms Networks Techniques

Figure 1. Depiction of algorithm types used in this framework, from Katipamula and Bramhbley, 20052
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As illustrated in Figure 1, FDD methods may be model-based or based purely on process history
data. The model-based methods rely upon knowledge of the underlying physical processes and
first principles governing the system(s} being analyzed. Quantitative model-based approaches
are not yet frequently employed in commercial AFDD tool offerings, however qualitative model-
based approaches which include rule-based FDD, have been extensively used in the industry and
provide intuitive representations of engineering principles. The process history-based (data-
driven) approaches do not rely upon knowledge of first principles, but may leverage some degree
of engineering knowledge; they rely upon data from the system in operation. These include
statistical regression models, neural networks, and other methods. Process history-based AFDD
algorithms are increasingly being explored for use in commercial tool offerings. Although the
distinctions between these method types may become blurry (even to developers), AFDD users
may have interest in understanding whether a technology uses rules-based techniques versus
newer data driven approaches, or less commonly employed first principles — ar a combination of
several approaches.

Detection and diagnosis capabilities: Whether the AFDD tool is capable of identifying fault
prasence (reporting a fault without specification of the physical location, severity, or root cause),
fault location, fault severity (degree of faultiness as opposed to impact on energy or dollars,
which is covered in “additional functionality”), root cause, and/or estimated costs of resolution
and payback.

3.3 Additional Functionality

Other features: Additional features of the AFDD tool that are not represented above, and may
include:

e Detection of equipment degradation

e Fault prioritization

¢ Automated work order request system integration

e Assessment of energy impacts

e Conversion of energy impacts to cost impacts

e Assessment of cost impacts other than energy cost, e.g., reduced equipment life

¢  Meter data analytics

e Time series visualization and plotting

e Key parformance indicator (KPI) tracking and reporting

e Longitudinal and cross-sectional benchmarking (within a given portfolio or via ENERGY

STAR Portfolio Manager)

Page: 11

-2001075 FDD Characterization and Survey.pdf

Mod_9994 Text LBNL



EN9994Text Modification

Page 147

4, Technology Characterization Findings
The AFDD characterization framework was applied to 14 currently available technologies,
comprising a sample of market offerings (see the Appendix for a list of those surveyed). These
technologies were identified based on factors including:
e Diversity across defining characteristics to illustrate market breadth
e Known use in commercial buildings based on the authors’ knowledge of the market and
engagement with the community of AFDD users
¢  Vendor or developer willingness and ability to share information necessary for a full
characterization
It is important to emphasize that inclusion in this survey does not indicate endorsement, and
conversely, absence from the survey does not indicate non-endorsement.

To characterize the technologies, publicly available information was gathered from product
brochures and websites, and from technical papers. Additional information was acquired through
interviews and surveys with the vendors and developers of each AFDD tool. The information that
was acquired was therefore based on self-reporting from the technology provider. It was not
within the scope of this effort to independently verify reported functionality and characteristics
of each technology that is included. Moreover, as the market is constantly evolving and
technologies are continuously modified, these market findings represent a snapshot in time.
Although specific offerings may evolve, it is expected that the characterization framework itself
will remain a viable tool to distinguish key AFDD technology elements well into the future.

The tables in the Appendix provide a summary of the capability of each tool surveyed, with
respect to each category in the characterization framewaork.

4.1 Delivery to Market

All tool vendors surveyed offered proprietary, commercially available software and/or hardware.
However, several of the software vendors noted that they provide an open application
programming interface (API) to support integration with third-party applications.

The markets currently served by the AFDD toolvendors are representad in Figure 2, Multi-family,
restaurant, data centers, and manufacturing facilities are less commaonly served, with a mostly
even coverage of other sectors. In addition to the market segments shown in the figure, several
tool vendors noted additional facility types such as industrial subsectors, arenas, multi-event
facilities, and correctional facilities. The technologies are commonly used in large and medium
facilities, with less penetration in smaller buildings. Several tool vendors also noted that they do
not serve a particular building size and that their product would be applicable to any size building.

10
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Figure 2.Market presence of surveyed FDD tools

As shown in Figure 3, the software for all 14 tool vendors can be cloud hosted; eight of them offer
that as the only option. Additionally, four AFDD tools can be installed on a locally hosted on-site
server, and three can be located on a desktop computer or other device (such as a handheld
device). Three can be controller-embedded, reflecting emerging variants in software delivery that
can entail relationships with OEMs.

Number of tools
[
T 00 O N

'y

[T N

Locally hosted server Cloud hosted Desktop computer or Controller-embedded

other device

Figure 3. Software location

AFDD tool vendors offer a wide range of variability in purchase models. Many vendors noted that
there is no standard, and that often the purchase model is tailored to what the customer wants.
Typically tools that are hosted on the cloud offer a software-as-a-service (SaaS) model with
angoing updates and maintenance included for either an annual ar a monthly fee. Maintenance
and updates may come bundled or optionally in an upfront fee, or can be deferred for later
purchase.

As reflected in the tallies in Figure 4, all of the AFDD tool vendors surveyed have multiple
intended users. The traditional model of in-house technology used by the end customer is still
prevalent—all vendors surveyed listed engineering manager/operator/site staff as an intended
user. However, tools are increasingly being usad by and resold by third-party service providers
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as a value-add to customers, with all of the AFDD tool vendors surveyed also listing a third-party
service provider as an intended user. Nine vendors provide analysis-as-a-service directly to their
clients and are therefore an intended user of the tool. This is expected to grow as the market
matures and alternative business models are explored by the industry.

Number of tools

FDD software vendor Engineering Third-party service provider
manager/operator/site staff

Figure 4. Intended Users

The majority of the AFDD tools are installed and configured by some combination of the software
vendar, an integrator/distributor/third-party service provider, and the engineering
manager/operator/site staff, as shown in Figure 5. In most cases, the vendor plus a third party
do the configuration, working from owner requirements. In some cases multiple parties are
required for the installation, and in some cases the vendor offers several options for who does
the installation.
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FDD software vendor Integrator, distributor or third- Engineering
party service provider manager/operator/site staff

Figure 5. Parties involved in software configuration

There is a range of input data that are required by AFDD tools and a range of data that they can
accept, as shown in Figure 6, Most of the tools take in real-time BAS data, which would be
expected, given the large number of cloud-based solutions that serve as a BAS overlay. Eleven
tools are also able to utilize historical data from the BAS. Maost of the tools are also able to utilize
external meters and sensors. Three tools are able to utilize equipment’s anhoard/ internal
measures without going through the BAS. Typically not all of the data points that can be
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processed by the tool are required, and the technologies operate based on the data that are
available. Though the tool vendor may have a short list of critical points, additional data are used
to enhance the spectrum of diagnostics that can be performed.
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Figure 6. Data sources for surveyed FDD tools

All AFDD tool vendors note that primarily, the customer owns the data. Additionally, two vendors
noted that they themselves also have ownership over the data and one other tool vendor noted
that a third-party service provider has ownership over the data. Several tool vendors noted that
they retain the right to use aggregate and anonymous data for benefit of all their users; for
example, to provide peer benchmarking analyses.

All 14 tools require some degree of tuning or tailoring algorithm configuration and
implementation. While none offer fully automated tuning, six vendors noted that they provide
automated routines and/or GUIs to streamline the process. At least one tool comes with a fault
library with default thresholds, with which the customer may subsequently tune parameters or
hire consultants to help.

All of the AFDD tool vendors provide access and viewing of fault findings through a software
interface, as shown in Figure 7. In addition to user-facing GUIs, the majority of offerings surveyed
also provide services to periodically output reports of fault findings. All but two of the tools
provide automated notifications via text, e-mail, or even other novel communications options
such as tweets. Several tool vendors have the capability to have reports sent via e-mail at user-
defined intervals (daily, weekly, monthly) and on customer demand.
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Figure 7. Notification of findings

4.2 Technical Capabilities

As seen in Figure 8, the majority of the AFDD tool vendors surveyed cover most of the systems
that were included in the survey (AC/heat pump which includes packaged rooftop units, chillers
and towers, AHU and VAV, FCUs, commercial refrigeration, lighting, boilers/furnaces, water
heaters, and whole-building). Many tools have large libraries that are able to determine at least
some types of faults across all systems for whatever data can be provided. Several vendors
reported that they additionally include energy recovery ventilators (ERVs), other terminal units
besides VAV boxes, solar panels, industrial processes, variable refrigerant flow (VRF) systems,
BAS controls, cogeneration, and manufacturing equipment.
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Figure 8. Systems covered

Nearly all of the tool vendars surveyed are able to detect faults in the majority of the fault
categories in the survey: sensor errors/faults, enargy consumption, economizers and ventilation,
control-related pressurization issues, commercial refrigeration, space cooling/heating, heating
system, cooling system, equipment cycling, pump and fan systems, scheduling, simultaneous
heating and cooling, and lighting or other end uses. Many tools have large libraries that are able
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to determine at least some types of faults for whatever data can be provided. See Figure 9 for

details.
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Figure 9. Categories of detectable faults

Most of the tools (12 out of 14) use rule-based algorithms, the majority of which apply some
combinatiaon of expert systems, first principles-based, and limits and alarms. Many of the rule-
based tools are supplemented with other approaches, and in one case the offering is a platform
that is most commonly programmed and configured to deliver rule-based algorithms, but also
includes machine learning functions. Three tools use black-box process history-based
approaches; one of these also uses a gray-box approach. Two tools use quantitative model-based
approaches. Figure 10 illustrates these findings graphically—dark shading indicates approaches
used by ten or more tools, medium shading indicates approaches used by two or three tools, and

light shading indicates approaches used by ane or no toals.
|0'1||2'3|| 10+ ‘ Diagnostic
Methads
Quantitative Qualitative Proccss
Modcl-Bascd Modcl-Bascd History-Bascd
Detailed Simplified Rule-Based Qualitative | Black-Box | | Gray-Box |
Physical Models Physical Models Physics-Based
Figure 10. Methods and algorithms
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As shown in Figure 11, all vendors surveyed reported the ability to identify fault presence as well
as physical fault location. All but one tool is able to identify potential root causes. Depending on
the specific fault identified, root case identification may be more or less precise, or in some cases,
not possible. In addition, all but one reported some quantification of fault severity, e.g., degree
of leakage. The degree of faultiness may be determined based on the frequency of a fault, fault
magnitude (e.g.,, how far a point is away from setpoint), and fault duration. Several tools
associate fault severity with assessment of the degree to which energy, energy cost, comfort, and
maintenance costs are affected. At least one of these tools pricritizes the faults, then displays
only one fault at a time to the user.

Number of tools

Fault presence Fault location Fault severity Root cause of fault

Figure 11. Detection and diagnosis capabilities

4.3 Additional Functionality

AFDD tools are commonly delivered with many supplementary features. Qut of the tools
surveyed, the most common features were time series visualization and plotting, quantification
of energy impacts, and fault prioritization, as shown in Figure 12. Other very common features
were equipment degradation, conversion of energy impacts to cost impacts, KPI tracking and
reporting, automated work order request system integration, and meter data analytics. Less
common but still prevalent features were cost impacts other than energy cost (such as the cost
of pending equipment failure), longitudinal and cross-sectional benchmarking, and estimated
cost of fault resolution and payback.

In addition, tool vendors noted a number of other features, including feedback for load
management and demand response applications, verification of corrective actions, savings
measurement and verification (M&V), equipment level M&Y, asset data and service history, and
issue-tracking systems. These other features were not exhaustively reviewed in the survey (or
Tabulated findings in the Appendix) but are important complements to the AFDD capabilities.
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Figure 12. Relative frequency of a selected set of additional features of AFDD tools

5. Industry Needs and Future Development

This survey focused on AFDD solutions that integrate with building automation systems, that use
temporary in-field measurements, or that are implemented as retrofit add-ons to existing
equipment. As indicated in the findings, today’s AFDD technologies are being used in nearly all
commercial building sectors. Smaller facilities, however, are less commonly served, and when
they are it is often through portfolios of small buildings as opposed to single sites. Cost
effectiveness and complexity of implementation may vary as the technology is applied to
different sectors and building sizes. For example, with a historic emphasis on HVAC systems and
larger buildings, solutions for built-up systems may be simultaneously mare developed, yet also
more complex than those for packaged systems.

Software-as-a-service models have quickly become the norm for AFDD technologies; even
vendors providing on-premise and desktop applications also tend to offer SaaS options. A
compelling evolution in the industry is seen in the expansion of market delivery of FDD through
third-party service providers using the tools as a way to provide value-add to their customers.
Illustrated in Figure 13, these third-party services may cover a spectrum of activities. This is in
contrast to earlier models that relied on in-house direct organizational use, and also from
analysis-as-a-service provided by the AFDD vendor. This expansion offers the potential to
increase access to the technology and its associated benefits for a new class of owners who
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otherwise may not be using it, however third parties’ costs may vary significantly and each cost
component should be defined in full to be able to compare across delivery options.

* Integrate data from a variety of sources
» Check data quality

* Develop diagnostic rules

» Configure user interface

Technology
installation and
commissioning

* Prioritize findings

Ongoing data * Review software and other data sources to
review determine root causes

= Develop summary reports and action plans

* Troubleshoot issues on-site
sl a=tmnhi=0 lenlaly i * Track corrective actions

and Verification » Verify faults have been corrected
* Estimate energy and cost savings

Increasing levels of support for in-house staff

Figure 13. A spectrum of analytics-focused activities that service providers may offer their customers

While rule-based methodologies to detect and diagnose faults are still the norm, vendors are
beginning to use process history-based technigues. Independent of the FDD methadology used,
vendors report a high degree of commonality in the systems and types of faults that their
products can cover. That is, coverage of systems and faults is driven more by site data availability
than by product offering. Configuration of the technologies does require site-specific tuning,
which may be conducted by vendors and service providers with varying degrees of involvement
from site staff. While this is not a fully automated process, some elements of the process may be
automated for streamlining.

Distinguishing factors are often associated with the additional features offered to complement
the AFDD, and with the available delivery models. The market offers great diversity in additional
analytics and reporting capabilities, integration architectures, and purchase models, making it
possible to custom fit the technology to the needs of the organization. While custom solutions
are desirable for some portions of the buildings market— such as campuses, enterprises, and
large or complex facilities—other portions of the market may benefit from higher degrees of
commaoditization.
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An important theme in interpreting the findings from this survey is that many products are sold
with an emphasis on broad-scale applicability, and in analyzing the features and capabilities
across all offerings as whole, there is a high degree of similarity. However, actual implementation
needs can differ widely from one application case to another. Moreover, it is critical for
prospective technology users to probe providers to understand the precisely what is entailed in
a given offering’s implementation of a feature of interest. For example, there are many ways to
prioritize faults and estimate their impacts, ranging from those that rely upon static assumptions
of fault persistence versus intermittence, to those that rely upon more dynamic calculations of
concurrent operational conditions — and effective prioritization may be dependent on customer
input. Similarly, root cause analysis (diagnosis) may be supported for just a subset of faults, or
require manual input from operational staff. Analogously, ease of integration with different
makes and vintages of BAS is another critical element of implementation for which “the devil is
in the details.”

FDD technology is seeing increased uptake in the market, and is constantly developing and
evolving. Best practice implementations can deliver significant improvements in energy
efficiency, utility expenses, operations and maintenance processes, and operational
performance—all with rapid return on investment (see the Smart Energy Analytics Campaign
Year 1 Report?® for a snapshot of EIS, FDD and ASQ performance and cost). However, for the full
potential to be realized at scale, a core set of interrelated informational, organizational, and
technical needs and barriers must be addressed.

informational:

1. Prospective users remain challenged in interpreting the value proposition of FDD for their
facilities. Common questions include: what will it really take to make this work for my
buildings? What will the all-in costs and benefits be, up-front, and in the long-term? How
do | navigate this developing market with numerous evolving players and product
options?

2. Prospective users also face more specific implementation questions such as: What is the
distinction between automated fault detection and diagnostics (AFDD) and BAS alarms,
and which products support one versus the other? What are best practices for tuning and
avoidance of false positives? What is the benefit of integrating AFDD within higher-level
energy management practices such as strategic energy management and ongoing
monitoring-based commissioning? How do | best integrate the support of contractors and
service providers with in-house activities?

4 Smart Energy Analytics Campaign. Synthesis of year 1 outcomes in the Smart Energy Analytics Campaign [Internet].
2017 [accessed on September 25, 2017]. Available from: hitps://smart-energy-analytics.org/
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Organizational:

3.

Successful implementation of AFDD can be slowed by a need to diverge from existing
business practices and norms. While the costs are modest compared to capital projects
and can be quickly recovered, decision makers must buy in to an increase in operation
and maintenance expenses and be willing to manage a certain degree of risk. Translation
of information into action requires allocation of resources for staff time and training to
act upon on identified fixes; it also requires effective operational response processes.

Technical:

4.

While improving, IT and data integration represent one of the largest barriers to scale. It
is complex, expensive and crosses organizational business units, and communications
infrastructures are not easily leveraged for installation of analytics technologies.

Once data is accessible through cross-system integration, it must be interpreted for use
in analytic applications. The current lack of common standards in data, metadata, and
semantic representation also poses difficulties in scaling.

Similar to many efficiency solutions, today’s AFDD offerings can be difficult and expensive
to apply in smaller commercial buildings. Smaller facilities do not commonly have building
automation systems or energy management staff and present much tighter payback
constraints due to smaller energy expenditures.

A number of academic, industry, utility, and federal effarts are seeking to address these barriers.
These collective efforts are far too varied and numerous to comprehensively describe, however,
a few examples from current work sponsored by the U.S. Department of Energy (DOE) are
provided as an illustration.

The University of New Haven is conducting a public-facing field evaluation® of
approximately 10 AFDD solutions to quantify technology costs and benefits, and is
partnering with the utility community to inform the development of incentive programs
for scaled regional deployment.

The National Renewable Energy Laboratory (NREL) is conducting early-stage development
of AFDD solutions for small commercial facilities that are based on simulation modeling
and smart meter data.®

Lawrence Berkeley National Laboratory (LBNL) is administering the Smart Energy
Analytics Campaign’ to provide technical assistance to AFDD and other analytics users,
track gaps and benefits, and synthesize barriers.

5 .S, Department of Energy, Office of Energy Efficiency and Renewable Energy. Department of Energy announces
scaling up the next generation of building efficiency packages funding awards [Internet]. 2017 [accessed on August
29, 2017]. Available from: https://energy.gov/eere/buildings/articles/department-energy-announces-scaling-next-
generation-building-efficiency

B Frank, S., et al. 2016. Hyhrid medel-based and data-driven fault detection and diagnestics for commercial buildings.
Proceedings of the 2016 ACEEE Summer Study on Energy Efficiency in Buildings.

7 Smart Energy Analytics Campaign. Smart Enargy Analytics Campaign [Internet]. 2017 [accessed on August 29, 2017].
Available from: hitps://smart-energy-analytics.org/
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e LBNL and NREL are conducting public-facing multi-site field evaluations of technologies
for rooftop unit AFDD and combined FDD/HVAC optimization.® Performance results are
intended to inform the market at large, with a particular focus on public and private sector
portfolio owners.

AFDD has matured significantly since its first introduction into commercial buildings. Based on
information gathered through this survey and discussion with both vendors and users, several
opportunities emerge to further advance the technology. Some of these are technical
development challenges, and some strongly tied to the interplay between market demand and
business choices cancerning standardization and interoperability.

Continued development of algorithms that include machine learning and other promising
techniques could reduce tuning needs, simplify configuration, and enhance diagnostic power.
Following the trends in other industries, there is also potential to move beyond fault diagnostics
into controls optimization, prognostics, and predictive maintenance. Integration of physics-based
models to complement data-driven approaches holds promise to increase diagnostic power and
support predictive analytics.

Machine-to-machine integration presents further opportunity for advancement. For example,
truly pervasive “plug-and-play” functionality is still being developed, as are solutions to
automatically extract and semantically interpret data across diverse systems and data types. The
ability to interface AFDD tools with computerized maintenance management systems (CMMS) is
just beginning to be explored, and will streamline the process of operationalizing action-taking
based on the findings from analytics tools. Similarly, the practice of energy management will be
enhanced through an ahility to mare tightly couple today’s disparate systems and platforms with
more pervasive data and connectivity for controls optimization, FDD, site and portfolio meter
analytics, and operations and asset management. While an “all in one” tool is not likely, nor
necessarily optimal, some convergence for users would be beneficial.

Finally, there are gains to be achieved through the development of corrective and adaptive
controls, in combination with tool chains that can ensure that operational design intent is
correctly implemented and maintained over the duration of the operational stage in the building
lifecycle.

g .5 Department of Energy, Office of Energy Efficiency and Renewable Energy. Building|Q Inc: Predictive Energy
Optimization [Internet]. 2017 [accessed on August 28, 2017]. Available from:
https://energy.gov/eere/buildings/ downloads/buildingig-inc-predictive-energy-optimization
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Appendix

Table 1 summarizes aspects of market delivery for each tool surveyed, and Table 2 summarizes their AFDD technical capabilities and additional
software features.

Takle 1. Market delivery aspects of each tool surveyed

K-12 Ed, Warehouse

Tool name Campany Building type of Building |Software Purchase madel [Intended Software Data sources Data FDD Notification of
markets served size of location users canfiguration ownership (method findings
markets tailoring
served
SkySpark SkyFoundry Hospital, Outpat. Large, Cloud hosted, |Cnetime FDD vendor, |Third-party  |BAS real-time End- Manual Software user
{platform) Health., Hotel, Office, |Medium, |Desktop purchase with Site staff, provider; Site |and historical customer interface, Service
Restaurant, Retail, Small computer or maintenance Third-party  |staff data, Equipment with periodic
Supermarket, College other device, included; SaaS  |provider on- reports,
and Univ, Controller- through partners board/internal [Automated
K-12 Ed, Warehouse emhedded measures, notifications
External meters
and sensors
SkySpark CRRE|ESI Hospital, Office, Retail, |Large, Locally hosted  |SaaS. Optional Site staff, Third-party  |BAS real-time End- Manual Software user
{implementn.] Supermarket, College [Medium |server, Cloud updates and Third-party  |provider and historical customer, interface, Service
and Univ, hosted maintenance provider data, External FDD vendor, with periodic
K-12 Ed after first year meters and Third-party reports,
SeNsors provider Automated
notifications
True Analytics  |Ecorithm Multi-fam., Hospital, |Large Cloud hosted SaaS. Updates Site staff, FDD vendor, |BAS real-time End- Manual and |Software user
Hotel, Office, College and Third-party  |Third-party  |and historical customer  [Automated [interface, Service
and Univ, K-12 Ed, maintenance provider provider data with periodic
Warehouse included reports
Clockworks KGS Multi-fam., Hospital, |Large, Cloud-hosted  |SaaS. Updates FDD vendor, |FDD vendor, |[BAS real-time End- Manual Software user
Qutpat. Health., Hotel, [Medium |{via platform-  [and maintenance |Site staff, Third-party  |and historical customer interface, Service
Office, Retail, as-a-service) included Third-party  |provider data, External with periodic
Supermarket, College provider meters and reports,
and Univ, sensors [Automated

notifications
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Tool name Campany Building type of Building |Software Purchase model [Intended Software Data sources Data FDD Notification of
markets served size of location users canfiguration ownership (method findings
markets tailoring
served
Kaizen CopperTree Multi-fam., Hospital, |Large, Cloud hosted Saas. Use FDD vendor, |FDD vendor, |[BAS real-time End- Manual and |Software user
Analytics Gutpat. Health., Hotel, [Medium, partners as Site staff, Third-party  |and historical customer  [Automated [interface, Service
Office, Restaurant, Small value-added Third-party  |provider data, External with periodic
Retail, Supermarket, resell distributers |provider meters and reports,
College and Univ, Updates and $ENSOrs Automated
K-12 Ed, Warehouse raintenance notifications
included
BuildPulse BuildPulse Inc. |Hospital, Outpat. Large, Cloud hosted SaaS. Updates FDD vendor, |Third-party  |BAS real-time End- Manual and |Software user
Health., Hotel, Office, |Medium and maintenance [Site staff, provider, Site |data, External customer  [Automated [interface, Service
Retail, College and included Third-party  |staff meters and with periodic
Univ, K-12 Ed provider Sensors reports,
Automated
notifications
Analytika Cimetries Hospital, Outpat. Large, Cloud hosted SaaS. Updates FDD vendor, |FDD vendor |[BAS real-time End- Manual and |Software user
Health., Hotel, Office, |Medium and maintenance [Site staff, and historical customer  [Automated |interface, Service
Supermarket, College included Third-party data, External with periodic
and Univ, provider meters and reports,
K-12 Ed, Warehouse, $ensors [Automated
Mfg Facilities notifications
Niagara Tridium Multi-fam., Hospital, |Large, Locally hosted  [One time FDD vendor, |FDD vendor, |[BAS real-time End- Manual and |Software user
Analytics 2.0 Outpat. Health., Hotel, [Medium, |server, Cloud purchase with Site staff, Third-party  |and historical customer  [Automated |interface,
Office, Restaurant, Small hosted, optional updates [Third-party  |provider data, Equipment Automated
Retail, Supermarket, Controller- and maintenance |provider on- notifications
College and Univ, embeddad hoard/internal
K-12 Ed, Warehouse, measures,
Data Centers, Mfg External meters
Facilities and sensors
IntelliCommand [JLL Hospital, Outpat. Large, Cloud hosted SaaS. Updates Site staff, FDD vendor |BAS real-time End- Manual Software user
Health., Hotel, Office, |Medium and maintenance [Third-party and historical customer interface, Service
Retail, Supermarket, included provider data, External with periodic
College and Univ, meters and reports,
K-12 Ed, Warehouse, sensors (Automated

Data Centers, Mfg
Facilities

notifications
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Tool name Campany Building type of Building |Software Purchase model [Intended Software Data sources Data FDD Notification of
markets served size of location users canfiguration ownership (method findings
markets tailoring
served
Balance EEI Multi-fam, Hospital, Large, Cloud hosted Saas. Updates FDD vendor, |FDD vendor, |[BAS real-time End- Manual Software user
Qutpat. Health., Hotel, [Medium and maintenance [Site staff, Third-party  |and historical customer, interface, Service
Office, Restaurant, included. Third-party  |provider, Site |data, External FDD vendor with periodic
Retail, Supermarket, provider staff meters and reports
College and Univ, $ENSOrs
K-12 Ed, Warehouse,
Data Centers, Mfg
Facilities
Facility Analytix [ICONICS Hospital, Outpat. Large Locally hosted |Cne-time Site staff, FDD vendor, |BAS real-time End- Manual Software user
Health., Hotel, Office, server, Cloud purchase or SaaS. |Third-party  |Third-party  |and historical customner interface, Service
Restaurant, Retail, hosted Maintenance provider provider, Site |data, External with periodic
Supermarket, College included, staff meters and reports,
and Univ, updates optional sensors (Automated
K-12 Ed, Warehouse, notifications
Data Centers, Mfg
Facilities
elq Transformativ |Hospital, Outpat. Large, Cloud hosted SaaS. Updates FDD vendor, |FDD vendor, |[BAS real-time End- Manual Software user
e Wave Health., Hotel, Offica, |Medium, and maintenance [Site staff, Third-party  |and historical customer interface,
Restaurant, Retail, Small included Third-party  |provider, Site |data, External [Automated
Supermarket, College provider staff meters and notifications
and Univ, sensors
K-12 Ed, Warehouse,
Data Centers, Mfg
Facilities
ClimaCheck ClimaCheck Multi-fam, Hospital, Large, Locally hosted  |Onsite: One-time |FDD vendor, |Third-party  |BAS real-time End- Manual and |Software user
Onsite/ Qutpat. Health., Hotel, [Medium, |server, Cloud purchase. Site staff, provider, Site |data, External customer  [Automated |interface, Service
ClimaCheck Office, Restaurant, Small hosted, Desktop|Cptional updates [Third-party  |staff meters and with periodic
Online Retail, Supermarket, computer or provider $ENSOrs reports,
College and Univ, other device Cnline: Updates [Automated
K-12 Ed, Warehouse, and maintenance notifications
Data Centers, Mfg included.
Facilities
HYAC Service  |Field Multi-fam, Cutpat. Large, Cloud hosted, |Cne-time Site staff, Equipment on-  |End- Manual Software user
Assistant, SA Diagnostic Health., Hotel, Office, |Medium, |Desktop purchase or SaaS. [Third-party hoard/internal  |custormner interface, Service
Mgohile, Services Restaurant, Retail, Small computer or Updates included |provider measures, with periodic
Onboard Supermarket, K-12 Ed, other device, External meters reports,
controller Warehouse, Data Controller- and sensors [Automated
Centers embedded notifications
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Table 2. Technical capabilities and additional features of each tool surveyed

towers, AHU & VAV,
FCU, Com. refrig.,
Lighting,
Boilers/furnace,
Water heaters,
Whole-huilding

vent., Pressurization issues, Com. refrig.,
Space Clg./Htg., Htg. system, Clg. system,
Equip cycling, Pump & fan systems,
Scheduling, Sim. htg. & clg., Lighting or other
enduses

Meodels, Expert Systems,
First Principles-based,
Limits and Alarms,
Statistical

location,
severity,
root cause

Tool name Company Systems covered Categoaries of faults detectable Methods/algorithms Detection and  |Additional functionality
diagnasis
capabilities

SkySpark SkyFoundry AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & |Rule-based. Platform Fault presence, |Equip degradation, Fault prioritization, Autc
towers, AHU & VAV, |vent,, Pressurization issues, Com. refrig., supports full location, work order, Energy impacts, Energy cost
FCU, Com. refrig.,  [Space Clg./Htg., Hig. system, Clg. system, pregrammability of rules[severity, impacts, Other cost impacts, Meter data
Lighting, Equip cycling, Pump & fan systems, and includes machine root cause analytics, Time series visualization, KPI
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other |learning functions for tracking and reporting, Benchmarking, Cost
Water heaters, end uses use in FDD algorithms. of resolution and payback
Whole-huilding

SkySpark CBRE|ES! AC/HP, Chillers & Sensor errors, Energy consumption, Econ. &  [Rule-based Fault presence, |Equip degradation, Fault prioritization, Auto

{implementn.] towers, AHU & VAV, |vent., Prassurization issues, Space Clg./Htg., location, work order, Energy impacts, Energy cost
FCU, Lighting, Htg. system, Clg. system, Equip cycling, Pump severity, impacts, Meter data analytics, Time series
Boilers/furnace, & fan systems, Scheduling, Sim. htg. & clg., root cause visualization, KPI tracking and reporting,
Whole-huilding Lighting or other end uses Benchmarking, Cost of resolution and

payhack

True Analytics  |Ecorithm AC/HP, Chillers & Sensor errors, Energy consumption, Econ. &  |Qual. Model-based, Fault presence, |Equip degradation, Fault prioritization,
towers, AHU & VAV, |vent., Pressurization issues, Com. refrig., Rule-hased, Expert location, Energy impacts, Meter data analytics, Time
FCU, Com. refrig,  [Space Clg./Htg., Htg. system, Clg. system, Systems, First Principles- [severity, series visualization, KPI tracking and
Lighting, Equip cycling, Pump & fan systems, based, Machine learning [root cause reporting, Benchmarking
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other |techniques, fast-
Water heaters, end uses sampling algerithms,
Whole-huilding and the spectral

method.
Clockworks KGS AC/HP, Chillers & Sensor errors, Energy consumption, Econ. &  [Simplified Physical Fault presence, |Equip degradation, Fault prioritization, Auto

work order, Energy impacts, Energy cost
impacts, Meter data analytics, Time series
visualization, KPI tracking and reporting,
Benchmarking
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Tool name Company Systems covered Categories of faults detectable Methods/algorithms Detection and  |Additional functionality
diagnasis
capabhilities
Kaizen CopperTree AC/HP, Chillers & Sensor errors, Enargy consumption, Econ. & |Rule-based. Includes an [Fault prasence, |Equip degradation, Fault prioritization, Auto
Analytics towers, AHU & VAV, |vent., Pressurization issues, Com. refrig., open library of rules for [location, work order, Energy impacts, Energy cost

FCU, Com. refrig,  [Space Clg./Htg., Htg. system, Clg. system, users to download, severity, impacts, Other cost impacts, Meter data
Lighting, Equip cycling, Pump & fan systems, publish and share root cause analytics, Time series visualization, KPI
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other tracking and reporting
Water heaters, end uses
Whole-huilding

BuildPulse BuildPulse Inc.  |AC/HP, Chillers & Sensor errors, Energy consumption, Econ. &  |Rule-based, Qualitative [Fault presence, |Equip degradation, Fault prioritization, Auto
towers, AHU & VAV, |vent., Pressurization issues, Space Clg./Htg., |model location, work order, Energy impacts, Energy cost
FCU, Lighting, Htg. system, Clg. system, Equip cycling, Pump severity, impacts, Other cost impacts, Meter data
Boilers/furnace, & fan systems, Scheduling, Sim. htg. & clg., root cause analytics, Time series visualization, KPI
Water heaters, Lighting or other end uses tracking and reporting, Benchmarking, Cost
Whole-huilding of rasolution and payhack

Analytika Cimetrics AC/HP, Chillers & Sensor errors, Enargy consumption, Econ. &  |Quant. Model-bhased, Fault presence, |Equip degradation, Fault prioritization, Auto
towers, AHU & VAV, vent., Pressurization issues, Com. refrig., Qual. Model-hased, location, work order, Energy impacts, Energy cost
FCU, Com. refrig,  [Space Clg./Htg., Htg. system, Clg. system, Rule-hased, Expert severity, impacts, Other cost impacts, Meter data
Lighting, Equip cycling, Pump & fan systems, Systems, First Principles- [root cause analytics, Time series visualization, KPI
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other |based, Limits and tracking and reporting, Benchmarking
Water heaters, end uses Alarms, Process History-
Whole-huilding based, Black Box,

Statistical, Gray Box

Niagara Tridium AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & |Rule-based, Limits and  [Fault presence, |Equip degradation, Fault prioritization, Auto

Analytics 2.0 towers, AHU & VAV, |vent,, Pressurization issues, Com. refrig., Alarms location, work order, Energy impacts, Energy cost
FCU, Com. refrig.,  |Space Clg./Htg., Htg. system, Clg. system, severity, impacts, Other cost impacts, Meter data
Lighting, Equip cycling, Pump & fan systems, root cause analytics, Time series visualization, KPI
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other tracking and reporting, Cost of resolution
Water heaters, end uses and payback
Whole-huilding

IntelliCommand |ILL AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & |Rule-based, Limits and [Fault presence, |Equip degradation, Fault prioritization, Auto
towers, AHU & VAV, |vent., Prassurization issues, Space Clg./Htg.,, |Alarms, Statistical, Other |location, work order, Energy impacts, Energy cost
FCU, Com. refrig., Htg. system, Clg. system, Equip cycling, Pump |Pattern Recognition severity, impacts, Other cost impacts, Meter data
Lighting, & fan systems, Scheduling, Sim. htg. & clg., Techniques root cause analytics, Time series visualization, KPI
Boilers/furnace, Lighting or other end uses tracking and reporting
Whole-huilding
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Tool name Company Systems covered Categories of faults detectable Methods/algorithms Detection and  |Additional functionality
diagnasis
capabhilities
Balance EEI AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & |Rule-based, Expart Fault presence, |Equip degradation, Fault prioritization, Auto
towers, AHU & VAV, [vent.,, Pressurization issues, Com. refrig., Systems, First-Principles [location, work order, Energy impacts, Energy cost
FCU, Com. refrig,  [Space Clg./Htg., Htg. system, Clg. system, Based severity impacts, Other cost impacts, Meter data
Lighting, Equip cycling, Pump & fan systems, analytics, Time series visualization, KPI
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other tracking and reporting, Cost of resolution
Water heaters, end uses and payback
Whole-huilding
Facility Analytix [ICONICS AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & |Rule-based, First Fault presence, |Fault prioritization, Auto work order, Energy
towers, AHU & VAV, |vent., Pressurization issues, Com. refrig., Principles-based, Limits |location, impacts, Energy cost impacts, Other cost
FCU, Com. refrig.,  |Space Clg./Htg., Htg. system, Clg. system, and Alarms severity, impacts, Meter data analytics, Time series
Lighting, Equip cycling, Pump & fan systems, root cause visualization, KPI tracking and reporting
Boilers/furnace, Scheduling, Sim. htg. & clg., Lighting or other
Water heaters, end uses
Whole-huilding
elt Transformative |AC/HP Sensor errors, Energy consumption, Econ. &  |Rule-based, Expert Fault presence, |Fault prioritization, Energy impacts, Energy
Wave vent., Pressurization issues, Space Clg./Htg., |Systems, Limits and location, cost impacts, Time series visualization
Htg. system, Pump & fan systems, Sim. htg. & [Alarms root cause
clg.
ClimaCheck ClimaCheck AC/HP, Chillers & Sensor errors, Energy consumption, Econ. & | Thermodynamic Fault presence, |Equip degradation, Energy impacts, Energy
Onsite/ towers, AHU & VAV, lvent., Com. refrig., Space Clg./Htg., Htg. Evaluation, Energy location, cost impacts, Time series visualization, KPI
ClimaCheck FCU, Com. refrig. system, Clg. system, Equip cycling, Pump &  [Signatures severity, tracking and reporting
Online fan systems, Scheduling, Sim. htg. & clg., root cause

Lighting or other end uses

HVAC Service
Assistant, SA
Mobile, Onhoard
controller

Field Diagnostic
Services

AC/HP, AHU & VAY,
FCU

Sensor errors, Energy consumption, Space
Clg./Htg.

Fault presence,
location,
severity,

oot cause

Equip degradation, Fault prioritization, Auto
work order
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This paper is the second of a two-part review of methods for automated foult detection and diag-
nostics (FDD) and prognostics whose intent is to increase awareness of the HVAC&R research
and development community to the body of FDD and prognostics developmenis in other fields
as well as advancements in the field of HVAC&R.  The first part of the review focused on
generic FDD and prognostics, provided a framework for categorizing methods, described them,
and identified their primary strengths and weaknesses (Katipamula and Brambley 2005). In this
paper we address research and applications specific to the fields of HVAC&R, provide a brief
discussion on the current state of diagnostics in buildings, and discuss the future of auwtomated
diagnostics in buildings.

INTRODUCTION

Poorly maintained, degraded, and improperly controlled equipment wastes an estimated 15%
oy 30% of energy used in commercial buildings. Much of this waste could be prevented with
widespread adoption of automated condition-based maintenance. Automated fault detection and
diagnostics (FDD) along with prognostics provide a comerstone for condition-based mainte-
nance of engineered systems. Although FDD has been an active area of research in other fields
for more than a decade, applications for heating, ventilating, air conditioning, and refrigeration
(HVAC&R) and other building systems have lagged those in other industries. Nonetheless, over
the last decade there has been considerable research and development targeted toward develop-
ing FDD methods for HYAC&R equipment. Despite this research, there are still only a handful
of FDD tools that are deployed in the field.

This paper, which is the second of two parts, provides a review of fault detection, diagnostics,
and prognostics (FDD&P) research in the HYAC&R field and concludes with discussions of the
current state of applications for buildings and likely contributions to operating and maintaining
buildings in the future. In the first paper (Katipamula and Brambley 2005), we provided an over-
view of FDD&P, starting with descriptions of the fundamental processes and some important
definitions, and then identified the strengths and weaknesses of methods across the broad spec-
trurn of approaches.

Srinivas Katipamulais a senior research scientist and Michael R. Brambley is a staff scientist at Pacific Northwest Na-
tional Laboratory, Richland, Washington.

169

Page: 1

-PNNL FDD Methods and Prognostics.pdf

Mod_9994 Text ASHRAE



EN9994Text Modification

Page 166

170 HVAC&R RESEARCH

FDD RESEARCH IN HVAC&R

In this section we review FDD research relating to refrigerators, air conditioners, chillers, and
air-handling units (AHUSs), which represent most of the HVAC&R FDD research completed to
date. This review is an update o the review previously published by Katipamula et al. (2001)
and includes recent FDD publications. For information on FDD for other building systems refer
to Pape et al. (1990), Dexter and Benouarets (1996), Georgescu et al. (1993), Jiang et al. (1993),
and Han et al. (1999) for HVAC&R plants; Fasolo and Seborg (1995) for HYAC&R control
systems; Li et al. (1996, 1997) for heating systems; Isermann and Nold (1988) and Dalton et al.
(1995} for pumnps; Noura et al. (1993) for large thermal plants; Isermann and Ballé (1997) for
applications for motors; and Dodier and Kreider (1999} for whole-building systems.

Refrigerators

Ome of the early applications of FDD was to vapor-compression-cycle-based refrigerators
(McKellar 1987; Stallard 1989). Although McKellar (1987} did not develop an FDD system, he
identified commen faults for a refrigerator based on the vapor-compression cycle and investi-
gated the effects of the faults on the thermodynamic states at various points in the cycle. He con-
cluded that the suction pressure (or temperature), discharge pressure (or temperature), and the
discharge-to-suction pressure ratio were sufficient for developing an FDD system. The faults
considered were compressor valve leakage, fan faults (condenser and evaporator), evaporator
frosting, partially blocked capillary tubes, and improper refrigerant charge {under and over
charge).

Building upon McKellar’s work, Stallard (1989) developed an automated FDD system for
refrigerators. A rule-based expert systern was used with simple limit checks for both detection
and diagnesis. Condensing temperature, evaporating temnperature, condenser inlet temperature,
and the ratio of discharge-to-suction pressure were used ditectly as classification features. Faults
were detected and diagnosed by comparing the change in the direction of the measured quanti-
ties with expected values and matching the changes to expected directional changes associated
with each fault.

Air Condiftioners and Heat Pumps

There are many applications of FDD to air conditioners and heat pumps based on the vapor-
compression cycle. Some of these studies are discussed below (Yoshimura and Ito 1989;
Kumamaru et al. 1991; Tnatsu et al. 1992; Wagner and Shoureshi 1992; Rossi 1995; Rossi and
Braun 1996, 1997; Breuker 1997; Breuker and Braun 1998b; Ghiaus 1999; Chen and Braun
20003, Breuker and Braun (1998a) summarized common faults in air conditioners and their
impact on performance. In addition, the frequency of fault occurrence and the relative cost of
service for various faults were estimated from service records.

Yoshimura and Tto (1989) used pressure and temperature measurements to detect problems
with condenser, evaporator, compressor, expansion valve, and refrigerant charge on a packaged
air conditioner. The differences between measured values and expected values were used to
detect faults. Expected values were estimated from manufacturers’ data, and the thresholds for
fault detection were experimentally determined in the laboratory. Both detection and diagnosis
were conducted in a single step. No details were provided as to how the thresholds for detection
were selected.

Wagner and Shoureshi (1992) developed two different fault detection methods and compared
their abilities o detect five different faults in a small heat pump system in the laboratory. The
five faults included abrupt condenser and evaporator fan failures, capillary tube blockage, com-
pressor piston leakage, and seal system leakage. The first method was based on limit and trend
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Table 1. Symptom Patterns for Selected Faults (Grimmelius et al. 1995)
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checking (qualitative model-based), and the second method was a simplified physical
model-based approach. In the second approach, differences between predictions from a simpli-
fied physical model and the monitored observations are transformed into useful statistical quan-
tities for hypothesis testing. The transformed statistical quantities are then compared to
predetermined thresholds to detect faults.

The two fault detection strategies were operated in parallel on a heat pump in a psychrometric
room. The qualitative method was able to detect four of five faults that were intoduced
abruptly, while the simplified physical model-based method was successful in only detecting
two faults. Because the selection of thresholds for both methods is critical in aveiding false
alarms and reduced sensitivity, Wagner and Shoureshi (1992) provide a brief discussion of how
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to trade off diagnostic sensitivity against false alarms. Their implementation is only capable of
detecting faults and does not include diagnesis, evaluation, and decision making.

Rossi (1995) described the development of a statistical rule-based fault detection and diag-
nostic method for air-conditioning equipment with nine temperature measurements and one
humidity measurement. The FDD method is capable of detecting and diagnosing condenser
fouling, evaporator fouling, liquid-line testriction, compressor valve leakage, and refrigerant
leakage. In addition to the detection and diagnosis, Rossi and Braun (1996) also describe an
implementation of fault evaluation. A detailed explanation of the fault evaluation method can be
found in Rossi and Braun (1997). The methods were demonstrated in limited testing with a roof-
top air conditioner in the laboratory.

Breuker {1997) performed a more detailed evaluation of the methods developed by Rossi
(1995). The detailed evaluation relied on steady-state and transient tests of a packaged air condi-
tioner in a laboratory over a range of conditions and fault levels (Breuker and Braun 1998b).
Seven polynemial models (ranging from first to third order) were developed to characterize the
performance of the air conditioner (evaporating, condensing, and compressor outlet tempera-
res, suction line superheat, liquid line subcooling, temperature rise across the condenser, and
ternperature drop across the evaporator) using steady-state data representing normal (unfaulted)
operations. The steady-state normal data are also used to determine the statistical thresholds for
fault detection, while transient data with faults were used to evaluate FDD performance. Breuker
and Braun (1998b) concluded that refrigerant leakage, condenser fouling, and liquid line restric-
tion were detected and diagnosed before 8% reduction in capacity or COP occurred. The tech-
nique, however, was less successful in detecting evaporator fouling and compressor valve
leakage. The authors also concluded that increasing the measurements from 6 (2 inputs and 4
outputs) to 10 (3 mputs and 7 outputs) and using higher order polynomial models improved the
performance by a factor of two.

Ghiaus (1999) presented a bond-graph model for a direct-expansion vapor-compression sys-
tem and applied it to diagnosing two faults in an air conditioner. The author states that this qual-
itative approach of modeling faults does not need a priori knowledge of possible faults as long
as the bond mode] is complete and accurate.

Chillers

Several researchers have applied FDD methods to detect and diagnose faults in vapor-com-
pression-based chillers; some of the studies are summarized below (Grimmelius et al. 1995;
Gordon and Ng 1994, 1995; Stylianou and Nikanpour 1996; Tsutsui and Kamimura 1996; Peits-
man and Bakker 1996; Stylianou 1997; Bailey 1998; Sreedharan and Haves 2001; Castro 2002).
Comstock et al. (1999) and Reddy et al. (2001) provide a detailed review of FDD literature relat-
ing to chiller systems up to their respective times. Comstock et al. (2002) presented a list of
commmon chiller faults and their impacts on performance.

Grimmelius et al. (1995) developed a fault diagnostic system for a chiller, in which fault
detection and diagnostics are carned out in a single step. The FDD method uses a reference
model based on multivariate linear regression that was developed with data from a properly
operating chiller to estimate values for process variables for a healthy (unfaulted) chiller. These
estitnates are subsequently used to generate residuals (i.e., differences between actual measured
values and the values from the reference model). Patterns of these residuals are compared to
characteristic patterns corresponding to faulted conditions, and scores are assigned indicating
the degree to which the patterns match the pattern corresponding to each fault mode. Fault
modes with good fits (high scores) are judged as probably existing in the chiller. Fault modes
with poor fits (low scores) are judged as unlikely to exist in the chiller, and faults with interme-
diate scores are labeled as possibly existing. Twenty different measurements are used including
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Table 2. Scoring of Fault Modes for a Highly Idealized Example

Fault Mode/ Symptom  Symptom  Symptom  Symptom Total Score Normalized

Score 1 2 3 4 Score
Fl 1 - 4 t
Scores 10 10 10 10 40 1.0
F2 T - T -
Scores 0 9 0 3 12 0.3
Measurement- 1 — 4 T

Based Pattern

tEThperatuTes, Pressures, power consumption, and compressor oil level. In addition to the mea-
sured variables, some derived variables, such as liquid subcooling, superheat, and pressure drop,
are used. The inputs to the model also include the outdoor ambient temperature and load condi-
tions.

To identify potential fault modes, the chiller is classified into seven components: compressor,
condenser, evaporator, expansion valve, liquid line immediately downstream of the condenser
and including a filter drier, liguid line with solenoid and sight glass between the other liquid line
and the evaporator, and the crankcase heater. Fault modes are associated with any component
that is serviceable, which leads to 58 different fault modes. A cause and effect study of the 38
fault modes helped establish the expected influence of the faults on the components, measured
variables, and subsequent chiller behavior. Symptoms are defined as a difference in any mea-
sured or derived variable from its expected value for normal unfaulted operation (i.e., the value
given by the reference model). Symptoms associated with all 58 fault modes were generated and
arranged into symptom patterns. Fault modes having identical symptom patterns were aggre-
gated into a single fault mode, reducing the total number of fault modes from 58 to 37, These
symptom patterns are arranged in a symptom matrix as shown in Table 2, with each row giving
the symptom pattern associated with a particular fault. A symptom (cell in the matrix) shown
by an arrow pointing up, T, indicates a value for the variable greater than that given by the refer-
ence model. Likewise, an arrow pointing down, |, indicates a symptom corresponding to a value
for the variable less than the value from the reference model, and a horizontal arrow, —, indi-
cates the fault has no effect on the corresponding variable.

To diagnose a fault, a symptom pattern corresponding to a set of measurements is compared
to the symptom patterns for all of the fault modes. Scores are assigned to each fault mode indi-
cating the probability that its symptom pattern matches the measured symptomn pattern as fol-
lows. For each fault mode, each symptom is compared to its corresponding measured symptom
and assigned a score between 0 and 10. It the symptom for the fault mode matches the measured
symptom very well, it is assigned a high score (close to 10). If it weakly matches, it is assigned a
score around 5, and if it does not match well at all, it is assigned a score close to zero. A total
score for each fault mode is generated by adding the individual scores of all symptoms and
dividing the total by the maximum possible score per pattern (i.e., the number of symptoms in
the pattern multiplied by 10} to obtain a normalized score. These normalized scores are then
classified into three categories. A normalized score of 0.9 or higher indicates a probable fault, a
score between 0.5 and 0.9 indicates a possible fault, and scores lower than 0.5 indicate that the
fault is likely not present.

A highly simplified example is shown in Table 2. Symptom patterns for two faults, F1 and
F2, are shown along with a symptom pattern derived from measurements. Each pattern consists
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of symptoms based on four variables. Scores have been assigned to the symptorms in cach pat-
tern based on how well the symptom shown in the symptom matrix comresponds to the symptom
based on measurements. For example, Symptom | for fault mode Fl comesponds identically to
Symptom 1 in the pattern derived from measurements, so it is assigned a score of 10. The nor-
malized scores in this example lead to the conclusion that fault F1 with a score of 1.0 probably
exists in this systemn and fault F2 with a score of D.3 is likely not present. In actual implementa-
tion, this methodology accounts for uncertainty in measurements by establishing threshold
bands around numerical values of measured and derived variables and using the proximity to
them in assigning scores to symptoms. The exact algorithm for assigning numerical scores, how-
gver, is not available in the paper.

Although the method proved effective in identifying faults in systems before the chiller sys-
tern failed completely, faults with only a few symptoms tended to get high scores more often.
Because the reference model is a simple regression model developed with data from a specific
test chiller, the same model cannet be used on other chillers but instead new models would need
to be developed for each chiller. Nonetheless, this generic approach provided a foundation for
diagnostic work that followed.

Stylianou and Nikanpour (1996) used the universal chiller model developed by Gordon and
Ng (1993} and the pattern matching approach outlined by Grimmelius et al. (1993) as part of
their FDD system. Like Grimmelius et al. (1995), Stylianou and Nikanpour also perform detec-
tion and diagnosis in a single step. The methods used in the FDD system included a thermody-
namic mode] for fault detection and pattern recognition from expert knowledge for diagnosis of
selected faults. The diagnoses of the faults are performed by an approach similar to that outlined
by Grimmelius et al. {1993). Seventeen different measurements (pressures, temperatures, and
flow rates) were used to detect four different faults: refrigerant leal, refrigerant line flow restric-
tion, condenser water-side flow resistance, and evaporator water-side flow resistance.

The FDD system is subdivided into three parts: one used to detect problems when the chiller
is off, one used during chiller start-up, and ene used at steady-state conditions. The off-cycle
module is deployed when the chiller is turned off and is primarily used to detect faults in the
temperature sensors. The temperature sensor readings at different locations on the system are
compared to one another after the chiller is shut down and reaches steady state {under the
assumnption that the temperature of refrigerant will reach equilibrium conditions and reach the
ambient state when the chiller is shut down overnight). The differences are then compared to the
difference observed during commissioning (if the sensors are calibrated during commissioning,
the differences should be zero). The monitored rate of change of a sensor value is used to check
whether a particular sensor has reached steady state or not before comparing measurements
ACTOSS SENSOTS.

The start-up medule is deployed during the first 15 minutes after the chiller is started. The
module uses four measured inputs (discharge temperature, crankcase oil temperature, and refrig-
erant temperatures entering and leaving the evaporator) scanned at five-second intervals to
detect refrigerant flow faults, which are easier to detect before the system reaches steady state.
To detect faults, the transient trends in measured variables during start-up are compared to the
baseline trend from normal start-up. For example, a shift (in tme or magnitude) in the peak of
the discharge temperature may indicate liquid refrigerant flood back, refrigerant loss, or a refrig-
grant line restriction. Because ambient conditions affect the baseline response, the baseling
response has to be nommalized before a comparison is made.

The steady-state module is deployed after the chiller reaches steady state (steady-state condi-
tion is established by monitering the rate of change of the sensor values just as in off-cycle anal-
ysis) and stays deployed until the chiller is turned off. In this mode, the module performs two
functions: (1) verifies performance of the system and (2) detects and diagnoses selected faults.
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Table 3. Fault Patterns Used in the Diagnostic Module (Stylianou and Nikanpour 1996)
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Performance is verified using the thenmodynamic models developed by Gorden and Ng (1995).
For fault diagnostics, linear regression models are used to generate estimates of pressure and
ternperature variables that are then compared to actual measurements in an approach similar to
that described by Grimmelius et al. (1995). The estimated variables are compared to the mea-
sured values, and the residuals are matched to predefined patterns corresponding to the various
faults using a tule-base (as shown in Table 3).

Although Stylianou and Nikanpour (1996) extended the previous work of Gordon and Ng
(1995) and Grimmelius et al. (1995), their evaluation of the FDD systems was not comprehen-
sive and lacked several key elements including sensitivity and rate of false alanms. In addition, it
is not clear whether the start-up module can be generalized easily.

Stylianou (1997) replaced the rule-based model used w match the patterns shown in Table 3
with a statistical pattern recognition algorithm. This algorithm uses the tesiduals generated from
comparison of predicted (using linear regression models) and measured pressures and tempera-
tures to generate patterns that identify faults. Because this approach relies on the availability of
training data for both normal and faulty operation, it may be difficult to implement in the field.
Only limited testing of the method was presented in the paper.

Tsutsui and Kamimura (1996) developed a model based on a topological-case-based reason-
ing (TCBR) technique and applied it to an absorption chiller. Case-based reasoning is a knowl-
edge-based problem-solving technigue that solves new problems by adapting old solutions. Tt is
based on defining neighborhoods that provide the needed measure of similarity between cases.
In contrast, TCBR defines “the neighborhood theoretically, based on the assumption that the
input/output relationship is locally continuous” (Tsutsui and Kamimura 1996). Tsutsui and
Kamimura (1996) also compared the diagnostic capabilities of TCBR with a linear regression
model. The authors state that although the linear regression model had a better overall modeling
error (mean error) than the TCBR model, the TCBR model was better at identifying abnormal
conditions.
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Peitsmman and Bakker (1996) used two types of black-box models (artificial neural networks
[ANNz] and auto regressive with exogenous inputs [ARX!]) to detect faults in the systemn and at
the component level of a reciprocating chiller system. The inputs to the systern models included
condenser supply water temperature, evaporator supply glycol temperature, instantaneous power
of the compressor, and flow rate of cooling water entering the condenser (for the ANN only).
The choice of the inputs was limited to those that are commonly available in the field. Using
these inputs with both the ANN and ARX maodels, 14 outputs were estimated. For the ANN
models, inputs from the current and the previous time step and outputs from two previous time
steps were used.

Peitsman and Bakker (1996) compared diagnostic capabilities of two types of models—a
multiple input/output ARX model and ANN models. They used a two-level approach in which
system-level models were used to detect “faulty” operation and component-level models were
used o diagnose the cause of the fault. They developed 14 system-level models and 16 compo-
nent-level models to detect and diagnose faults in a chiller; however, only one example (air in
the system) is described in their paper. ANN models appeared to have a slightly better perfor-
mance than the ARX models in detecting faults at both the systemn and the component levels.
The authors also note that it is critical to find a global minimum when using ANN models. If an
mcorrect mitial state is chosen, it may lead to a local minimum rather than the global minimurm.

Bailey (1998) also used an ANN model to detect and diagnose faults in an air-cooled chiller
with a screw compressor. The detection and diagnosis were carried out in a single step. The
faults evaluated included refrigerant under- and overcharge, oil under- and overcharge, con-
denser fan loss (total failure), and condenser fouling. The measured data included superheat for
heat exchanger circuits 1 and 2, subcooling from circuits | and 2, power consumption, suction
pressure for circuits | and 2, discharge pressures for circuits 1 and 2, chilled water inlet and out-
let temperatures from the evaporator, and chiller capacity. Each heat exchanger circuit has its
own compressor. The ANN model was applied to normal and “faulty” test data collected from a
70-ton laboratory air-cooled chiller with screw compressor.

Sreedharan and Haves (2001) compared three chiller models for their ability to reproduce the
observed performance of a centrifugal chiller. Although the evaluation was meant to find the
most suitable model for chiller FDD, no FDD system was proposed or developed. Two models
were based on first principles (from Gordon and Ng [1995] and a modified ASHRAE Primary
Toolkit from Bourdouxhe et al. [1997]) and the third was an empirical model. While each model
has some distinct advantages and disadvantages, they concluded that the accuracies of all three
models were similar. Hydeman et al. (2002) reported that the three models compared by
Sreedharan and Haves (2001) were not accurate in predicting the power consumption of chillers
with variable condenser water flow and centrifugal chillers operating with vanable-speed drives
at low loads. They reformulated the Gordon and Ng model and found that it performed better
than the three models described above.

Castro (2002) used a physical model developed by Rossi (1995) along with a k-nearest neigh-
bor classifier to detect faults and a rule base to diagnose five different faults (condenser and
evaporator fouling, liguid line restriction, and refrigerant under- and overcharge) in a reciprocat-
ing chiller. The FDD implementation detected and diagnosed condenser fouling, refrigerant
undercharge at faults level of 20% or greater, and e vaporator fouling and liquid line restriction at
fault levels of 30% or greater.

'Refer to Box and Jenkins (1976) for more details on ARX type models.
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Air-Handling Units

There are several studies relating to FDD methods for air-handling units (both the airside and
the waterside); some of these are surnmarized in this section (Norford and Little 1993; Glass et
al. 1995; Yoshida et al. 1996; Haves et al. 1996; Lee et al. 1996a, 1996b; Lee et al. 1997 ; Peits-
man and Soethout 1997, Brambley et al. 1998; Katipamula et al. 1999; House et al. 1999; Ngo
and Dexter 1999; Yoshida and Kumar 1999; Seern et al. 1999; Karki and Karjalainen 1999;
Morisot and Marchio 1999; House et al. 2001; Dexter and Ngo 2001; Kumar et al. 2001; Sals-
bury and Diamend 2001; Carling 2002; Norford et al. 2002; Wang and Chen 2002; Pakanen and
Sundquist 2003).

Norford and Linle (1993) classify faults in ventilating systems, consisting of fans, ducts,
dampers, heat exchangers, and controls. They then review two fonms of steady-state parametric
models for the electric power used by supply fans and propose a third, that of correlating power
with a vaniable-speed drive control signal. The models are compared based on prediction accu-
racy, sensor requiremnents, and their ability to detect faults.

Using the three proposed models, four different types of faults associated with fan systems are
detected: (1) failure to maintain supply air temperature, (2) failure to maintain supply air pres-
sure setpoint, (3) increased pressure drop. and (4) malfunction of fan motor coupling to fan and
fan controls. Although the paper by Norford and Litde (1993) lacks details on how the faults
were evaluated, error analysis and associated model fits were discussed. The results indicate that
all three models were able to identify at least three of the four faults. The diagnosis of the faults
is inferred after the fault is detected.

Glass et al. (1995) use a qualitative model-based approach to detect faults in an air-handling
unit. The method uses outdoor, return, and supply air temperatures and control signals for the
cooling coil, heating coil, and the damper system. Although Glass et al. (1995) mention that the
diagnosis is inferred from the fault conditions, no clear explanation or examples are provided.
Detection starts by analyzing the measured variables to verify whether steady-state conditions
exist. Then, the controller values are converted to qualitative signal data and, using a model for
expected values and measured temperature data, qualitative signals are estimated. Faults are
detected based on discrepancies between measured qualitative controller outputs and corre-
sponding mode] predictions based on the temperature measurements. Examples of qualitative
states for the damper signal include “maximum position,” “minimum position,” “closed,” and
“in between.” When the quantitative value of the damper signal approaches the maximum value,
the corresponding qualitative value of “maximum™ is assigned to the measured controller out-
put. The results of testing the method on a laboratory AHU were mixed because the method
requires steady-state conditions to be achieved before fault detection is undertaken. Fault detec-
tion sensitivity and ability to deal with false alarms are not discussed.

Yoshida et al. {1996) use ARX and the extended Kahman filter approach to detect abrupt
faults with simulated test data for an AHU. Although the fault diagnosis approach is clearly
described, the authors note that diagnosis is not feasible with the ARX method but that the Kal-
man filter appreach could be used for diagnosis. Fault detection sensitivity and ability to deal
with false alarms are not discussed.

Haves et al. (1996) use a combination of two models to detect coil fouling and valve leakage
in the cooling coil of an AHU. The methodology was tested with data produced by the HVAC-
SIM+ simulation tool (Clark 1985). A radial bias function (RBF) models the local behavior of
the AHU and is updated using a recursive gradient-based estimator. The data generated by exer-
cising the RBF over the operating range of the system are used in the estitnation of the parame-
ters for the physical model (UA and percent leakage) using a direct search method. Detection is
accomplished by comparing estimated parameters to fault-free parameters.

"o
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Lee et al. (1996a) used two methods to detect eight different faults (mostly abrupt faults) in a
laboratory test AHU. The first method uses discrepancies between measured and expected vari-
ables (residuals) to detect the presence of a fault. The expected values are estimated at nominal
operating conditions. The second method compares parameters estitnated using autoregressive
moving average with exogenous input (ARMX) and ARX models with the normal (or expected)
parameters to detect faults. The faults evaluated included complete failure of the supply and
return fans, complete failure of the chilled-water circulation pump, stuck cooling-coil valve,
complete failure of temperature sensors, complete failure of the static pressure sensor, and fail-
ure of the supply and return air fan flow stations. Because each of the eight faults has a unique
signature, no separate diagnosis is necessary.

Lee et al. (1996b) used an ANN to detect the same faults described previously (Lee et al.
1996a). The ANN was trained using the normal data and data that represented each of the eight
faults. Inputs to the ANN were values for seven normalized residuals, and the outputs were nine
values that constitute pattems that represent the normal mode and the eight fault modes. Instead
of generating the training data with faults, idealized training patterns were specified by consider-
ing the dominant symproms of each fault. For example, supply fan failure implies that the sup-
ply fan speed is zero, the supply air pressure is zero, the supply fan control signal 1s maximum,
and the difference between the flow rates in the supply and return ducts is zero. Using similar
reasoning, a pattern of domimant training residuals was generated for each fault (see Table 4). A
deminant syrptom residual is assigned a value of +1 if the residual is positive and —1 if the
residual is negative; all other residuals are assigned a value of 0. The ANN was trained using the
pattern shown in Table 4. Normalized residuals were calculated for faults that were artificially
generated in the laboratory AHU. The nommalized residuals vector at each time step was then
used with the trained ANN to identify the fault. Although the ANN was successful in detecting
the faults from laboratory data, it is not clear how successful this method would be in general
because the faults generated in the laboratory setting were severe and without noise.

Lee et al. (1997) extended the previous work described in Lee et al. (1996b). In the 1997 anal-
ysis, Lee et al. (1997) used two ANN models to detect and diagnose faults. The AHU is decom-
posed into various subsysterns such as the pressure control subsystem, the flow-control
subsystem, the cooling-coil subsystem, and the mixing-darmper subsystermn. The first ANN
model is rained to identify the subsystem in which a fault occurs, while the second ANN model
is trained to diagnose the specific cause of a fault at the subsystem level. An approach similar to
the one used in Lee et al. 1996b is used to train both ANN models. Lee et al. (1997) note that this
two-stage approach simplifies generalization by replacing a single ANN that encompasses all
considered faults with a number of less complex ANNs, each one dealing with a subset of the
residuals and symptoms. Although 11 faults are identified for detection and diagnosis, fault
detection and diagnosis are presented for only one fault in the paper.

Peitsmman and Soethout (1997} used several different ARX models to predict the performance
of an AHU and compared the predictions to measured values to detect faults. The training data
for the ARX models were generated using HVACSIM+. The AHU is modeled at two levels. The
first level is the system level, where the complete AHU is modeled with one ARX model. The
second level 1s the component level, where the AHU is subdivided into several subsysterns such
as the return fan, the mixing box, and the cooling coil. Each component is modeled with a sepa-
rate ARX model. The first level ARX model is used to detect a problem and the second level
models are used to diagnose the problem. Most abrupt faults were correctly identified and diag-
nosed, while slowly evolving faults were not detected. There is a potential for a conflict between
the two levels with this approach; for example, the top-level ARX model could detect a fault
with the AHU, while the second-level ARX models do not indicate any faults. Furthermore,
there is a potential for multiple diagnoses at the second level. Peitsman and Soethout (1997)
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Table 4. Normalized Patterns for AHU Fault Diagnosis
Used in ANN Training (Lee et al. 1996b)

Network Inputs — Residuals
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Normal 0 0 0 0 0 0 0o 100000000
(nex fault)
Supply Fan -1 -1 0 1 -1 0 0 010000000
Return Fan 0 1 0 0 0 -1 0 001 000000
Pump 0 0 0 1 0 0 0 000100000
Cooling Coil 0 0 0 0 0 0 1 00001 0000
Valve
Temperature 0 0 -1 -1 0 0 0 000001000
Sensor
Pressure -1 0 0 0 0 0 0O 000000100
Transducer
Supply Fan 0 -1 0 0 0 0 0 000000010
Flow Station
Return Fan 0 1 0 0 0 0 0 00 0000001

Flow Station

indicated that some of this multiple diagnosis could be discriminated by ranking of diagnoses
according to their improbability; however, no details were provided on how to implement such a
scheme.

House et al. (1999) compared several classification techniques for fault detection and diagno-
sis of seven different faults in an AHU. The data for the comparison were generated using an
HVACSIM+ simulation model. Using the residuals, as defined in Lee et al. (1996a, 1996b), five
different classification methods are evaluated and compared for their ability to detect and diag-
nose faults. The five classification methods include: ANN classifier, nearest neighbor classifier,
nearest prototype classifier, a rule-based classifier, and a Bayes classifier.

Based on the performance of classification methods, the Bayes classifier appears to be a good
cheice for fault detection. For diagnosis, the rule-based method proves to be a better choice for
the classification problems considered, where the various classes of faulty operations were well
separated and could be distinguished by a single dominant symptom or feature.
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Ngo and Dexter (1999) developed a semi-qualitative analysis of measured data using generic
fuzzy reference models to diagnose faults with the cooling coil of an AHU. The method uses
sets of training data with and without faults to develop generic fuzzy reference models for diag-
nosing faults in a cooling coil. The faults include leaky valve, waterside fouling, valve stuck
closed, valve stuck midway, and valve stuck open. The fuzzy reference models describe in qual-
itative terms the steady-state behavior of a particular class of equipment with no faults present
and when each of the faults has occurred. Measured data are used to identify a partial fuzzy
model that describes the steady-state behavior of the equipment at a particular operating point.
The partial fuzzy model is then compared to each of the reference models using a fuzzy match-
ing scheme to determine the degree of similarity between the partial model and the reference
models. Ngo and Dexter (1999) provide a detailed description of fault detection sensitivity and
talse alarm rates.

Yoshida and Kumar {1999) evaluated two model-based methods to identify abrupt (sudden)
faults in an AHU. They report that both ARX and adaptive forgetting through multiple models
({AFMM) seem promising for use in on-line fault detection of AHUs. They report that ARX
models require only a minimal knowledge of the system, and the potential limitation of the tech-
nigue is that it requires long periods to stabilize its parameters. On the other hand, Yoshida and
Kumar (1999) report that the AFMM method requires long moving averages to suppress false
alarms. When this is done, faults of lesser magnitude cannot be easily detected. Implementation
details are not provided, and only one example of fault detection is provided.

Morisot and Marchio (1999) use an ANN-based approach to detect degradation of perfor-
mance of a cooling coil in an AHU. The ANN network includes an input layer {(six inputs), a
hidden layer (four nodes), and an output layer (two outputs). The inputs include entering air
ternperature and humidity, entering and leaving water temperatures, fan-control signal, and
cooling-coil-valve-control signal. The outputs are the leaving air temperature and humidity. The
authors highlight the difficulties of using ANNs with real measured data, which include a need
for an exhaustive training data set and the inability of the ANNSs to extrapolate values outside the
range of the training data. The proposed altemative is to use a simulation model to generate the
training data for the ANN. Using this alternative approach, the authors test the ability of the
ANN to detect two faults (air-side fouling and a sensor fault).

Dexter and Ngo (2001) outline a multi-step fuzzy model-based FDD approach to detecting
and diagnosing faults with AHUs. This approach involves classifying measured data with fuzzy
rles and comparing them to a set of fuzzy reference models for normal and faulty operations.
The fuzzy reference models for a specific system are developed from data that are generated
from simulations. Each rule is assigned a rule-confidence in the range from zero to one, where
zero indicates no confidence and one indicates complete confidence in the rule correctly describ-
ing the behavior. Rule-confidence values are estimated from the data. The authors state that this
method prevents false alarms because it accounts for major sources of uncertainty. The
multi-step approach is shown to be capable of detecting and iselating faults in a cooling coil
{leaking valves and fouling).

Kumar et al. {2001) propose a method based on an auto regressive exogenous model and a
recursive parameter estimation algorithm to detect faults with AHUs. They conclude that
changes in parameter estimates from real data cannot be directly used to detect faults; instead a
statistical analysis of the frequency response of the model parameters is needed to detect faults.

Salsbury and Diamond (2001) develop a simplified physical model-based approach to both
control and detect faults in AHUs. Results from a field test on a single AHU demonstrate the
fault detection capabilities but alse highlight some of the practical implementation difficulties
including selection of model parameters, reliability of sensor signals, and difficulty in establish-
ing a baseline of “correct” operation of the AHU.
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Carling {2002) assesses the performance of three fault detection methods for AHUs: (1) qual-
itative model-based approach outlined in Glass et al. (1995), (2) rule-based approach outlined in
House et al. (2001}, and (3) simplified steady-state model-based. The normal and “faulty™ data
used for the assessment were collected from real systems for an offline analysis. The “faulty
data” were collected by introducing artificial faults in the AHU. The qualitative model was easy
o set up, generated few false alarms, but also detected fewer faults. The rule-based method
detected more faults but required some analysis and customization during setup. The third
method detected more faults but also generated more false alanms and took considerable time to
set up and customize. It also required installation of additional sensors.

Norford et al. (2002) present results from controlled field tests for detecting and diagnosing
faults in AHUs. These tests were part of an ASHRAE research project (RP-1020), which was to
demonstrate FDD methods for AHUs. The first FDD method used a first-principles model-based
approach, and the second one was based on semi-empirical polynomial correlations of subme-
tered electrical power with flow rates or process control signals generated from historical data.
Although data representing faulty operation were based on blind tests, the faults were selected
from a predefined set for an agreed set of conditions and magnitudes. The criteria used in the
evaluation of the two FDD methods were sensitivity, robustness, the number of sensors
required, and ease of implementation.

Both methods were successful in detecting faults but had difficulty in diagnosing the actual
cause of the fault. The first principles-based method requires more sensors and more training
data and misdiagnosed more often than the semi-empirical method.

CURRENT STATE FOR DIAGNOSTICS IN BUILDINGS

During the 1990s, significant growth occurred in research on the development of fault detec-
tion and diagnostic methods for HVAC&R systems. Still, very few commercial FDD products
exist today, and the ones that do are very specialized or not fully automated. There are several
reasons for lack of widespread availability and deployment of FDD systems: lack of demand by
the building operations and maintenance (O&M) community, possibly as a result of insufficient
information on the improvements possible from automated FDD, lack of adequate sensors
installed on building systems, reliable sensors being too costly, high perceived cost-to-benefit
ratio of deploying FDD systems with current sensor technologies, lack of acceptable bench-
marks to quantify the potential benefits from deploying FDD systems, lack of easy access to
real-time data unless FDD is built directly into building automation systems, and lack of infra-
structure to gather data from existing building automation systems (BASs) for add-on applica-
tions.

Most papers reviewed for this study did not cover the evaluation and decision stages of a
generic O&M support systern using FDD; yet to be useful in the field FDD must be embedded in
complete building management and decision support systems. Katipamula et al. (1999), Rossi
and Braun {1996}, and Breuker and Braun (1998b) have addressed the evaluation aspect of the
O&M support system, and Katipamula et al. (2002) and Brambley and Katipamula (2003) pro-
posed a decision step for AHUs. Furthermore, many of the FDD methods have only been tested
in laboratory or special test environments (Castro et al. 2003). Sorme FDD tools have been tested
in the field (Katipamula et al. 2003; Castro et al. 2003; Braun et al. 2003). The detection sensi-
tivity of the methods and ocourrence rates for false alanms have not been thoroughly investigated
in real buildings yet. Although the R&D reviewed is focused on methods for automating FDD,
most papers do not address the automation itself in sufficient detail. Efficiently and cost-effec-
tively creating the code that implements these methods represents an important aspect of creat-
ing usable tools based on these methods.
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A significant number of papers address FDD methods based on process history. In most
cases, models based on process history are specific to the system from which the training data
are collected. In order to make these methods broadly applicable, the models need to be devel-
oped in factory settings for equipment model lines or automatically online in an as-installed set-
ting. Automation of the model development process is critical to controlling the costs of FDD
systems. Preliminary work on online modeling has been done by Reddy et al. (2001), but more
work is needed in this general area.

Another major limitation of most FDD methods developed to date is that they work well
when a single dominant fault is present in a system, but if multiple faults occur simultaneously
or are present when FDD is done initially, many of the methods fail to properly detect or diag-
nose the causes of the faults. Braun et al. (2003) extended the previous work by Rossi and Braun
(1996) and Breuker and Braun (1998b) to diagnose multiple simultaneous faults. More work is
needed in development of methods that can reliably handle multiple faults.

FUTURE FOR AUTOMATED DIAGNOSTICS IN BUILDINGS

The application of automated FDD to building HVAC&R is still in its infancy. Key technical

problems still requiring solutions include:

+ eliminating the need to handcraft FDD systemns

* automating generation of FDD systems

v selecting the best FDD method for each type of HVAC&R application and the constraints
applicable to it

* developing the balance of system for operation and maintenance support tools—evaluation
and decision support

v development of prognostics to transform HVAC&R maimtenance from corrective and preven-
tive to predictive condition-based maintenance

+ lowering the cost of obtaining data for FDD and O&M support

To the extent that FDD requires handcrafting for each installation, costs will likely be prohib-
itive. Three generically different solutions for this problem exist: (1) deploy FDD in service
tools with databases sufficient to cover many equipment model lines, (2) deploy FDD as part of
on-board equipment control packages, and (3) develop methods for automatically generating
FDD tools. The first approach has already been introduced to the market in a hand tool for
air-conditioning service providers (Honeywell 2003). More tools of this type, embedding auto-
mated FDD, are likely to evolve. The second approach of embedding monitoring and safety con-
trols capabilities in on-board equipment control is already underway to some extent by
manufacturers of equipment and equipment contrel packages (such as chillers for safety reasons
but not for system performance). Capabilities deployed to date appear limited and details of
methods are difficult o obtain because of their proprietary nature, but FDD deployment is
beginning to emerge via this route. The third approach mvoelving rapid generation, possibly in an
autormated manner, requires further research not only into the methods for FDD but also for
automated code generation (in the fields of software development, adaptive systems, genetic
systems, erc.).

Additional R&D is needed in the field of FDD itself to further develop fundamental methods
for FDD, selection and specialization of methods to the constraints of the built environment
(&.g.. pressure to keep costs Jow and a data-poor environment in buildings), application and test-
ing of FDD to the various systems, equipment, and components used in buildings, and develop-
ment and application of FDD for building systems of the future, which are likely to include
integration with on-site electricity generation, management of electric loads, real-time purchas-
ing of electricity, and other interactions with the electric power grid of the future, and transition
to new fuels (e.g., energy carriers such as hydrogen). All provide rich areas for research and
development that will improve the performance and efficiency of commercial and residential
buildings.
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Prognostics are critical to transitioning building equipment maintenance as practiced today to
condition based so that it accounts for the expected remaining life of equipment and its perfor-
mance degradation over time. Only with this information can decisions be made regarding the
optimal scheduling of maintenance. The field of prognostics presents a rich area of investigation
and development for the HVAC&R research community. Little has been published to date on
prognostics for HVAC&R.

Beyond research into FDD methodologies and their application to building systems, the
HVAC&R field is faced with the opportunity to develop an entirely new class of tools and to
add them to building automation systems. FDD methods may provide a core capability for
enhanced operation and maintenance support systems of the future, but the balance of those sys-
terns must be developed. Packaging is critical to success in the market. Tools must be developed
that meet the needs and fit into the environment of building operators and maintenance service
providers and provide them value.

Probably the most constraining of all problems facing the application of FDD&P to
HVAC&R is the dearth of data. Relatively sall numbers of sensors are generally installed in
building systems and the quality (accuracy, precision, and reliability) of the sensors that are
installed is inadequate for many uses. Sensors frequently fail or drift out of calibration and
remain that way for long periods of time until fortuitously discovered. Performance, cost, and
durability need to be addressed to promote better sensing in buildings.

With the development of low-cost reliable sensor technology (Kintner-Meyer and Brambley
2002; Kintner-Meyer et al. 2002), a major hurdle to commercial deployment of FDD systems
would be overcome. This would potentially speed the deployment of third party FDD tools and
integration of FDD into individual equipment controllers and building automation systems to
provide continuous meonitoring, teal-time fault detection and diagnostic information, and recom-
mendations for maintenance service and would lead to much mproved maintenance of
HVAC&R systems. Ultimately, as networking infrastructure matures, the use of automated
FDD systems should enable a small support staff to operate, monitor, and maintain a large num-
ber of different systems from a remote, centralized location. Local FDD systems could commu-
nicate across a network o provide reports on the health of the eguipment that they monitor.
Failures that lead to loss of comfort could be identified quickly before significant impacts on
comfort or equipment damage occurs. In many cases, degradation faults could be identified well
before they lead to loss of comfort or uneconomical operation, allowing more efficient schedul-
ing of (and lower costs for) maintenance service.

At present, no fully automated FDD systems have been integrated into individual controllers
for commercial HVAC&R equipment. In general, larger equipment applications (e.g., chillers)
can absorb more add-on costs than smaller ones (e.g.. rooftop units) and, therefore, automated
FDD will probably appear first in larger equipment.

Open communication standards for building automation systems are catching on, and use of
Internet and intranet technologies is pervasive. These developments enable FDD systems to be
deployed more readily. In addition, the structure of the industry that provides services for the
operations and maintenance of buildings is changing; companies are consolidating and offering
whole-building operations and maintenance packages. Furthenmore, as utilities are deregulated,
they will begin to offer new services, including complete facility management. With complete
and distributed facility management, the cost-to-benefit of deploying FDD systems will improve
because the cost can be spread over a large number of buildings (Katipamula et al. 1999). To
benefit from these changes, facility managers, owners, operators, and energy service providers
are challenged to acquire or develop new capabilities and resources to better manage this infor-
mation and, in the end. their buildings and facilities.
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Although the incentives for application of FDD systems for HVAC&R and other building
systems have never been greater, there still are several obstacles to their development and
deployment. Beyond research and development, there is a need to quantify the benefits, to estab-
lish benchmarks for acceptable costs, and to provide market information. Assessing and demon-
strating value for these technologies is an opportunity for public/private partmerships. Public
agencies can help reduce risk to facility owners and operators while promoting and accelerating
transition to a more efficient buildings sector by dermonstrating the value of these technologies
and transforming the market to accelerate adoption where public benefits warrant. FDD&P
promises to help transform the buildings sector to a new level of energy and operational perfor-
mance and efficiency.
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EN10014
02/01/2022 Section 403 Proponent Bryan Holland
Chapter 4 Affects HYHZ No Attachments No
‘AC Recommendation Pending Review
Commission Action Pending Review
Comments
General Comments Yes Alternate Language No

Related Modifications

Summary of Modification

This proposed modification reduces the threshold where variable flow and variable speed drives (VSD) are required
for hydronic pumping systems.

Rationale

This proposed modification reduces the threshold where variable flow and variable speed drives (VSD) are required
for pumping systems. Variable flow systems use less pumping energy than constant flow systems. Variable pumping
systems also produce larger system temperature differences that can enhance chiller efficiency and condensing
boiler efficiency (although these effects are not included in the savings calculations). Variable flow systems can
reduce flow either by throttling flow and then having the pump ride the pump curve; to reduce flow and energy at
higher pressure or by using a VSD. Using a variable speed drive provides similar flow control at a lower energy cost,
as pressure differential is reduced. Operation of variable flow systems is less expensive than constant flow systems
and variable speed drives increase the savings compared to throttling control. An analysis of energy impact shows
that annual savings from expanding the use of motor speed control in the proposal ranges from $1,303 to $401 for
10 to 2 horsepower heating pumps and from $1821 to $386 for 10 to 2 horsepower cooling pumps in typical HVAC
systems. Savings for larger pumps are proportional. The cost for VSD and associated controls is approximately
$3,920 for 2 horsepower pumps. Costs for larger pumps are proportional.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
This proposed modification will not have an impact on the local entity relative to enforcement of the code.
Impact to building and property owners relative to cost of compliance with code
This proposed modification will increase the cost of compliance with the code but will result in a return on
investment by improving the efficacy of hydronic pumping system operation.
Impact to industry relative to the cost of compliance with code
This proposed modification will increase the cost of compliance with the code for industry. VSD systems are
readily available in the marketplace by a multitude of manufacturers. VSD design, installation, and operation
requires specialized training.
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Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
This proposed modification will improve the health and welfare of the general public by improving HVAC system
efficacy and reducing operating costs for large HVAC systems.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of

construction
This proposed modification improves the code and meets the mandate outlined in F.S. 553.886 that states;
&quot;the Florida Building Code must facilitate and promote the use of cost-effective energy conservation,
energy-demand management, and renewable energy technologies in buildings.

Does not discriminate against materials, products, methods, or systems of construction of demonstrated

capabilities
This proposed modification does not discriminate against any materials, methods, or systems of constructions.

Does not degrade the effectiveness of the code
This proposed modification improves the effectiveness of the code.

Muthusamy Swami Submitted 4/17/2022 12:52:31 PM Attachments  No

FSEC agrees with the rationale for this proposed code change. With improving technology for VFD pumps and first
cost reduction, these technologies have become cost effective. Therefore, FSEC encourages adoption of this code
modification.

N10014-G1
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C403.4.2.4 Part-load controls.

Hydronic systems greater than or equal to 500:000 Btedh-(H46-51WD 300,000 Btwh (146.5 kW) in design output
capacity supplying heated or chilled water to comfort conditioning systems shall include controls that havethe

eapabitity are configured to do all of the following:

L.

Automatically reset the supply-water temperatures in response to varying building heating and cooling
demand using coil valve position, zone-return water temperature, building-return water temperature or
outside air temperature. The temperature shall be capable of being reset by not less than 25 percent of the
design supply-to-return water temperature difference.

Automatically vary fluid flow for hydronic systems with a combined motor capacity of 38-hp-+545 2 hp
(1.5 kW) or larger with three or more control valves or other devices by reducing the system design flow rate
by not less than 50 percent by designed valves that modulate or step open and close, or pumps that modulate
or turn on and off as a function of load.

Automatically vary pump flow on heating-water systems, chilled-water systems and heat rejection loops
serving water-cooled unitary air conditioners with a combined motor capacity of +0-hp(F31W5 2 hp (1.5
kW) or larger by reducing pump design flow by not less than 50 percent, utilizing adjustable speed drives on
pumps, or multiple-staged pumps where not less than one-half of the total pump horsepower is capable of
being automatically turned off. Pump flow shall be controlled to maintain one control valve nearly wide open
or to satisfy the minimum differential pressure.

Exceptions:

1.

Supply-water temperature reset for chilled-water systems supplied by off-site district chilled water or chilled
water from ice storage systems.

Minimum flow rates other than 50 percent as required by the equipment manufacturer for proper operation of
equipment where using flow bypass or end-of-line 3-way valves.

Variable pump flow on dedicated equipment circulation pumps where configured in primary/secondary
design to provide the minimum flow requirements of the equipment manufacturer for proper operation of
equipment.
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Related Modifications

Summary of Modification

This proposed modification adds detailed requirements on how to maintain the integrity of the air barrier associated
with the installation of electrical and communication boxes.

Rationale

While it is clear that C402.5 currently requires all building and system components that penetrate the air barrier
need to be sealed to prevent air leakage, additional guidance is needed on what options are available to achieve
this objective when it comes to electrical and communication boxes. This proposal corrects this gap in the code by

providing a prescriptive requirement for all boxes and to ensure the use of air-sealed boxes are tested and marked
per the NEMA standard.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code

This proposed modification will assist the local entity relative to enforcement by having prescription language that
can be verified and enforced properly.

Impact to building and property owners relative to cost of compliance with code

This proposed modification will not change the cost of construction as electrical and communication boxes are
currently required to meet these requirements.

Impact to industry relative to the cost of compliance with code
This proposed modification will not impact industry relative to the cost of compliance as the prescriptive

requirements are already common practices in the field and the use of air-sealed boxes are increasing in
popularity, but not mandatory.

Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
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This proposed modification will improve the health and welfare of the general public by improving the

performance of boxes that penetrate the air barrier resulting in energy loses in both cooling and heating seasons.
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction

This proposed modification improves the code by providing detailed and prescriptive requirements that are both

readily achievable and enforceable.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities

This proposed modification does not discriminate against any materials, methods, or systems of constructions.
Does not degrade the effectiveness of the code

This proposed modification improves the effectiveness of the code.
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C402.5.1.1 Air barrier construction. The continuous air barrier shall be constructed to comply with the following:

5. Electrical and communication boxes shall comply with C402.5.10 to maintain the integrity of the air barrier.

C402.5.10 Electrical and Communication Boxes. Electrical and Communication boxes that penetrate
the air barrier of the building thermal envelope, and that do not comply with C402.5.11.1, shall be
caulked, taped, gasketed, or otherwise sealed to the air barrier element being penetrated. All openings on
the concealed portion of the box shall be sealed. VWhere present, insulation shall rest against all
concealed portions of the box.

C402.5.10.1 Air-sealed boxes. Where air-sealed boxes are installed, they shall be marked in accordance
with NEMA OS 4. Air-sealed boxes shall be installed in accordance with the manufacturer’s instructions.

Add new Standard to Chapter 6 [CE] Referenced Standards under "NEMA"

OS 4-2016 Requirements for Air-Sealed Boxes for Electrical and Communication Applications

C402.5.10.1
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Requirements for Air-Sealed Boxes for Electrical and Communication Applications
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NOTICE AND DISCLAIMER

The information in this publication was considered technically sound by the consensus of persons
engaged in the development and approval of the document at the time it was developed. Consensus
does not necessarily mean that there is unanimous agreement among every perscn participating in the
development of this document.

The National Electrical Manutacturers Association (NEMA] standards and guideline publications, of which
the document contained herein is one, are developed through a voluntary consensus standards
development process. This process brings together volunteers and/or seeks out the views of persons
who have an interest in the topic covered by this publication. While NEMA administers the process and
eslablishes rules 1o promote fairmess in the development of consensus, it does not write the document
and it does not independently test, evaluate, or verity the accuracy or completeness of any information or
the soundness of any judgments contained in its standards and guideline publications.

NEMA disclaims liability for any personal injury, property, or other damages of any nature whatscever,
whether special, indirect, conseguential, or compensatory, directly or indirectly resulting from the
publication, use of, application, or reliance on this document. NEMA disclaims and makes no guaranty or
warranty, expressed or implied, as to the acecuracy or completeness of any information published herein,
and disclaims and makes no warranty that the information in this document will fulfill any of your particular
purposes or needs. NEMA does not undertake to guarantee the performance of any individual
manufacturer or seller's products or services by virue of this standard or guide.

In publishing and making this document available, NEMA is not undertaking to render protessional or
other services for or on behalt of any person or entity, nor is NEMA undertaking to perform any duty owed
by any person or entity 1o someone else. Anyone using this document should rely on his or her own
independent judgment cr, as appropriate, seek the advice of a competent professional in determining the
exercise of reasonable care in any given circumstances. Information and other standards on the topic
covered by this publication may be available from other sources, which the user may wish to consult tor
additional views or information not covered by this publication.

NEMA has no power, nor does it undertake 1o police or enforce compliance with the contenis of this
document. NEMA does not certify, test, or inspect products, designs, or installations for satety or health
purposes. Any cerdification or other statement of compliance with any health- or satety-related information
in this document shall not be attributable to NEMA and is solely the responsibility ot the certifier or maker
of the statement.

© 2016 National Electrical Manufacturers Association
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NEMA CS 4-2016
Page ii

Foreword
Building and energy codes for energy-efficient construction place a high priority on preserving the building
thermal envelope. Installation of doors; windows; and mechanical, electrical, and other systems within
exierior walls and ceilings and other separations between conditioned and unconditioned spaces results
in penetrations in the air barrier. When these penetrations are not eflectively sealed, the air barrier is
compromised, resulting in air leakage, both in and out, which increases the energy usage necessary to
maintain the desired condition of the air inside the structure.

Besides external walls and ceilings in a building, uninsulated interior walls and interior floor-ceiling
cavities not designed specifically for air exchange, present pathways tor air leakage. Even though air
barriers are not commonly installed here, consideration should be given to using effective sealing
techniques at wall, ceiling, and floor penetrations in these areas.

Sealing air-barrier penetrations is not always as simple as applying more insulation, caulk, or expanding
toam. Products such as electrical oullet boxes, having design features that address eftective sealing of
the air-barrier penetrations, also reduce potentially undesirable eftects that can result from the use of
unspecified sealing technigues.

Annex B of this standard provides pertinent references to the applicable building and energy codes and to
other helpful references.

In the preparation of this standards publication, input of users and other interested parties has been
sought and evaluated. Inquiries, comments, and proposed or recommended revisions should be
submitted by contacting:

Senior Technical Director, Operations
National Electrical Manufacturers Association
1300 North 17 Street, Suite 900

Rosslyn, Virginia 22209

This standards publication was developed by the Cutlet and Switch Box Section. Section approval does
not necessarily imply that all section members voted for its approval or paricipated in its development. At
the time it was approved, the section was composed of the following members:

2D2C, Inc.—hitpiwww. 2d2¢c.com—Lincolnshire, IL

Allied Moulded Products, Inc.— hitp//www alliedmoulded. com—Bryan, CH

Arlington Industries, Inc.—hitp//www aifittings . com—Scranton, PA

Eaton’s B-Line Business—http://www cooperbline.com—Highland, IL

Crouse-Hinds by Eaton—hitpz/www crouse-hinds.com—Syracuse, NY

Emerson Automation Solutions—hitpZ/wawww. emersonindustrial.com/en-
US/businesses/Pages/appletondroup.aspx—Rosemont, 1L

Pentair Engineered Electrical & Fastening Solutions—htip:/Awww.erico.com—Solon, CH

Hubbell Incorporated—htip:/Avww hubbell. com—Shelton, CT

Legrand/Pass & Seymour—http2/www passandseymour.com—Syracuse, NY

RAG C—hitpwww hubbell.corm/Electrical/Race .aspx—South Bend, IN

Sigma Electric Manutacturing Corporation—hitpJ//www.sigmaelectric. com—Garner, NG

Southwire Company—http:/Avww southwire.com/—Carrollton, GA

Thomas & Betts, A Member of the ABB Group—httpz//www inb.com—Memphis, TN

Wiremold/Legrand—htip/www wiremold.com—Woest Hartford, CT
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Section 1
General

141 Scope

This standard establishes a performance 1est and classification scheme for outlet boxes: wall boxes,
ceiling boxes, and floor boxes used for electrical and communication applications having design
provisions for reducing the flow of air {air leakage) through the box and at its installed interface with the
building structure, when installed as intended for normal use as instructed by the manutfacturer.

The classification scheme in this standard meets the intent of the International Energy Conservation
Code (IEGC) and covers boxes installed in walls, ceilings, and floors where an air barrier is reguired.

This standard does not cover design or performance ot electrical outlet boxes that are addressed in
ANSIUL 514A, CSA G22.2 No.18.1, NMX-J-023-ANCE, ANSI/UL 514G, CSA G222 No.18.2,
ANSI/NEMA O51, ANSIYNEMA OS2, IEC 60670-1, IEC 60670-21, or IEC 60670-23.

This standard does not cover environmental classifications for boxes or enclosures addressed in
ANSI/UL 50E, G5A G22.2 No. 94.2, or NMX-J-235/2-ANGE.

1.2 References

The following normative documents contain provisions that through reference in this text constitute
provisions of this standards publication. By reference herein, these publications are adopted, in whole or
in part as indicated, in this standards publication. Unless otherwise stated, references are to the latest
edition of the stancard.

ASTM International (ASTM)
100 Barr Harbor Drive
West Conshohocken, PA 19428-2959

ASTM E283-04 (2012), Standard Test Method for Determining Rate of Air Leakage Through Exterior
Windows, Curtain Walls, and Doors Under Specified Pressure Differences Across the Specimen

Association of Standards and Certification (ANCE)
Av. Lazaro Cardenas
No. 869
Nueva Industrial Vallejo
Ciudad de México
C.P. 07700 México

NMX-J-023-ANGCE, Metaliic Outict Boxes
NMX-J-235/2-ANCE, Enclosures for Electrical Equipment, Environmental Considerations

Canadian Standards Association (CSA)
5060 Spectrum Way
Mississauga, ON L4W 5N6 Canada

CSA G22.2 No.18.1-13, Metalflic outlet boxes

CSA G22.2 No.18.2-06 {(R2016), Nonmetallic outtet boxes
CSA G22.2 No. 94.2-15, Enclosures for electrical equipment, environmental considerations
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NEMA CS 4-2016
Page 2

International Electrotechnical Commission (IEC)
3, rue de Varembé, 1% Floor
Case postale 131
CH -1211 Geneva 20 Switzerland

IEC 60670-1:2015, Boxes and enclosures for electrical accessories for househoid and simitar fixed
instaliations—Part 1: General requirements

|IEC 60670-21:2004+AMD1:2016 CGSV, Boxes and enclosures for electrical accessories for househotd
and simifar fixed instaffations—Part 21: Parficuiar requiremnents for boxes and enclosures with provision
for suspension means

IEC 80670-23:2006+AMD1:2016 CSV, Boxes and enclosures for elecitrical accessories for household
and similar fixed instaflations—Part 23, Partictiar requirements for floor boxes and enclosures

International Code Council (kICC)
500 New Jersey Avenue, NW, 6 " Floor
Washington, DG 20001

International Energy Gonservation Code (IECC)-2015

Underwriters Laboratories (UL)
333 Piingsten Road
Northbrook, IL 60062

ANSI/UL 50E, Enclosures for Electrical Equipment, Environmental Gonsiderations
ANSI/UL 514A, Metallic Outlet Boxes
ANSI/UL 514C, Standard for Nonmetalic Outiet Boxes, Flush-Device Boxes, and Covers

13 Definitions
air barrier: Material(s) assembled and joined together to provide a barrier to air leakage through the
building envelope. An air barrier may be a single material or a combination of materials. [IECC 2015]

For the purpose of this standard, a box providing sealing at the air barrier is a component of the air
barrier.

air-sealed boxes: Electrical or communication boxes that are classified and comply with the appropriate
provisions of this stancard.

building thermal envelope: Basement walls, exterior walls, floor, roof, and any other building elements
that enclose conditioned space or provide a boundary between conditioned space and exempt or

unconditioned space. [IECC 2015]

conditioned space: An area or room within a building being heatec or cooled, containing uninsulated
ducts, or with a fixed opening directly into an acjacent conditioned space.
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Section 2
Coanstruction

NEMA OS 4-2016
Page 3

The preduct's construction shall comply with all requirements of the relevant product standards in
accordance with applicable electrical codes.

Page 196

Note: Consideration should be given to the impact on compliance with provisions of other
standards and requirements for outlet boxes when adapted tor classification to this standard.
Among these considerations are flammability and temperature rating of materials, electrical
confinuity {boncding) between metallic components, and the impact on fire resistance ratings for

boxes in fire-resistive walls and floor-ceiling assemblies.
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NEMA CS 4-2016
Page 4

Section 3
Performance Criteria

341 Air Leakage Performance

Boxes that penetrate the air barrier of the building thermal envelope shall limit air leakage between
conditioned and uncenditioned spaces when installed as intended. When tested in accordance with
section 4, boxes shall have an air leakage rate no greater than 2.0 cubic feet per minute (CFM) (0.944
L/s) at 1.57 pst (75 Paj) test pressure differential.
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NEMA OS 4-2016
Page5

Section 4
Test Method

41 Procedure

411 General

The procedure for determining the rate of air leakage through electrical outlet boxes shall be in accordance
with ASTM E283.

4.1.2 Sampling

The aggregate opening of all samples tested shall be a minimum of 75 in®. The samples tested shall be of
the same construction and type.

4.2 Sample Preparation

4.21 Assembly of Wiring Methods
Assembly shall be in accordance with the manutacturer’s instructions when provided.

4.2.1.1 Boxes for Use with Cable or Tubing and Conduit

Boxes having provision for conduit or tubing and cable shall be separately tested according to 4.2.1.2 and
4.2.1.3, as applicable.

4.2.1.2 Boxes for Use with Cable Only

Boxes for use with cable shall be tested with one cable and a cable fiting, if required. The largest size
cable for which the box is intended shall be tested.

4.2.1.3 Boxes for Use with Conduit or Tubing Only

Boxes for use with conduit or tubing shall be tested as an assembly, with one conduit or tube of the
largest trade size for which the box is intended attached by a fitting, if required. The conduit or tube shall
be of a length that fits within the test chamber and shall be sealed at the enc opposite the box entry.

4.2.2 Mounting in Test Chamber

4.2.21

Boxes shall be mounted to the front wall of the test chamber in a fashion that replicates how the sealing
teature of the box interacts with the drywall or floor in a typical installation (See Figures 1 and 2.

4222

A cut-out ot the appropriate size for the box shall be provided in the front wall of the test chamber with a
minimum %-inch clearance on all sides. A rigid support plate of a width not exceeding ¥z inch may be
used to secure the box to the test wall if the mounting method detined in the manufacturer’s instructions
cannot otherwise replicate the typical sealing interface in the test setup.
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NEMA CS 4-2016
Page 6

Figure 1
Inside Chamber Door with Boxes Mounted

4223

No cover plates, covers, or devices shall be installed unless indicated in the manufacturer’s supplied
instructions as essential for achieving air sealing. Openings for the device are permitted to be obturated.

Boxes equipped with bar hangers or other attachment(s) shall be tested with the bar hanger or
attachment(s) assembled. Bar hangers or other attachment(s} are not reguired to be mounted to the test
chamber and are permitted 1o be modified to fit within the test chamber.

Figure 2
Outside Chamber Door with Boxes Mounted
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4.3 Air Flow Measurement

NEMA OS 4-2016
Page 7

See Annex A tor example test apparatus with an internal means for measuring air flow, such asin a

blower door/duct leakage test system.
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NEMA CS 4-2016
Page 8

Section 5
Marking and Documentation

5.1 Product Marking

The smallest shipping unit is permitied to be marked “NEMA OS 4” when boxes comply with this
standard.

Boxes that comply with this standard are permitted o be marked *NEMA CS 4" or *O8S 4.” When used,
the marking shall be legible and visible on the inside of the box.

52 Installation Instructions

Any particular installation techniques or components that are required to achieve compliance with this
standard shall be specified by the manutacturer.

© 2016 National Electrical Manufacturers Association
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NEAMA OS 4-2016
Page A-1

Annex A
{Informative)
Description of Typical Blower Door/Duct Leakage-Style Apparatus
for Internal Air Leakage Measurements

A General

This annex provides guidance for constructing a typical blower door/duct leakage system apparatus for
internal measurement of air leakage in accordance with ASTM E283, around and through an electrical
outlet box {see Figure 3 for typical apparatus configuration).

To ensure accuracy, the test facility should be set up in an area that has very low air movement. Direct air
movement from fans or HYAC discharge vents should never be directed foward the apparatus during a
test.

ASTM E283 Calibration
Adjustable Holes Optional
Exhaust Door

Test Chamber
@ 75 Pa

Duct Leakage
Style Blower Unit Flexible o Flexible
Duct & Duct
Air \‘ | \‘
Flow

= PN |

Test Sample

Pressure Probe

Optional Laptop for from Blower Unit
Data Acquisition

Blower Unit
Controller

Figure 3
Block Diagram of Blower Door/Duct Leakage—Style Test Apparatus

A2 Test Chamber

The test chamber can be constructed of any material that will be air-tight when closed and has removable
air-tight test panels, each containing cutouts tor the particular size and number of cutlet boxes 1o be
tested (see Figure 4). Typically, a 2-3 cubic toot enclosure that can hold 75 Pa of internal pressure is
adequate. The door of the enclosure is removable so the enclosure can be easily reconfigured with a
solid door for calibration/setup or any door configured with a test sample. The pressure probe from the
blower unit (the blue fube in Figure 4} is installed in the test chamber. The control unit of the blower is
programmed to maintain 75 Pa in the test chamber. Installation of an air diffuser inside the test chamber
(Figure 6) is recommended 1o keep the air from blowing directly on the test sample.
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NEMA CS 4-2016
Page A-2

|

1 it "

Figure 4
Fabricated Test Chamber with Test Panel Installed

Al Air Exhaust/Calibration Chamber

The air exhaust/calibration chamber (Figure 5) has an adjustable door to control the air exhausted from
the blower unit. During a typical setup, a test chamber door with no openings is installed on the test
chamber. The adjustable door is adjustec to obtain 75 Pa pressure in the test chamber at 100 CFM. This
is now the baseline for the test. The test chamber door is exchanged with one that is fitted with a test
sample. The blower system input increases as needed to maintain 75 Pa in the test chamber. The unit
can optionally be equipped with use double pries, not quotes calibration holes as detfined in ASTM E283.

Figure 5
Air Exhaust/Calibration Chamber

© 2016 National Electrical Manufacturers Association

Page 203

Page: 14

-~ 0S 4-2016.pdf

Mod_10070_Text_OS 4



EN10070Text Modification

NEAMA OS 4-2016
Page A-3

A.4 Air Leakage Calculation

The 100 GFM Baseline air pressure (CFMF) established during calibration is 1o be subtracted from the
pressure reading from the test (CFM'). The result (CFM®) is the air leakage through the sample and is
used to determine compliance in accordance with clause 3.1.

A5

CFMT - CFMP

- GFMPe
Number of boxes

Air Diftuser in Test Chamber

Installation of some means of diffusing the air coming into the test chamber is recommended so it does
not blow directly on the test samples. In the example shown in Figure 6, a steel plate is mounted on
standoffs in front ot the opening where the duct feeding air into the test chamber is located.

Page 204

Figure 6
Air Dittuser in Test Chamber

© 2016 National Electrical Manufacturers Association

Page: 15

-~ 0S 4-2016.pdf

Mod_10070_Text_OS 4



EN10070Text Modification

Page 205

NEMA CS 4-2016
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NEMA OS 4-2016
Page B-1

Annex B
(Informative)
Applicable Building and Energy Codes and Cther Resources

Primary Resources

International Energy Conservation Code (IECC)

Section G402.4.1.2, “Air Barrier Gompliance Options”

Section R402.4, “Air Leakage (Mandatory)”

Section R402.4.4, “Rooms Containing Fuel-Burning Appliances”
Table R402.4.1.1, “Air Barrier and Insulation Installation™
(Definition of air-sealed box)

International Residential Code {IRG)
Chapter 11, Energy Efficiency

International Building Code (IBC}
Chapter 13, Energy Efficiency

Secondary Resources

ANSI/ASHRAE 90.2-2007, Energy Efficient Design of Low-Rise Residential Buildings

ANSI/NFRC 400-2014, Procedure for Determining Fenestration Product Air Leakage

ASHRAE/IES Standard 90.1-2018, Energy Standard for Buildings Except Low-Rise Residential Buildings

ASTM E283-04 (2012), Standard Test Method for Determining Rate of Air Leakage Through Exterior
Windows, Curtain Walis, and Doors Under Specified Pressure Differences Across the Specimen

ASTM E779-10, Standard Test Method for Determining Air Leakage Rate by Fan Pressurization

ASTM E2178-13, Standard Test Method for Air Permeance of Building Materiais

International Green Gonstruction Code 2015 {(IGCC)

National Building Code of Canada 2015 (Natural Resources Canada)

NRCan Standard R-2000 (Canada)

National Energy Code of Canada for Houses (NECHj

National Energy Code of Canada for Buildings (NECB) 2015

NEMA LSD 58-2010, Air infiltration Ratings for Recessed Luminaires

NEMA Engineering Bulletin 95 (2007), Thermal Effects of Type NM-B Cable Encased in Spray-Foam
insutation Used in Residences
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Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

16
EN10077
02/03/2022 Section 401.2 Proponent Bryan Holland
Chapter 4 Affects HYHZ No Attachments No
‘AC Recommendation Pending Review
Commission Action Pending Review
Comments
General Comments Yes Alternate Language No

Related Modifications

Summary of Modification

This proposed modification reinstates sections 8.4.2 and 8.4.3 of the ASHRAE 90.1 standard to the optional
compliance path in C401.2 and the electrical power applicability in C405.5.1.

Rationale

The exclusion of section 8.4.2 and 8.4.3 of the ASHRAE 90.1 Standard, when that compliance path is selected for
compliance in C401.2 and when complying with C405.5.1 (DS 2016-033), is in direct violation of F.S. 553.886 that
states; "the Florida Building Code must facilitate and promote the use of cost-effective energy conservation, energy-
demand management, and renewable energy technologies in buildings" and reduces the energy efficiency of
buildings established by the United States Department of Energy under Section 304(a) of the Energy Conservation
and Production Act (ECPA). Automatic receptacle control and electrical energy monitoring are now both mandatory
requirements of the 2021 IECC and ASHRAE 90.1-2019.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
This proposed modification will require the local entity to confirm the design and installation of ARC and Energy
Monitoring systems at time of plan review and inspection.

Impact to building and property owners relative to cost of compliance with code
This proposed modification will increase the cost of compliance with the code but will result in improved energy
conservation and the effective use of energy over time. Both ARC and Energy Monitoring systems do require
specialized training for design, installation, and use/operation.

Impact to industry relative to the cost of compliance with code
This proposed modification will increase the cost of compliance with the code for industry. ARC and Energy
Monitoring systems have an initial design and installation cost not currently required in the code.

Impact to small business relative to the cost of compliance with code

Requirements
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Has a reasonable and substantial connection with the health, safety, and welfare of the general public
This proposed modification will improve the health and welfare of the general public by improving the energy
saving and energy conservation of commercial buildings through application of these specialized systems.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of

construction
This proposed modification improves the code and meets the mandate outlined in F.S. 553.886 that states;
&quot;the Florida Building Code must facilitate and promote the use of cost-effective energy conservation,
energy-demand management, and renewable energy technologies in buildings.

Does not discriminate against materials, products, methods, or systems of construction of demonstrated

capabilities
This proposed modification does not discriminate against any materials, methods, or systems of constructions.

Does not degrade the effectiveness of the code
This proposed modification improves the effectiveness of the code.

Proponent Muthusamy Swami Submitted 4/17/2022 12:46:37 PM Attachments No
Comment:

Response: FSEC agrees that we should not exclude the “Automatic receptacle control and electrical energy
monitoring” requirements. Current technologies that support the code requirements are cost-effective. Electrical
energy monitoring is part and parcel of advanced maintenance plans and failure diagnostics. FSEC has done
economic analysis of Section 8.4.3 of the 2019 ASHRAE 90.1 and determined to be cost-effective with SIR value
range of 3.44 - 14.01. Note that building floor size less than 25,000 square foot are exempted from Section 8.4.3
requirement.

EN10077-G1
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C401.2 Application.
Commercial buildings shall comply with one of the following;

1. The requirements of ANSI/ASHRAE/IESNA 90.1, excluding section 9.4.1.1(g)section8-4-2-and-section-843 of
the standard.

C405.5.1 Applicability.

This section applies to all building power distribution systems. The provisions for electrical distribution for all
sections of this code are subject to the design conditions in ASHRAE Standard 90.1
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Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

17
EN10079
02/03/2022 Section 405.5.3 Proponent Bryan Holland
Chapter 4 Affects HYHZ No Attachments No
‘AC Recommendation Pending Review
Commission Action Pending Review
Comments
General Comments No Alternate Language No

Related Modifications

Summary of Modification

This proposed modification adds "customer-owned service conductors” to the voltage drop requirement with an
exception for service conductors installed by or under the exclusive control of the electric utility.

Rationale

Voltage drop occurs on all conductors of a premises wiring system. However, only branch circuit and feeder
conductors are currently addressed in the code. This proposal adds customer-owned service conductors but only if
they are installed by and under the exclusive control of the owner. Where the electric utility installs and controls the
service conductors, they are exempt from this rule. Voltage drop is a total waste of energy that can easily be
mitigated by limiting these losses to 5% from the service point to the furthest outlet.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
This proposed modification will require the local entity to confirm the voltage drop calculations have been applied
to customer-owned service conductors at time of plan review and inspection.

Impact to building and property owners relative to cost of compliance with code
This proposed modification will increase the cost of compliance with the code where service conductor runs are
excessively long, however, the energy savings will result in ROl over time.

Impact to industry relative to the cost of compliance with code
This proposed modification will increase the cost of compliance with the code for industry where larger service
conductor sizes are required to recue voltage drop below 5%.

Impact to small business relative to the cost of compliance with code

Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
This proposed modification will improve the health and welfare of the general public by improving system
efficiency and ensure energy loses are limited to 5% across the entire wiring system.

Page 210



Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction
This proposed modification improves the code and meets the mandate outlined in F.S. 553.886 that states;
&quot;the Florida Building Code must facilitate and promote the use of cost-effective energy conservation,
energy-demand management, and renewable energy technologies in buildings.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities
This proposed modification does not discriminate against any materials, methods, or systems of construction.
Does not degrade the effectiveness of the code
This proposed modification improves the effectiveness of the code.
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C405.5.3 Voltage drop.

total-The total voltage drop across the combination of customer-owned service conductors, feeder conductors and
branch circuit conductors shall not exceed 5 percent.

Exception: Customer-owned service conductors installed by or under the exclusive control of the electric utility.
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Total Mods for Energy in Pending Review : 79

Total Mods for report: 79

Sub Code: Energy Conservation

EN10085
02/04/2022 Section 405.9 Proponent Bryan Holland
Chapter 4 Affects HYHZ No Attachments Yes
TAC Recommendation Pending Review
[Commission Action Pending Review
Comments
General Comments Yes Alternate Language No

Related Modifications

Summary of Modification
This proposed modification adds requirements for automatic receptacle control to the code.

Rationale

Plug loads can represent up to 30% of the electrical energy used in a commercial building. And much like lighting
that is automatically controlled to turn off when no human occupancy is present, this proposal provides prescriptive
criteria for ensuring nonessential receptacle loads are turned off when no human occupancy is present. A CASE
initiative study found that in smaller 10,000 sqft office buildings, the annual electrical savings was 4,900 kwh/yr and
a demand savings of 1.97 kw. Based on installed costs and utilization of lighting control system elements already
installed to support the plug load control, simple payback was 4.2 years. In larger 175,000 sqft office building,
annual electrical savings was 107,000 kwh/yr and demand savings of 23.6 kw with a simple payback calculated at
2.4 years. This proposal meets the mandate outlined in F.S. 553.886 that states; "the Florida Building Code must
facilitate and promote the use of cost-effective energy conservation, energy-demand management, and renewable
energy technologies in buildings.

Fiscal Impact Statement

Impact to local entity relative to enforcement of code
This proposed modification will require the local entity to confirm the design and installation of ARC at time of
plan review and inspection.
Impact to building and property owners relative to cost of compliance with code
This proposed modification will increase the cost of compliance with the code where dedicated or advanced
techniques are used for ARC. Energy savings are immediate and ROl is less than 5 years.
Impact to industry relative to the cost of compliance with code
This proposed modification will increase the cost of compliance with the code for industry. ARC technology has
been in the marketplace for over ten years. The installation and use of ARC does require specialized training.
Impact to small business relative to the cost of compliance with code
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Has a reasonable and substantial connection with the health, safety, and welfare of the general public

This proposed modification will improve the health and welfare of the general public by improving energy savings
and energy conservation by the control of plug loads.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of
construction

This proposed modification improves the code and meets the mandate outlined in F.S. 553.886 that states;
&quot;the Florida Building Code must facilitate and promote the use of cost-effective energy conservation,
energy-demand management, and renewable energy technologies in buildings.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities
This proposed modification does not discriminate against any materials, methods, or systems of constructions.
Does not degrade the effectiveness of the code
This proposed modification improves the effectiveness of the code.

Muthusamy Swami Submitted 4/17/2022 12:56:11 PM Attachments  No

his proposed code change is the same as Section 8.4.2 of the 2019 ASHRAE 90.1. ASHARE adopted this code at
least since 2013 but FBCEC (2017, and 2020) has excluded it. See proposed code change EN10077 (item #1 in
his document) FSEC has not done any cost-effectiveness analysis but PNNL and others claim it is cost-effective.
FSEC encourages adoption of this proposed code change because it is current technology.
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C405.11 Automatic receptacle control. The following shall have automatic receptacle control complving with
Section C405.11.1.

1. At least 50 percent of all 123V, 15- and 20-amp receptacles installed in enclosed offices, conference rooms
rooms used primarily for copy or print functions, breakrooms. classrooms and individual workstations, including
those installed in modular partitions and module office workstation systems.

2. At least 23 percent of branch circuit feeders installed for modular furniture not shown on the construction
documents.

C405.11.1 Automatic receptacle control function. Automatic receptacle controls shall comply with the following:

1. Either split controlled receptacles shall be provided with the top receptacle controlled, or a controlled receptacle
shall be located within 12 inches (304.8 mm) of each uncontrolled receptacle.

2. One of the following methods shall be used to provide control:

2.1. A scheduled basis using a time-of-day operated control device that turns receptacle power off at specific
programmed times and can be programmed separately for each day of the week. The control device shall be
configured to provide an independent schedule for each portion of the building of not more than 5.000 square feet
(464.5 m2) and not more than one floor. The occupant shall be able to manually override an area for not more than 2
hours. Any individual override switch shall control the receptacles of not more than 5,000 feet (1524 m).

2.2. An occupant sensor control that shall turn off receptacles within 20 minutes of all occupants leaving a space.

2.3. An automated signal from another control or alarm system that shall turn off receptacles within 20 minutes after
determining that the area is unoccupied.

3. All controlled receptacles shall be permanently marked in accordance with NFPA 70 and be uniformly distributed
throughout the space.

4. Plug-in devices shall not comply.

Exceptions: Automatic receptacle controls are not required for the following:

1. Receptacles specifically designated for equipment requiring continuous operation (24 hours per davy, 365 davs per
ear).

2. Spaces where an automatic control would endanger the safety or security of the room or building occupants.

3. Within a single modular office workstation, noncontrolled receptacles are permitted to be located more than 12
inches (304.8 mm), but not more than 72 inches (1828 mm) from the controlled receptacles serving that workstation.
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Page 217

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor Battelle Memorial Institute, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof, or Battelle Memorial
Institute. The views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency thereof.

PACIFIC NORTHWEST NATIONAL LABORATORY
operated by
BATTELLE
Jor the
UNITED STATES DEPARTMENT OF ENERGY
under Contract DE-AC05-76RL0O1830

@ This document was printed on recvcled paper.
{9/2003)
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Summary

This report and an accompanying spreadsheet posted online' compile the end use building simulation
results for prototype buildings throughout the United States. The results represent the energy use of each
edition of ANSI/ASHRAE/IES ® Standard 90.1, Erergy Standard for Buildings Except Low-Rise
Residential Buildings. Pacific Northwest National Laboratory examined the simulation results to
determine how the remaining energy was used.

Figure S.1 shows end-use cost data by building type weighted by national construction by climate
zone. Prototype results are grouped by similar type, including Office, Warehouse (Wh), Retail, Hotel,
Apartment (Apt), School, Medical, and Food Service (Food Svc). The widths of the building type
(vertical) bars are scaled to represent each building type’s share of impact on national building energy
cost. The end uses include heating, ventilation, and air conditioning (HV AC) fans and pumps (Fan Aux},
Cooling (Cool}, Heating (Heat}, service hot water (SHW), interior lighting (Light Int}, exterior lighting
(Light Ext}, miscellaneous loads including refrigeration, elevators and transformers (Misc}, and plug
loads, cooking, and information technology (1T} equipment (Equip}. The area of each block represents
the proportion of national energy cost for each end vse. The entire width of the plot matches national
building energy use based on Standard 90.1-2013.

t PNNL. 2014. 20! 3EndUseTables.xlsx. Pacific Northwest National Laboratory, Richland, WA, Available at
htp:fwww.energycodes.pov/sites/defanlt/files/documents/201 3EndUseTables.zip.

% ANSI — American National Standards nstitute; ASHRAE — American Society of Heating, Refrigerating, and Air-
Conditioning Engineers; IES — Illuminating Engineering Society
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Energy Cost Impact

Equip
Misc
Light Ext
Light.Int
SHW
Heat
Cool
Fan.Aux
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Office Wh Retall Hotel Apt School Medical Food._Svc

Building Type Group

Figure 8.1. Commercial energy cost impact by end use U.S. weighted, after 90.1-2013
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Background and Method

End Uses Analyzed

Pacific Northwest National Laboratory (PNNL} conducts analysis to project the energy use of each
edition of ANSI/ASHRAE/IES' Standard 90.1, Energy Standard for Butldings Except Low-Rise
Residential Buildings (ASHRAE 2004, 2007, 2010, 2013). The comparison of the savings of each edition
to the prior edition is called the “progress indicator.” Based on analysis of the Standard 90.1-2013
(ASHRAE 2013} progress indicator, PNNL examined the detailed results to determine how the remaining
energy was used. Where helpful, miscellaneous (e.g., elevator} and equipment {(cooking and information
technology [1T] equipment) results were extracted to increase the precision of end-use categories. This
repott provides analysis results using the simple and detailed breakdowns as shown in Table 1.

Table 1. Simple and detailed end-use category descriptions

Simple Color Detailed
Breakdown Code  Breakdown

Abbreviation Abbreviation End-Use Description

Light.int Light.int Interior lighting

Light.ext Light.ext Exterior lighting

SHW SHW Service hot water

Heat Heat Space heating
Humidify Humidification {(dehumidification in heat and cool)

Cool Cool Mechanical cooling (including unitary heat rejection)
Ht.Rej Heat rejection, cooling towers (unitary is in cool)

Fan.Aux Fans Heating, ventilation, and air conditioning (HVAC) supply, return and

exhaust fans

Ht.Revy Heat recovery fan and wheel energy
Pumps Hydronic pumping, including SHW recirculation

Misc Refrig Refrigeration equipment and kitchen refrigerators and freezers
Elevator Elevators
Txfmr In-building transformers

Equip Cook Cooking equipment
1T Computer room IT and telephone equipment
Equip Other plug lvads and equipment including non-kitchen refrigerators

The graphs in this report are based on energy cost index (ECI} and most use the simple breakdown.

Prototype Buildings for the Progress Indicator

To determine the savings impact from various editions of ANSI/ASHRAE/IES Standard 0.1, PNNL
developed prototype cornmercial building models. They have been described in detail previously in
Achieving the 30% Goal: Energy and Cost Savings Analysis of ASHRAE Standard 90.1-2010 (Thornton
etal. 2011} As noted in that report, PNNL developed a suite of 16 prototype buoildings covering the
majority of the commercial building stock and mid-rise to high-rise buildings. The prototypes used in the

' American National Standards Institute/American Society of Heating, Refrigerating, and Air-Conditioning
Engineers/Illuminating Engineering Society of North America.
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simulations are intended to represent a cross section of common commercial building types and cover the
building types that comprise 80% of new commercial construction floor area. The 16 prototype building
models were reviewed extensively by building industry experts on the ASHRAE Standing Standard
Project Committee (SSPC) 90.1 during development and assessment of multiple editions of Standard
90.1. These prototype models, their detailed characteristics, and their development are described in detail
on the Building Energy Codes Program (BECP} web site.® A detailed description of the prototypes may
also be found in the completed savings analysis of Standard 90.1-2010: Energy and Cost Savings Analysis
of ASHRAE Standard 90.1-2010, which can be found on the BECP web site.® The prototype models
described in that report have since been modified as described in the document Erhancements fo
ASHRAE Standard 90.1 Prototype Building Models (PNNL 2014b}, also available at the same web site.

The energy analysis of the 16 prototype buildings shown in Table 2 was completed with the
EnergyPlus building simulation program (DOE 2013). The results from that analysis are further analyzed
to produce this end-use analysis. Each prototype building model is defined as characteristic of a certain
class of buildings, mostly corresponding to & classification scheme established in the 2003 DOE/Energy
Information Administration Commercial Building Energy Consumiption Survey (EIA 2003}, Building
configurations of the prototype models are shown in Figure 1.

Table 2. ASHRAE commercial prototype building models

Prototype
Prototype Floor Area
Building Type Prototype building Abbreviation (ftz)

Office Small Office OfcS 5.502
Medium Office OfcM 53,628
Large Office OfcL 408 588
Retail Stand-Alone Retail RtIB 24,692
Stip Mall RS 22,500
School Primary School SchP 73,950
Secondary School 5chs 210887
Medical Outpatient Health Care MedC 40,946
Hospital MedH 241,501
Hotel Small Hotel HotS 43,202
Large Hotel HotL, 122,120
Warchouse Non-Refrigerated Warcehouse Whse, Wh 52,045
Food Service Fast Food Restaurant Fast 2,501
Sit-Down Restaurant Rest 5,502
Apartment Mid-Rise Apartment AptM 33,741
High-Rise Apartment AptH 84,360

: Prototype detail on BECP web site at www .energycodes. gov/development/commercial/40.1 models.
3 BECP web site at www.energycodes.gov/achieving-30-goal-energy-and-cost-savings-analysis-ashrae- ASHRAE
Standard-901-2010.
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Small Office Medium Office Large Office Warehouse

o 4

Strip Mall Retail

Primary School

Secondary School

n%kmﬁrm__;?

Qutpatient Healthcare Small Hotel Large Hotel

Full-service Restaurant Mid-rise Apartment High-rise Apartment

Figure 1. Prototypes analyzed for the end-use dataset

Detailed Tables and Lists

In addition to the graphs included here, an Excel workbook with detailed results for each prototype at
the detailed end-use level is available online (PNNL 2014a).* That workbook contains a worksheet for
each prototype and a matrix of tables with surnmary national results and detailed results for each climate
zone. In addition to ECI, site energy use index (EUT} results, source EUT results, and gas and electric
end-use results are included. The workbook also contains the following tables:

e U.S. average summary results, based on construction weighting,
e climate zone detail for Standard 90.1 in 2004, 2007, 2010, and 2013, and
® percentage savings from Standard 90.1-2004 to 90.1-2013.
The workbook also includes a worksheet (i.e., the “DetPri” tab} that provides zll detailed ECls by end

use and prototype, sorted by remaining use after Standard 90.1-2013 and sorted by savings from Standard
90.1-2013 when compared to 90.1-2004.

* Available at http/iwww.energycodes.gov/sites/default/file s/documents/20 [ 3EndUseTables.zip.
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Cost Breakdown Results

The resulting data from the analysis is presented in one of several ways:

Weighted by U.S. 2003-2007 new construction te give an idea of the impact on total U.S.
commercial energy cost (Jarnagin and Bandyopadhyay 2010). Such weightings are usually for the
nation as a whole, but may focus on energy cost for a particular climate zone. The weightings are
based on factors shown in Table 8. Where results are noted as weighted by building type, this data is
used. While the data is from early in the first decade of this millennium, it aveids the economic and
construction downturn that would be inherent in more recent data.

Partial weighting is applied to subset building prototypes to arrive at the use and cost breakdown for a
building type. For instance, to find the end-use costs for the Office type, the end-use costs for the
large, medium, and small offices are weighted proportionally by the individual prototype construction
weightings.

Unweighted results represent the end-use cost experienced by a particular building type and provide a
good idea of the ECI on a floor area basis.

Throughout, the cost is based on the energy rates from the Scalar Method for Standard 90.1-2013

proposal analysis: 0.1032/kWh for electricity znd $0 99/ therm for fossil fuels.’

5 The ASHRAE Scalar Methed identifies a fossil fuel rate that is primarily applied to heating energy use. For this
reason, the fossil fuel rate is a blended heating rate and includes proportional (relative to national heating fuel use)
costs for natural gas, propane, heating oil, and electric heat. Heating energy use in the prototypes for fossil fuel
equipment is calculated in therms based on natural gas equipment, but in practice, natural gas equipment may be
operated on propane, or boilers that are modeled as natural gas may use oil in some regions.
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U.S. End-Use Cost Breakdown, 90.1-2013

Figure 2 provides a breakdown of building energy costs after implementation of Standard 90.1-2013

across U.S. climate zones, weighted by U.S. new construction.

Light.Int
20%
Equip
29%
Light.Ext
4%
SHW
6%
Misc
6% Heat
8%
Fan/Aux ool
12% oo
15%

Figure 2. End-use cost for buildings in all U.S. climate zones

Figure 3 shows the same weighted national energy cost with a finer breakdown of end uses and an
increase in significant digits for the percentages.

Light.Int
T 19.6%
2.1% Light.Ext
3.9%
Cook SHW
Txfmr\ﬁ'i%;/ 6.1%
0.2% Elevator
4.9%
Refrig L
1.2% H‘:}"’:;'ﬁ’
Pumps Ht.Revy Ht.Rej
0.5% 0.9% 0.3%

Figure 3. Detailed end-use cost for buildings in all U.S. climate zones
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U.S. Weighted Cost by End Use, 2004 vs. 2013

Total U.S. weighted end-use building energy costs can be directly compared for Standards 90.1-2004
and 90.1-2013 (see Figure 4}. Moslt categories show significant reduction; however, the cost reductions

for equipment, miscellaneous, and service hot water were not significant.

$2.00

51.80

$1.60

wr
=
I
=

$1.20 —

51.00 —

$0.80

ECI ($/sffyr) US Weighted Average

$0.60

$0.40

$0.20

$0.00
2004 2013

Figure 4. Standard 90.1 end-use cost improvemeant
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U.S. Weighted Cost Impact by Building Type and End Use, 2013 Base

An examination of end-use cost dala by building type is presented in this section. Figure 5 illustrates
building type and energy cost impact weighted by national construction by climate zone. Prototypes are
grouped by similar type. The widths of the building type (vertical) bars are scaled to represent each
building type’s share of impact on national building energy cost. The entire width of the plot matches
national building energy use based on Standard 90.1-2013. Using the same 8.2 billion square feet of new
building floor area from 2003-2007 construction data reports (Jarnagin and Bandyopadhyay 2010}, the
area of the plot represents a commercial nhew construction building energy cost of $11 billion per vear.

Equip
Misc
Light Ext
Light.Int
SHW
Heat
Cool
Fan.Aux

omEEOODEO

Energy Cost Impact

Office Wh Retail Hotel Apt School Medical Food.Sve

Building Type Group

Figure 5. Commercial energy cost impact by end use U.S. weighted, after 90.1-2013
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U.S. Weighted Cost Impact by Building Type and End Use, 2004 Base

Figure 6 shows the same nationally weighted results after Standard 90.1-2013 against a base of
Standard 90.1-2004. Agzin, the widths of the building type (vertical} bars are scaled to represent each
building type’s share of impact on nationzl building energy cost. The entire area of the plot matches
national building energy cost based on Standard 90.1-2004, or $15.5 billion. The white savings blocks
show the difference for 90.1-2013 compared to 90.1-2004, which amounts to $4.5 billion per vear. So,
we can see both the savings from the stable 2004 baseline and the remaining energy cost after 90.1-2013.

Page: 2

Energy Costimpact

Save
Equip
Misc
Light Ext
LightInt
SHW
Heat
Cool

OEEEOOEOO

Fan Aux

Office Wh Retail Hotel Apt School Medical

Building Type Group

Figure 6. Commercizal energy cost impact by end use U.S. weighted (90.1-2004}.
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U.S. Weighted End-Use Prioritization

Figure 7 shows overall progress by detailed end use, measured as cost savings from Standard 90.1-
2004 to Standard 90.1-2013. The information is prioritized for end uses by national weighted building
energy impact or percentage of U.S. total building vse after Standard 90.1-2013.

Equip
Light.Int
Cool
Fans
Heat
Cook
SHW
Elevator
Light.Ext
IT

Refrig
Ht.Rcvy
Humidify
Pumps
Ht.Rej
Txfmr

0.0%

W Remaining after 90.1-2013

5.0%

[~ Savings since 90.1-2004

10.0%

15.0%
% of Total US Building Energy Cost for 90.1-2004

20.0%

Figure 7. U.S. building energy cost by end use prioritized by post-2013 cost

Table 3 shows the breakdown by building type, with remaining energy cost after Standard 90.1-2013.
Red indicates highest remaining cost impact, and while represents lowest remaining cost impact.
Appendix A includes more detailed heat maps of costs and cost savings from Standard 90.1-2004 to
Standard 90.1-2013.

Tahle 3. Impact percent of U.S. building energy cost remaining after 90.1-2013

LightInt LightExt SHW Heat Cool FanAux Mise Equip Total
Office 2.3% 0.6% 05% 07% 18% 10%  07% Daddn | 13.1%
Warehouse 2.1% 0.6% 02% 08% 01% 02%  00% 09% 5.0%
Retail 1.2% 07% 1.0%  29% @ 35% | 00w | 33% [EEE
Hotel 1.1% 0.3% 08% 05% 16% 1.0% 11% 23% 8.8%
Apt 1.1% 0.6% 25% 0% 20% @ 23% 10% | 40% [143%
Sehool 3.0% 0.2% 04% 06% 26% 17%  05% | 43% 13.5%
Medical 2.2% 0.3% 02% 24% 28% 21%  23% | 6ad% [N
Food.Sve 0.3% 0.2% 08% 10% 06% 06%  06% | 34% 7.6%
US. Weighted  [IGEEN  3.9% 62%  77% [145% 125% 647 [[EONGE  100%
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Segment Graphs

Segment Graphs, ECI Weighted for Climate

The segment graphs for each building type (see Figure 8) show the relative end uses based on
individuoal building ECI. Because they are weighted by climate zone construction, they represent national
averages. The radius of each segment is propertional to the end-use ECI ($/ft*/yr) for the building type
shown, relative to the largest building end-use ECI in the data set. On this graph, most building graphs
are quite small, but we can see the very high equipment, heating, and service water heating intensity in
the food service sector. Following graphs show the other buildings and uses at a more readable scale.

= - &

Office Warehouse Reatail
wt ¥ y
Hotel Apt School

Light Ext

Heat Light Int

V)

Cool Equip

Medical Food . Svc

Fan Aux Misc

Figure 8. U.S. ECI of building end uses, after 90.1-2013
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Segment Graphs, ECI by Climate with Scaled Food Equipment

Figure 9 is based on the same data as Figure 8 and shows the food service equipment (primarily
cooking) at one-fourth the scale of the other segments. The radins of each segment is proportional to the

end-use ECI for the building type shown, relative to the largest full-scale building end-use ECI in the data

set (Food.Sve heat).
,g% L

Office Warehouse Retail

vi ¥ "<

Hotel Apt Schaol

Light Ext

Heat Light_Int

Cool Equip

Medical Food.Sve
Fan_ Aux Misc

Figure 9. U.S. ECI of building end uses, after 20.1-2013 (Cooking NTS}.
(Food service equipment is shown at 25% of actual scale.)
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Segment Graphs, ECI Weighted for U.S. Construction

When individual building ECI results are weighted by each building’s share of new construction floor
area (see Figure 10), the impact on total U.S. commercial building cost by type and end use becomes
apparent. This result can be referred to as the weighted building cost index (WBCT}. Retail interior
lighting has the largest contributing end use. Equipment dominates in most other areas; however, service
water heating captures a large segment of contributing end vuse for apartments.

v

Office VWarehouse Retail

Hotel Apt Schoal

Light Ext

Heat Light Int

‘!w

Medical Food.Sve

Cool Equip

Fan. Aux Misc

Figure 10. U.S. WBCI of building end uses, after 90.1-2013.
(WBCI = weighted building cost impact or contribution to total energy cost}
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U.S. Weighted Sorted End Use ECI, with Building Splits

Figure 11 breaks down end uses based on overall weighted U.S. impact (from largest to smallest
impact} and shows the breakdown in each bar by building. Separating equipment and miscellaneous (e.g.,
transformers, refrigeration, and elevators} helps identify which unregulated loads are impacted.

Though units are in dollars per square foot contribution to an average U.S. building (i.e., a weighted
combination of all building types), it may be easier to think of this graph as showing a relative impact
factor, since the results are partial. That is, the sum of all end uses shown would equal the weighted
average U.S. building ECI based on total construction, or about $1.33 per square foot.

Food_Swc
Medical
School
Apt

Hotel
Retail
Whse
Office

EEEOOOOO

02

0.2
1

Energy Cost Impact

0.1

Equip Light Int Cool Fan Aux Heat Misc SHW Light Ext

00

End Use

Figure 11. U.S. commercial energy cost impact by end use
{weighted by new construction floor area)
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Total U.S. Energy Cost by Building Type

Figure 12 shows energy costs following the implementation of Standard 90.1-2013 by building type
group weighted for all climate zones. Energy cost savings from Standard 90.1-2004 vs. 80.1-2013 are
also shown. Figure 12 indicates that energy cost intensity for food service is highest, based primarily on
the high energy density of fast food restaurants. Medical is next, followed by hotel, retail, and office.
Appendix B provides separate graphs for each end use to better illustrate the distribution of individual
end-use costs by building type.

o - O Saving B Remaining

ECI $/sflyear

ﬁiﬁﬁiiﬁi

Whse Retail Hotel Apt School Medical Food Sve

Figure 12. Total Standard 90.1-2013 vs 90.1-2004; U.S. energy cost

Focus Potential Score

The focus potential scoring method was developed, using a somewhat arbitrary numerical approach,
to help focus on end uses where there may be future savings potential. While scores are simply numerical
and do not include judgment about what is possible or an analysis of maximum technical potential, they
provide a second lock at end uses we might have dismissed. For example, the equipment end-use scores
high, even though it has been considered an “unregulated” load. The focus potential scoring method
combines the three factors shown in Table 4.

Table 4. Focus potential scoring method factors

Weight Focus Low score High score
6  Savings from 50.1-2004 to 30.1-2013 Low (2) if high previous savings  High (6) if little previous savings
3 Individual building end-use cost (ECI) Low (0) if building ECT low High (3) if building ECT high
3 National end-use cost (ECI) Low (0) if national ECT low High (3) if national ECT high
14
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Although the focus potential scoring approach is not perfect, it draws attention to the end uses that
have not had large savings historically and that have high building-level ECI and high national weighted
impact. In the heat map of focus potential scoring results (see Table 3}, green indicates areas that may
have high savings potential, and white indicates areas that have lower savings potential. Focus Potential
Scores are rolled up at the simple end-use level and for building groups rather than the detailed level as
many of the detailed uses are so small, they would score zero. Because restaurant and equipment end
uses are outliers, their partial scores are capped at the maximum. The Focus Polential Scores are shown
in Table 5 and charted in Figure 13 at the end-use level overall for all building types.

Table 5. Total end-use “Focus Potential Scores”

Potential LightInt Light.Ext SHW Heat Cool Fan.Aux Misc Equip
Office 58 35 6.4 4.1 53 54 6.1
Warehouse 5.7 4.4 6.0 4.4 32 3.1 6.7
Retail s 40 6.3 28 52 5.6
Hotel 55 4.9 7.3 33 6.4 4.9
Apt 6.6 4.5 8.3 4.1 6.0 6.8
School 6.1 3.2 6.3 3.0 53 44
Medical 82 35 6.3 6.0 8.0 6.9
Food Svc 47 45 [ 93 &4 7.1 5.8
U.S. Weighted 7.1 4.0 6.7 38 53 52
Equip

Light.Int

SHW

Cool
Fan.Aux

Misc
Light.Ext

Heat

T I T I I T I
0 1 2 3 4 5 6 7 8 9 10

Figure 13. Total end-use “Focus Potential Scores,” prioritized

15
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HVAC by Climate Zone

The heating and cooling ECls by climate zone (weighted by building type construction within each

climate zone} are shown in Figure 14, Climate zones are grouped by moisture regime, and climale zones

1B and 5C are excluded because they have no U.S. construction. Heat rejection is included with cooling,

but humidification is not included.

CZ1n B
7 24

CZ 3A

L an —
7 5A =

CZ 6A —

C£L30
CZAC
W Healing
7 2R
CZ 30
CZ 1B
CZ 5B
(7 6R

m Cooling

cLy
78

4000 S005 8010 SN15 SO0 $005  $020 $0.35  $04n 5045
Heating/Cooling Energy Cost Index (ECI) $/sf/yr

Figure 14. Building ECI heating and cooling by climate zone (CZ}

While Figure 14 shows individual climate zone ECls, Figure 15 shows the relative contribution of

each climate zone’s heating and cooling to the total U.S. energy cost. This graph indicates that reducing
heating in climate zone 5SA is more important than reducing heating in climate zones 6, 7, or 8.

Page 243

CZ 1A
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CZ7
CZg

50.00 50,01 50.02 50.03 50.04 30.05
Partial Contribution to US Total ECI, $/sf/yr

Figure 15. Weighted impact of climate zone heating and cooling on U.S. healing and cooling costs
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HVAC Building ECI by Numerical Climate Zone and Space Conditioning Category

To mote closely evaluate the preseriptive insulation categories in Standard 90.1, the heating and cooling data was split by building category
and numerical climate zone (without moisture regimes). Climate zones 1B and 5C are not included because there are no U.S. locations. Heating
and cooling energy cost indices, by climate zone, are shown in Figure 16. Apartments and hotels are grouped in the residential category,
warehouses in the semi-heated category, and all other buildings in the non-residential category. Note that although some residential areas exist in
hoespitals, some non-residential areas can be found in large hotels, and only about half of the warehouse prototypes are semi-heated; this grouping

HNon-Res @Residential O Semi-heated M Non-Res [EResidential O Semi-heated
1 L ————
5 5 M
- 3 3
4 a4
5 5
6 6
7 7
i | | ®
50.00 50.10 $0.20 $0.30 50.40 $0.50 50.00 50.10 50.20 $0.30 $0.40 50.50 50.60

used in Figure 16 is based on the predeminant category in each individual building type. In addition, different building types have different
HVAC systems and ventilation or other HVAC differences, but are not excluded from this analysis. Further, heat rejection is included with
cooling, but humidification is not included.

Energy Cost Index (ECI) $/sf/yr Energy Cost Index (ECI) $/sf/yr
(ay heating (b} cooling

Figure 16. Total (a) heating and (b) cooling ECI by climate zone
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HVAC Weighted Cost Impact by Numerical Climate Zone and Space Conditioning Category

While Figure 16 shows individual climate zone building ECls (weighted for building type construction in each numerical climate zone),

Figure 17 shows the relative contribution of each climate zone’s heating and cooling to the total U.S. energy cost. Groupings for building type and
climate zone are the same as in Figure 16. Figure 17 indicates the importance of reducing heating in climate zone 5 and the cooling in zones 2 and

3.
B Non-Res [ Residential [ Semi-Heated H Non-Res [@Residential [JSemi-Heated
1 1
2 2
3 3
4 1
5 .
6 6
7 7
3 8
$0.00  $0.01 $001 $0.02 $002 $003 $003  S0.00 $0.01 $0.02 $0.03 5004
Contribution to US Total ECI, $/sf/yr Contribution to US Total ECI, $/sf/yr

(a) heating (b} cocling

Figure 17. Weighted impacts on total U.S. (a) heating and (b} cooling costs

50.05
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Heating ECI Detail by Climate Zone

A heat map (see Table 6} is used to display detailed heating ECI by climate zone. Darker red indicates a higher heating cost for the building
type and climate zone. Because these values are not weighted, all climate zones are included. Heat map shading is provided separately for the
medical and restaurant groups because their heating costs are much higher than the other building prototypes. Again, humidification energy is not
included with heating.

Table 6. Heating ECI detail by climate zone

Moist Climates Marine Climates Dry Climates Cold
Building CZI1A CZ2A CZ3A CZ4A CZS5A CZ6A CZ3C CZ4C CZ3C CZI1B CZ2B CZ3B C(CZ4B CZ5B CZ6B CZ7 CZ8
AptH $0.000 $0.021 $0.080 $0.089 $0.175 $0.202 $0.018  $0.059  $0.095 $0.001  $0.002 $0.016  $0.022 $0.069 $0.112  $0.270 $0.373
AptM $0.000 $0.011 $0.043 $0.057 $0.108 $0.126 $0.010 $0.040 $0.061 $0.001 $0.002 $0.011 $0.020 $0.048 $0.079 $0.171 $0.250
Hotl $0.016  $0.059 $0.101 $0.096 $0.143 30167 $0.078 $0.096 $0.115  $0.031 $0.029 $0.044 $0.059 $0.101 $0.141 $0.200 $0.398
Hot§ $0.001  $0.023 30072 $0.119 $0.211 $0.249 $0.016 $0.079 $0.106 $0.004 $0.009 $0.026 $0.057 $0.109 $0.181 $0.339 | $0.547
OfeL $0.000 $0.012 30042 $0.057 $0.101  $0.021  $0.004 $0.023  $0.033  $0.005 $0.004 $0.008 $0.016 $0.035 $0.089 $0.159 $0.248
o OfeM $0.004  $0.043 $0.105 $0.087 $0.160 $0.188 $0.029 $0.079  $0.108  $0.011  $0.019  $0.032  $0.039 $0.092 $0.1456 $0.184 50342
OfcS $0.000  $0.009 $0030 $0.031 $0.055 $0.071 $0.007 $0.019 $0.027 $0.001 $0.003 $0.013 $0.018 $0.031 $0.056 $0.102 $0.173
RtB $0.002  $0.011 30028 $0.039 $0.069 3$0.082 $0.031 $0.081 $0.114 $0.014 $0.014 $0.027 $0.050 $0.106 $0.052 $0.123 $0.255
RtS $0.003  $0.036 $0.095 $0.134 $0.228 $0.278 $0.03% $O.111  $0.164  $0O.008  $0.015  $0.030 $0.047 $0.129 $0.206 $0.362 | $0.577
Schp $0.017  $0.058 30095 $0.117 $0.145 $0.172 $0.064 $0.120 $0.093 $0.018 $0.025 $0.053 $0.082 $0.130 $0.130 $0.212 $0.388
SchS $0.001  $0.010 $0.027 $0.021 $0.039 $0.050 $0.048 $0.107  $0.049  $0.011  $0.016  $0.044 $0.076  $0.130 $0.038 $0.075 $0.228
Whse $0.000 $0.016 30044 $0.073 $0.120 $0.118  $0.045 $0.062 $0.073 $0.004 $0.011 $0.026 $0.048 $0.070 $0.084 $0.199 $0.199
MedC $0.233  $0.317 30394 $0316 $0.384 30415 $0.225 $0.279 $0.292 $0.236  $0.220 $0.224 30250 $0315  $0.381 $0.459 | $0.711
MedH $0.139  $0.222  $0.279 $0.323  $0.375 $0412  $0.234  $0.285 $0318  $0.189 $0.191 $0.213  $0.200 $0.321 $0.360 $0.46]  $0.653
Rest $0.052  $0.308 30616 $0.916 $1.333 $1.584 $0.566  $0.911  $1.093  $0.101  $0.185 $0.349 $0.586 $0971 $1.353 $2.047 $3.119
Fast $0.181  $0.645 $1.144 $1.530 $2.143  $2.501 $1.057 $1478 $1.753 $0.284 $0.443  $0.773 $1.104 $le64l  $2.223  $3.193 | 34718
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Cooling ECI Detail by Climate Zone

A heat map (Table 7} is also used to show detailed cooling ECI by climate zone. Darker blue indicates a higher cooling cost for the building
type and climate zone. Because these values are not weighted, all climate zones are included. Heat map shading is provided separately for the
medical and restaurant groups because their cooling costs are much higher than the other building prototypes.

Table 7. Cooling ECI detail by climate zone

Moist Climates Marine Climates Dry Climates Cold
Building CZIA CZ2A CZ3A CZ4A CZSA CZ6A CZ3C Cz4C CZSC CzIB CzZ2B CZ3B CZ4B CZSB Cz6B CZ7 CZ§
AptH 50381 $0.245 $0.182 $0.146 $0.113 $0.070 $0.007 $0076 S0.040 | $0344 $0294 $0.168 $0.057 $0.112 $0077 S$0059 $0.055
AptM $0275 $0.185 $0.0141 $0.108 $0.086 $0.058 $0.021 $0.060 $0036 $0280 $0235 $0.132 $O.015 $0.083 $0.059 $0.045 $0.038
HolL 30611 50464 $0318 $0.260 $0.183 $0.116 $0.163 $0.105 $0603 | 50371 $0272 $0.201 $0.142 30145 $0.09%
HotS $0405 $0.299 $022% $0.170 $0.139 $0.106 $0.116 $0.116 S$0087 $0364 $0323 $0213 $0.064 $0.124 $0.096 $0.086 $0.062
OfeL 50473 30365 $0309 $0268 $0.173 $0.133 $0.083 $0.118 30073 | $0449 $0352 $0.250 $0.187 $0.144 $0.109 30103 $0.070
OfeM $0362 S0.270 $0202 $0.051 $0.131 $0.088 $0.052 $0.084 S0046  $0359 $0309 $0.178 $0.139 $0.098 $0.068 S0.065 $0.035
S ofs $0.190 $0.142 $0.107 $0083 $0.070 $0.051 $0.038 $0.051 $0037 $0.093 $0.070 $0.105 $0.087 $0.060 $0.046 30040 $0.029
RUB 50442 30279 $0214 $0.156 $0.124 $0.079 $0.036 $0.074 30027 | $0S15 $0365 $0.205 $0.048 $0.104 $0070 30053 $O.03I
RUS $0435 $0.328 $0220 $0.047 $0.113 30073 $0.028 $0073 $0029 | $0472 $0391 $0.185 $0.134 $0.100 $0.064 S0.048 $0.022
Schp 50435 30319 $0242 $0.189 $0.158 $0.111 $0.070 $0.095 30073 | $0396 $03s0 $0.202 $0.139 $0.106 $0.086 30084 $0.049
SchS 50487 S$0.356 $0276 $0205 $0.167 S$0.113 $0.075 $0.104 S0064 | $0452 $0384 $0233 $0.162 $0.128 $0.085 S0085 $0.042
Whse $0.033 $0.021 $0014 $0004 $0O.002 $0.000 $0.000 $0.000 $0000 $0.30 $0073 SOOI4 $0.004 $0.002 $0.000 $0000  $O.000
Medc  [[EINBOINGOBE0N 50721 50546 $0456 50351 $0.357 $0.341 s02¢2 [[OMBINIS0850] 50577 S0440 $0.337 0260 50303 $0.209
MedH $0.785 $0.584 $0449 $0330 $0.299 $0228 $0.158 $0.087 S0.150 $0456 $0425 S0312 $021% $0.192 $0.145 $0.077 $0.116
Rest 51532 $1.077 $0766 $0422 $0314 $0.073 $0.037 $0.061 30029 [BIS280 $L284 50659 $0332 $0.239 $0.132 50096 $0.035
Fast ISR 1380 soom 50537 $0396 50210 $0.046 $0194 50032 SNOOENIG06) 50775 50425 $0305 0164 $0.114  $0.038
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Construction Weightings by Building Type and Climate Zone

To estimate the energy savings impact on a national scale, PNNL acquired disaggregated construction volume data from McGraw-Hill
Construction (MHC} Project Starts Database. The MHC database contains the floor area of new construction in the United States for the years
2003 to 2007. PNNL analyzed this MHC database to develop detailed construction weights by climate zones, subzones, and states (Jarnagin and
Bandyopadhyay 2010). These weights were used in developing a weighted national energy savings estimate for the impact of ASHRAE
standards. Table 8 summarizes the percentage weights by building type and climate zone. The 16 prototypes cover 80% of new construction floor
area and percentages; however, percentages in Table 8 have been normalized to result in 100% coverage. Weightings have been applied in the
following three ways:

s For national results, weightings in Table 8 were applied to individual results for each building type and climate zone.
* For average building type results, normalized climate zone weightings, totaling 100% for each building type or group, were applied.

s For heating and cooling results within each climate zone, normalized building type results were applied.

Table 8. U.S. new construction weighting (basis 2003 to 2007 MHC database)

= Building Moist Climates Marine Climates Dry Climates General us.

- Type CZ1A CZ2A CZ3A CZ4A CZ35A CZ6A CZ3C CZ4C CZ5C CZI1B CZ2B (CZ3B (CZ4B CZ3B C(CZ6B CZ7 CZ8 AlCZ
AptH 15% 1.5% 07% | 25% 12% 01% 02% 04% 00% 00% 01% 07% 00% 01% 00% 00% 00% 9.0%
AptM 03% 1L1% 0.8% 13% 1.1% 03% 03% 04% 00% 00% 01% 09% 00% 03% 01% 00% 00% 73%
HotL 0.1% 0.6% 05% 10% 09% 02% 01% 01% 00% 00% 01% 08% 00% 02% 01% 00% 00% 50%
Hot§ 00% 03% 03% 03% 04% 01% 00% 00% 00% 00% 00% 01% 00% O01% 00% 00% 00% 17%
OfeL 01% 03% 04% 1.1% 04% 01% 01% 02% 00% 00% 01% 03% 00% 01% 00% 00% 00% 33%
OfcM 0.1% 0.8% 08% 12%  1.1% 03% 01% 02% 00% 00% 03% 07% 00% 03% 00% 00% 00% 60%
OfcS 01%  1.1% 10% 09% 09% 02% O01% 01% 00% 00% 03% 05% 00% 03% 00% 00% 00% 556%
RtIB 02% | 22% 24% 25% - 09% 02% 04% 00% 00% 05% 1.3% 01% 08% 01% 01% 00% |153%
RuS 01%  1.0% 1.0% 10% 10% 02% 01% 01% 00% 00% 03% 06% 00% 02% 00% 00% 00% 57%
SchP 01% 09% 08% 09% 09% 02% 00% O010% 00% 00% 02% 04% 00% 02% 00% 00% 00% 50%
SchS 02%  1.5% 19% 20% 23% 04% 01% 02% 00% 00% 02% 08% 01% 04% 01% 01% 00% 104%
Whse 03% | 26%  30% 24% - 05% 02% 04% 00% 00% 06% | 23% 01% 07% 00% 00% 00% |167%
MedC 00% 06% 06% 08% 1.1% 03% 01% 02% 00% 00% 01% 03% 00% 02% 00% 00% 00% 44%
MedH 00% 05% 0353% 06% 08% 02% 00% 01% 00% 00% O01% 03% 00% 02% 00% 00% 00% 34%
Rest 00% 0.1% 01% 01% 01% 00% 00% 00% 00% 00% 00% 00% 00% 00% 00% 00% 00% 07%
Fast 00% 01% 01% 01% 01% 00% 00% 00% 00% 00% 00% 01% 00% 00% 00% 00% 00% 05%

AllBldg 32% 152% 15.0% 193% 194% 42% 16% 30% 00% 00% 3.0% 101% 03% 43% 06% 05% O01% 10%
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Appendix A

Heat Maps

The heat maps presented in this appendix provide multiple views of prototypes by end use. The term
“heat map” does not relale to the heating end use, but to a representation of relative intensity of a factor
by color. Two types of heat maps (i.e., cost and savings) are used here:

o Cost heat maps: In the cost heat maps, red indicates the highest remaining cost impact and white
indicates lowest remaining cost impact. Darker reds indicate higher remaining cost and, thus, a
higher potential for future savings.

e Savings heat maps: In the savings heat maps, green indicates the higher cost savings from Standard
90.1-2004 to Standard 30.1-2013 and red indicales lower cost savings. Darker reds indicate a lower
savings to date and, thus, a possible higher potential for future savings.

Some of the heat maps are weighted by construction and some represent individual building
constructions. The weighting conditions are noted with each map. Likewise, building types and end uses
presented as detailed or in groups, as noted.

Al
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Energy Cost Index by Building Type and End Use

Table A.1 shows ECI results grouped by building and end use after Standard 90.1-2013; Table A.Z shows the detailed results. Results in this
section relate to the prototype independently except the last row (U.S. Weighted}, which is weighted for both climate and prototype. The results
are national, weighted by relative construction of each prototype in each climate zone.

Table A.1. ECI ($/ft’/yr) remaining after 90.1-2013, by building group and end use

Light.Int Light.Ext SHW Heat Cool Fan.Aux Mise Equip Total
Office $0.203 $0.055 $0.043 $0.066 $0.164 $0.093 $0.065 $0479 $1.167
‘Warehouse 30.170 $0.045 $0.014 $0.060 $0.012 $0.019 $0.075 $0.395
Retail $0.482 $0.076 $0.047 $0.063 $0.184 $0.219 $0.209 $1.281
Hotel 30.215 $0.052 $0.166 $0.099 $0.322 $0.205 $0.229 $0.463 $1.750
Apt $0.092 $0.046 $0.207 $0.058 $0.163 $0.189 $0.081 $0.329 $1.165
School $0.259 $0.016 $0.037 $0.056 $0.225 $0.151 $0.046 $0.376 $1.166
Medical $0.381 $0.054 $0.037 $0.404 $0.476 $0.352 $0.358 $3.000
Food.Sve $0.371 $0175 [ $0806 |ISIOGEEN $0.668 $0.656 $0.680
U.S. Weighted $0.263 $0.052 $0.082  $0.103 | $0.193 $0.166 $0.085  [NNGOESENN $1.330
g
g Table A.2. ECI ($/ft*/yr) remaining after 90.1-2013, by building type and detailed end use

Light.Int Light.Ext SHW Heat Humidfy Cool Hi.Rej Fans HiRcvy Pumps Refrig Elevaior Txfmr Egquip Cook IT Total
Sm Office 0.238 0064 0094 0029 0.100 0.104 0.252 0.380
Md Office 0.175 0056 0013 0089 0.174 M5 0000 0.000 0088 0009 0313 0.962
Lg Office 0.196 0039 0010 0048 0037 0230 0023 0126 0006 003 0.109 0005 0307 0358 2023
Warehouse 0.170 045 0014 0060 0012 0019 0075 0395
Relail Siore 0432 0071 0035 0046 0.178 0215 0018 0.226 1221
Strip Mall 0.618 0090 0080 0.109 0.200 0.183 0.163 1443
Sm Hotel 0214 0M4 0127 0116 0.1 0.185 0.000 0.166 0.296 1336
Le Hotel 0.215 0055 0179 0093 0367 0151 0044 0017 0020 0223 0007 0205 0316 1893
Pri School 0274 0018 0025 0099 0216 0123 0032 0000 0047 0009 0362 0.104 1311
Sec School 0.252 0016 0042 0035 0.229 0111 0032 0007 0026 0009 0006 0.259  0.073 1096
Mid Apartment  0.094 0034 0322 0049 0.121 0.171 0.106 0.328 1226
Hi Apartment 0.051 0055 0113 0065 0.187 0003 0.186 0017 0054 0007 0.330 L115
Clinie 0.353 007§ 0028 0340 0076 | 0570 0261 0013 0011 0.448 0.576 3055
Hospital 0417 0024 0049 0306 0082 0299 0058 0345 0028 0064 0025 0295 0012 | 0632 0291 2.930
Fast Food 0.371 o177 [osz EER 0751 0762
Restaurant 0372 0173 10825 0816 0594 0.560 0002 | 0435
u.s. Weighted [JINSBESIN 0052 0032 o095 ooor [JONESN coos [ONEN o012 o007 ool ooes o003 [JERENN o084 0020 1330
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National Energy Cost Impact, by Building Type and End Use, U.S. New Construction

Table A.3 shows grouped national new construction energy cost impact results after Standard 90.1-2013; Table A 4 shows the detailed results.
Results in this section are weighted by prototype and climate zone based on 8.2 billion square feet of new construction. The numerical results
represent the contribution to national new construction energy cost and red shading indicates the greatest national impacts.

Table A.3. Million $/y-U.S. spend on new commercial building energy; after 90.1-2013

Light.Int Light.Ext SHW Heat Cool Fan.Aux Misec Equip Total
Office $252M $66M $53M $RIM $202M $115M $80M $593M $1.446M
‘Warehouse $235M $63M $19M $83M $16M $26M $104M $546M
Retail $132M $82M $109M $318M $380M $361M
Hotel $118M $26M 301M $35M $177M $113M $126M $255M $965M
Apt $124M $62M $279M $78M $219M $254M $109M $443M $1,568M
School $320M $21M $46M $71M $286M $192M $58M $477M $1,480M
Medical $246M $35M $24M $261M $308M $228M $257M $580M
Food.Sve $38M $18M $83M $111M $60M $68M $71M $379M $837TM
U.S. Weighted $2.177M $428M $678M $848M $1,596M $1.375M $702M _ $10=997M
i Table A.4. Detailed million $/y-U.S. spend on new commercial building energy; after 90.1-2013

Light.Int Light.Ext SHW Heat Hurmidify Refrig Elevator Txfmr  Equip Cook IT Cool Ht.Rej Fans Ht.Rcvy  Pumps Total
Sm Office $110M $30M  $43M  $I13M $117M $46M $48M $408M
Md Office $88M $28M $6M  $45M $44M  $5M  $156M $87M $22M $0M $0M $481M
Lg Office $54M $11M $3M  $I13M $10M $30M  $IM  $84M $236M  $63M $6M $35M $2M $8M $536M
Warehouse $235M $63M  S19M  $83M $104M $16M $26M $546M
Retail Store $90M  B4SM $58M $284M $225M $271M | $23M
Strip Mall $290M $42M  $3TM $5IM $7TM $94M $86M $676M
Sm Hotel $30M $6M $18M  $16M $24M $42M $27M $26M $0M $190M
Lg Hotel $38M $23M  $73M $38M $8M  $9IM  $3M  $84M  $129M $150M $62M $18M $7M $775M
Pri School $113M $TM $10M  $41M $20M $4M  B1SOM  $43M $89M $51M $13M $0M $541M
Sec School $216M $13M  $36M  $30M $22M  $8M 55M  $222M  $63M $196M $95M $27M $6M $939M
Mid Apt $57M $21M | B19SM  $30M $64M $199M $73M $104M $742M
Hi Apt $67M $4IM  $34M $48M $40M  $5M  $245M $139M $7M $138M $12M $327M
Clinie $128M $28M  HLOM  $123M $28M $162M $317M $206M $94M $SM $aMm $1,104M
Hospital $119M $IM $14M  $87TM $23M  $7M  §3SM $3M  B1SOM  $83M $85M $17M $98M $SM $18M $835M
Fast Food $18M $9M $33M  $6TM $47M $217M $36M $37M $463M
Restaurant $20M $9M $50M  $45M $24M $162M $32M $31M $0M $374M
All Buildings - 5428M  $678M  $787M  $6I1M  [PIZSM$S4TM SI6M 52,2600 $65IN $236M SIS66MY  $30M | $1224M | $95M $56M _ $10,997M
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Energy Cost Savings, by Building Type and End Use

Table A.3 shows grouped results and Table A.6 shows the detailed results. These results are for savings from Standard 90.1-2004 to 2013 and
are weighted by climate zone based on new construction. The percentages represent independent savings for each individual end use.

Table A.5. Percentage cost savings by end use and building type, 90.1-2004 to 90.1-2013 (% savings per individuoal end use)

Light.Int Light. Ext SHW Heat Cool Fan.Aux Mise Equip Total
Office 37.1% 504% 03% 422% 38.5% 23.7% 10.0% 5.5% 254%
‘Warehouse 36.0% 33.1% 32% 36.4% 46.3% 50.6% 2.0% 31.8%
Retail 24.0% 48.0% 5.1% 64.2% 50.1% 45.9% 04% 36.7%
Hotel 36.6% 25.0% 03% 56.5% 33.7% 452% 5.8% 4.4% 272%
Apt 6.7% 324% 0.1% 41.3% 20.2% 21.0% 6.3% 0.3% 14.2%
School 43.0% 47.1% 05% 58.1% 50.0% 52.5% 19.2% 8.7% 38.5%
Medical 16.8% 47.0% 08% 54.8% 33.1% 33.4% 3.3% 1.5% 26.0%
Food.Sve 59.5% 43.3% 0.7% 159% 34.5% 557% 21.6% 0.0% 21.7%
U.S. Weighted 30.9% 43.2% 1.0% 50.4% 41 4% 42.5% 8.6% 34% 29.0%
=
»~ Table A.6. Detailed percentage cost savings by end use and building type, 90.1-2004 to 90.1-2013 (% savings per individual end use)
LightInt LightExt SHW Heat Hurmudify Cool HtRej Fans HtRevy Pumps Refrig Elevator Txfmr  Equip Cook [T Total
Sm Office 35.6% 52.1% 02% 43.3% 50.2% 24.2% 85% 30.2%
Md Office 40.6% 53.6% 1.5% 52.0% 36.1% 30.9% 5.5% 49.5% 8.8% 31.6%
Lg Office 336%  30.9% |02% 42.2% [JECESGN 31.6% S48% 12.9% S6.7% 28% | 4.5% 9.1% 14.6%
Warehouse 36.0% 33.0% | 32% 364% 46.3% 50.6% 20% 31.83%
Retail Store 24.4% 46,7% 219% 73.7% 50.4% 54.4% 04% 38.1%
Strip Mall 23.3% 50.6% 8.3% 39.3% 49.3% 47.7% 04% 333%
Sm Hotel 35.4% 30.9% 0.1% 45.5% 30.8% 6.7% 3.6% T3% 213%
Lg Hotel 37.0% 23.2% 03% 60.0% 36.5% 44.0% 598% F.1% 17.5% 2.8% 45.6% 9.1% 28.5%
Pri School 41.6% 46.0% 35% 42.0% 45.6% 371% 379% 27% 10.0% 49.6% | 14.7% 32.6%
Sec School 437% 47.7% 0.1% 69.6% 51.7% 554% 574%  TI9% 2.1% 13.1%  48.5% 10.2%
Mid Apartment 8.5% 45.0% 0.1% 38.5% 36.8% 20.2% 3.6% 0.5% 13.2%
Hi Apartment 5.1% 23.7% 0.1% 42.9% 24.7% 220% 202% 33.7% 2.8% 42.5% 0.2% 15.1%
Clinic 17.5% 51.0% 12% 586% 50.1% 31.0% 36.9% 179% 2.0% 09% 27.0%
Hospital 16.0% 21.3% 06% 47.0% 6l.1% 388% 252% 34.6% 507% 21.9% 1.3% 40.6% 32% 24.6%
Fast Food 56.9% 43.6% | -0.1% 8.1% 32.1% 48.4% 21.3% 17.9%
Restaurant 61.6% 43.0% 1.2%  254% 37.1% 62.3% 22.0% 26.0%
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Appendix B

End-Use Energy Cost by Building Type

The following figures show the energy cost (ECI, $/ft/yr) for each end use on a separate graph with a
bar for each building type group. These figures show use after Standard 90.1-2013 and are weighted for
the building type across all U.S. climate zones. Energy cost savings from 90.1-2004 to 90.1-2013 are also
shown to indicate which building types have the highest energy cost intensity for a particular end use.
These figures also show the distribution of individual end-use costs by building type.
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Figure B.1. Interior lighting: 90.1-2013 vs. 90.1-2004; U.S. energy cost
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Figure B.2. Exterior lighting: 90.1-2013 vs 90.1-2004; U.S. energy cost
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Figure B.3. Service hot water: 90.1-2013 vs. 90.1-2004; U.S. energy cost
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Figure B.4. Heating: 20.1-2013 vs 90.1-2004; U.S. energy cost
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Figure B.5. Humidify: 90.1-2013 vs 90.1-2004; U.S. energy cost
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Figure B.6. Cooling: 90.1-2013 vs 90.1-2004; U.S. energy cost
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Figure B.7. Heal rejection: 90.1-2013 vs 90.1-2004; U.S. energy cost
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Figure B.8. Fans: 90.1-2013 vs 90.1-2004; U.S. energy cost
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Figure B.9. Heat recovery: 90.1-2013 vs 90.1-2004; U.S. energy cost
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Figure B.10. Refrigeration: 20.1-2013 vs 90.1-2004; U.S. energy cost
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Figure B.11. Pumps: 90.1-2013 vs 80.1-2004; U.S. energy cost
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Figure B.12. Elevator: 90.1-2013 vs 90.1-2004; U.S. energy cost
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Figure B.13. Transformer loss: 90.1-2013 vs 90.1-2004; U.S. energy cost
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Figure B.14. Cooking: 90.1-2013 vs 90.1-2004; U.S. energy cosl
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Figure B.15. IT: 90.1-2013 vs 90.1-2004; U.S8. energy cost
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Figure B.16. Equipment: 90.1-2013 vs. 90.1-2004; U.S. energy cost
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Figure B.17. Total: 90.1-2013 vs. 90.1-2004; U.S. energy cost
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Reducing Office Plug Loads through Simple
and Inexpensive Advanced Power Strips

lan Metzger Michael Sheppy Dylan Cutler
Member ASHRAE Member ASHRAE
ABSTRACT

A efffciency gatms are made in budiding Gebting and HVTAC systems, plig loags becore a greater perventage of bulding encryy swse and mist be
agdessed to weet energy goal. HVAC and lpbtmg systems ave targeted becastse they ave typically the bighest eneryy end e, but ply doad
rediction and control showld be conssgered as part of a comprebensive approach o energy redhiction.  In a minimally code comphant office building
Petg doads typrcally aveonnt for 25% of the lotal electricad load. In an witra-efficient office burlding, plug loads are typically one of the last end swses
Io be consickred for energy conservation and, as @ resull can accownt for more than 50% of the total electrical load (Lobato et af 2077) Pl
load efficiency strategies are different than other building efficiency strategies becavise they involve relatively small loads distributed thronghont a
rerlding. These loads typically move arommd m the building when office confimration changes are weads, so these loads may shifl between crowits
aver time Co vially availabik advanced power strips (APS) can be ssed to mitipate wasted eneryy Fom most plag loads and) in many cases,
can have a vetarn-on-investient of aptroscimately fwe years or fess. Tn recent technology demonstrations, data fom occpancy Ssensors tracking plig

doad reductions with occupancy bave shown enerpy-saving potentiol for both busmess and nonbusimess howrs. Ao, dense panel-level sub-metering
bas been wied o guantify whole-burlding recepiacle cirenst energy consumption, energy sovmgs, and vetwrn on mvestment jor the wholk burlding.
Receptarie-lfevel metering has been msed to show the plig load energy consumption of maobvidwal devices and workstations. Ths paper dociments the
Process (and resiits) of applymg agvanced power strips with varions control approaches.

INTRODUCTION

Advanced power strips (APS) have been tested in numerous demonstration projects and wide-scale deployments.
Basic mechanical schedule timers have been commercially available for a long time, while newer electronic, logic-based
controls have started becoming commercially available over the past three to five years. There are an abundance of APSs
that offer a variety of complexity, control strategies, data collection abilities, and costs. Some APSs come with a web-based
dashboard that allows users to implement and change control strategies, as well as look at the real-time energy consumption
of plug loads in their buildings. This centralized, web-based approach to plug load management is nowvel because
conventional plug strips typically have to be configured and controlled locally.

Plug load energy savings are achieved when the device is either transitioned to a low-power state, or it is de-energized
to eliminate the power draw. Both can be executed either manually or automatically. A low-power state is between a de-
energized state and a ready-to-use state, such as standby, sleep, hibernate, and “off” state with parasitic power draw. A de-
energized state is when electricity is not being provided to the dewice, such as physically disconnecting or unplugging the

power cord from an electrical outlet.

lan Metzger, Michael Sheppy, and Dylan Cutler are engineers at the U.S. Department of Energy MNational Renewable Energy Laboratory,
Golden, Colorado,

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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Commercially available APSs offer a variety of control approaches, including manual control, antomatic low-power
state, schedule timers, load-sensing, occupancy, and vacancy. This paper describes each control approach in more detail

and presents multiple case studies demonstrating plug load controls.

Manual Control

Built-in power buttons, shutdown procedures, or switched power strips are among the most common manual contrals
for plug loads. Switches, whether built into a device or on a power strip, provide a quick and easy manual method of
powering down electronics. Other devices, such as computers, may have a shutdown procedure that users must perform to
shut down the device. For some devices, manual control is the best or only method. The energy savings potential for this

type of control depends entirely on user behawior.

Automatic Low-Power State Control

Built-in automatic low-power state functionality, such as standby or sleep, can often be a very effective energy saving
approach. Idle time can be monitored by internal processes, causing the device to power down to a low-power state when
it has been idle for a given period of time. Automatic low-power states provide limited control but are often the most
accessible (and inexpensive) and effective when configured correctly. The prime example of this type of control is a
computer entering a “sleep” mode. One hurdle with low-power state control is ensuring that the information services
departments are enabling the appropriate settings and utilizing newly awvailable updating techniques (such as wake-on LAIN)

to enable both low-power states and effective business operations.

Schedule Timer Control

Certain devices are used during the same times each day or at regular intervals, causing them to hawve predictable load
profiles. Predictable plug loads can be effectively managed with schedule timers, which apply user-programmed schedules
to de-energize and energize the dewice to match its pattern of usage. A schedule timer control can take multiple forms,
such as electrical outlet timers, power strips, or centralized circuit controls. Schedule timer controls are generally

straightforward, consistent, and reliable, but target only the energy that is wasted during nonbusiness hours.

Load Sensing Control

A device, such as a computer, may operate in conjunction with other devices, such as a monitor or other peripherals.
Load-sensing control automatically energizes and de-energizes secondary devices (e.g., monitor or other peripherals) based
on the “sensed” power load of the primary device (e.g., computer). If the primary device goes into a power state below a
given threshold, the load-sensing control can power down the secondary devices. Load-sensing control may save more
energy than scheduling control because it can reduce energy use during business and nonbusiness hours. However, it is a

more comples: control approach and relies on the built-in automatic low-power state functionality in the primary device.

Occupancy Control

Plug load energy savings are accomplished when devices are de-energized or transitioned into a low-power state when
not in use, which for many instances, can be determined by whether or not the occupant is in the vicinity of the dewice.
Occupancy control energizes plug loads only when users are present and de-energizes them when the space is vacant. This
approach pinpoints the main source of wasted energy at workstations and has a high energy savings potential because it
reduces energy use during business and nonbusiness hours. However, it is a more complex control, and depends on proper

sensor placement and sensitivity.

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications. 2

Page 271

Page: 4

- Reducing Office Plug Loads through Simple and Inexpensive Advanced Power Strips.pdf

Mod_10085_Text NREL



EN10085Text Modification

Vacancy Control

Currently, vacancy control is not commercially available for plug loads but is commonly implemented in lighting
controls because it effectively reduces energy. Vacancy control is a slight modification to occupancy control; it energizes a
plug load when it receives manual input from a user and de-energizes the plug load automatically based on lack of
occupancy. Flug loads that are needed only when users are present (e.g, task lights, monitors, and computers) would be
good applications of wacancy control. This approach also has the highest potential for energy savings at workstations
because the plug load will stay in a de-energized state until a user manually energizes the device, thus eliminating the wasted

energy associated with false positives.

OCCUPACY CONTROL CASE STUDY

A demonstration project of plug load occupancy control was conducted at the U.s. Environmental Protection Agency
(EPA) Region 8 Headquarters located in Denver, Colorado, from February 2011 to June 2011, This research study wwas
undertaken in an effort to identify effective ways to reduce plug load energy. A centralized occupancy control approach
was implemented on a sample of 126 occupant workstations in the building, to de-energize circuits feeding groups of six or
eight cubicles. An automated energy management system de-energized the circuits when all cubicles in a group were
unoccupied for a given period of time. This demonstration project also examined the influences of behawvioral change on
plug load energy consumption, which is not discussed in this paper.

A four-week baseline was established to quantify normal operating conditions. Occupancy controls were enabled to
de-energize plug load circuits after 15 minutes of no occupancy in a group of cubicles. Energy sawvings of the occupancy

controls were quantified by comparison to the baseline.

Energy Savings Results

The study found that the occupancy control was an effective method for reducing plug load energy consumption.
Figure 1 shows workstation occupancy rates were found to be significantly less than building occupancy rates, contributing

to the high energy sawings potential of occupancy controls during business hours.

Comparison of Average Workstation and ASHRAE Occupancy Profiles
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Figure 1 Comparison of the average workstation occupancy rates observed during the demonstration project

compared to the ASHRAE occupancy profiles for buildings. (Credit: Ian Metzger, NREL)

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications. 3
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The measured occupancy tates of approximately 50% duting business hours confirm that control devices with the
ability to track occupancy will hawe a higher energy sawing potential at workstations. Other studies conducted by the U.5.
General Services Administration (GSA) show that occupants are only at their workstations approximately 30% of the day
during business hours. Energy savings for the occupant controls relative to the baseline for the 126-person test group are

presented in Table 1.

Table 1. Occupancy Control Enerc_]y Savings Results

Plug Load Control Approach Percent Energy Reduction from Baseline

Occupancy Control 21%a

Energy savings were found to be significant during both business and nonbusiness hours. Occupancy control wwas
found to hawve higher energy sawings than the behawioral change methods examined in the demonstration project. It is
important to note that only workstations were examined in this demonstration project. Shared equipment in common areas
(e.g., kitchens, break rooms, print rooms, conference room, etc.) were not included in this study. Higher energy sawings are

conceivable if all office plug loads are controlled appropriately.

Lessons Learned

Collecting occupancy data can be a sensitive issue, which may require protocols to be followed that would ensure
occupant anonymity could be maintained. Anonymity is typically required for field research and should be included in
dashboard interfaces for displaying data.

Installation of the control and submetering system took longer and was more costly than expected. The wired
installation of the control system and communications were very cumbersome and complex. Wireless communications and
controls with “plug and play™ installation are expected to have less complexity, are quoted at lower costs, and are currently
commercially available. However, wireless communication reliability can be an issue and cyber-security at federal facilities
will be a hurdle for all dashboard and data storage submetering systemns. [t is often more efficient to set up an independent
wireless network for the submetering system.

Developing the appropriate plug load management process can have a significant influence on the success of energy
reduction goals. This may include behavioral change mechanisms, control systems, or other policies. Establishing a
program champion, developing a business case, benchmarking, identifying occupant needs, selecting equipment, controlling
equipment schedules, institutionalizing reduction measures, and promoting occupant awareness can all be critical steps in
the process.

SCHEDULE TIMER AND LOAD-SENSING CASE STUDY

A demonstration project of plug load schedule timer and load-sensing control with APS was conducted by GSA’s
Mid-Atlantic Region. According to several energy assessments of GSA’ buildings conducted by the National Renewable
Energy Laboratory (INREL), plug loads account for approzimately 21% of the total electricity consumed within a standard
GEA office building (Metzger et al,, 2012). This project tested the effectiveness of two types of plug load control strategies:
schedule timer control and load-sensing control.  An APS that provided both control approaches and submetering wwas
deployed in seven GSA field offices.

This study aimed to measure the holistic energy consumption of an office, including shared equipment and common
areas, such as break rooms and print rooms. Owerall, 295 devices were monitored during the study, which consisted of a
baseline and two subsequent test periods, each 4 weeks long,

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications. 4
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Energy Savings

The study found that the schedule timer control was an effective method for reducing plug load energy consumption
in all space types, but most notably in the common areas, such as print rooms and break rooms. Table 2 shows the energy

savings from schedule timer controls for different space types in a typical office environment.

Table 2. Schedule Timer Control Energz Savings Results by Space Type

Space Type Percent Energy Reduction from Baseline
Workstation 26%0
Print Rooms 50%0
Break Rooms 4650

Load-sensing control was only found to be moderately effective at reducing plug load energy consumption. The low
energy saving results ab workstations was attributed to the fact that GSA computers were being controlled by a centralized
computer power management system. Computer power management is an example of automatic low-power state control.
This centralized systern was already putting computers and monitors into low-power states, therefore limiting the energy
savings potential for this demonstration project. It should be noted that this can be a low/no-cost measure that, propetly
implemented, can effectively control computer power consumption. Table 3 shows the energy savings from load-sensing

control for different space types in a typical office environment.

Table 3. Load-Sensing_; Control Energy Savings Results by Space Type

Space Type Percent Energy Reduction from Baseline
Workstation 4%

Frint Rooms 3250

Break Rooms MN/A

Lessons Learned

Although schedule timers were found to hawve higher energy savings, they were only able to achieve energy savings
during nonbusiness hours. In contrast, load-sensing control was able to achiewe energy sawings during both nonbusiness
and business hours, but relied on good occupant behavior or the proper computer power settings to put the computer in
sleep mode. In general, schedule timer and load-sensing controls are effective in saving energy for office equipment and can
be economical if applied properly. The deployed APS had a manufacturer’s suggested retail price (MSRF) of $120 per plug
strip. Howewer, there are adwvanced plug strips on the market that incorporate these technologies and have an MSRP of
approximately $20 to §60, although these less expensive APSs typically do not provide submetering capability.

Submetering data are wvaluable in spotting wasted energy use, informing the future procurement of low-energy
equipment, and identifying equipment that is behaving erratically (which is often a precursor to equipment failure). These
data are also waluable to building energy modelers, allowing them to more accurately model plug loads in a building,
Howewer, the increased cost is typically not economical unless data are actively managed by onsite personnel. It was
difficult to set the load threshold for some equipment, such as computers and monitors. The complexity of the load-sensing
control resulted in instances where the equipment was being de-energized when the occupants needed them to be
energized. Occupant feedback indicated a lack of training/instruction with the devices leading to limited understanding of
their operation in some instances. Schedule timer controls are simple and easy to understand for users, which led to larger
energy savings in this study. Load-sensing control 1s more complicated and difficult to understand, leading to complaints
and disabling in some instances, which resulted in limited energy savings. More detailed training and maintenance could

hawve made load-sensing control more effective.
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INEXPENSIVE SCHEDULE TIMER CASE STUDY

A demonstration project of simple inexpensive schedule timer control with APS was conducted at an office building
in Honolulu, Hawaii, from November 2012 through May 2013, The deployed APS could only be controlled lacally, each
device had to be programmed individually, and no built-in submetering capability existed. Therefore, the programmed
schedule timer control was set to be more conservative to accommodate the schedules of different users. This project
tested the effectiveness of schedule timer control deployed on a whole building rather than a small sample size as in other
demonstration projects. APSs were deployed throughout the entire building, capturing all plug loads.

This study almed to measure the whole building energy consumption of office plug loads using dense panel-level
submetering and calculated energy savings associated with inexpensive schedule timer controls. A total of 689 plug load
devices were monitored during the study, which consisted of baseline and test periods, each 4-6 weeks long,

Energy Savings

The study found that the schedule timer control is an effective method for reducing plug load energy consumption in
all space types and for all occupant types. Plug loads at the demonstration building are estimated to account for
approximately 22% of the whole building energy consumption. Figure 2 shows the whole building plug load average daily
usage profile, comparing the baseline to the schedule timer control. Energy savings are achieved only during nonbusiness
hours. Some wvariation is observed during business hours, which is not attributed to the control devices but an indication
that occupant behavior varied between the uncontrolled and controlled phases of the project. Occupancy and behavior are
uncontrolled variables; howewer, occupancy data was collected and used to normalize the energy data in an attermpt to

remove the variability between the two phases.

Average Daily Profile — Overall Plug Loads
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Figure 2 Baseline and APS schedule timer control plug load energy consumption profiles. (Credit: Michael Sheppy,
NREL)

Energy savings were analyzed by space type to identify applications with the highest energy sawings, for prioritized
deployment. Figure 3 shows the energy savings by space type. Print rooms, open offices, and hallways were found to have

the highest energy savings.

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications. 6
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Energy Savings By Space Type
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Figure 3 Energy savings by space type. (Credit: Michael Sheppy, NREL)

Measured data was extrapolated to predict annual energy savings using eQUEST energy simulation software
developed by the U.S. Department of Energy. Reduction in plug load energy consumption is expected to reduce the energy
required for the air conditioning system. Table 4 shows the modeled energy savings from schedule timer controls for

different energy systems.

Table 4. Schedule Timer Control Energy Savings Results by Space Type

Energy System Type Percent Energy Reduction from Baseline
Flug Loads 28%
Air Conditioning 5%
Whole Bullding 8%

Lessons Learned

Simple and inexpensive schedule timer APSs can be effective in whole building deployments. However, schedule
timers are unable to capture energy savings during business hours when occupants are not at their workstations. These
devices are easy for the occupants to understand and operate, resulting in higher acceptability in wide-scale deployments.
Schedule timer APSs are typically inexpensive, approximately $20 or less MSRP, and can result in payback periods of less
than 2 years if applied properly.

CONCLUSION

Advanced power strips with wvarious control approaches are commercially available and have been proven to save
energy. Howewer, selecting the appropriate control approach is critical to achiewing maximum energy savings. Different
equipment types require different control approaches. For example, control approaches that track occupancy, such as load-
sensing, occupancy, and vacancy controls, should be applied to equipment found at workstations, such as computers,
monitors, and task lights. Schedule timers should be applied to shared equipment, such as printers, coffee makers, and
water coolers, but can also be effective at workstations as an alternative to automated computer power settings. However,

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications. 7
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it is also very important to understand the built-in capabilities of a device, such as automatic low-power states, and how the
built-in capabilities may interact with the control approach (e.g, load-sensing). In all cases, it is important for the occupant
to understand the purpose and opetability of any APS. Therefore, education is paramount when considering the
deployment of advanced power strips.

Potential barriers for AFSs include: occupant acceptance, communications, lack of personnel time for analysis, and
complex controls in some instances. These devices may require operation and maintenance to update controls, manage
data, and troubleshoot incorrect operations and communication failures on a regular basis. All control strategies should
provide manual override to accommodate atypical times when a plug load device would not normally be in use (e.g., using a
device outside normal business hours). AFSs may create a parasitic load, which must be included in the analysis of total
costs savings potential.

Thete is the opportunity for significant energy savings through appropriate deployment of APSs. These savings can
achieve very attractive returns on investment due to the low cost of certain APS devices. This has been proven with
schedule based control in two case studies discussed here. There is significant opportunity for mare precisely tuned control
of'the plug and process loads utilizing occupancy or wacancy control, but a commercially available system that accomplishes
this effectively (both in effort and cost) has not been perfected.

Sub metering data are valuable in spotting wasted energy use and identifying equipment that is behaving erratically, but
the increased cost is typically not economical unless data are actively managed by onsite personnel. A more effective
feedback loop to the end users than the currently available web dashboard approach will be necessary to achieve higher
levels of savings for submetering,

Research has been conducted on appropriate control approaches for different types of equipment and published

resources are available, such as Assessing and Reducing Plug and Process Loads in Office Buildings (NREL, 2012} and

Selecting a Control Strateoy for Plue and Process Loads (Lobato et al, 2012}, These documents provide a methodical

approach to assessing and determining the appropriate control mechanism for different plug loads. Selecting the
appropriate control approach and considering lessons learned from the presented case studies will help to make future

deployments more effective and increase plug load energy reduction in office buildings.
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INREL

RENEWAHLE ENERGY LABORATORY

B wners | Energy Managers

Assessing and Reducing Plug and
OFFICE BUILDINGS Process Loads in Office Buildings

Overview

Plug and process leads {(PPLs) account for 33% of U.S. commerdial building electricity censumpticn (McKenney et al. 2010). {See Figure 1)
Minimizing these loads is a significant challenge in the design and operaticn of an energy-efficient building. Lobato et al.{2011) and Lobato
et al. (2012} define PPLs as energy loads that are not related te general lighting, heating, ventilation, cecling, and water heating, and that
typically do not provide comfort to the occupants. The percentage of total building energy use frem PPLs is increasing. According to the U.S.
Department of Energy (DOE}, by 2030, commerdial building energy consumptien is expected to increase by 24%; PPL energy consumpticon is
anticipated to increase by 49% in the same time frame (DOE 2010). These trends illustrate the importance of PPL energy reduction te achieve
an overall goal of reducing whele-building energy consumpticn.

Lighting
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22% y Fh
Cn-Site
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Figure 1. PPLs account for 33% of the total energy consumed by commercial buildings. Graph by Chad Lobato, NREL; Data source: DOE (2010)

Using the process and strategies outlined in this brechure, the U.S, £140,000
Department of Energy’s Naticnal Renewable Energy Laboratary

{NREL} was able to drastically reduce its PPL energy usein the $120,000 -
Research Suppeort Facility (RSF). NREL's previcus office space PPLs

used nearly 2,257,000 kWh/year; after implementing these PPL £100,000 | ket
strategies, the RSF used 1,290,000 kWh/year (see Figure 2). AtNREL's T

utility rate of $0.06/kWh, thereis an annual cost saving of $58,000. % -
This “guick start guide” will help building owners and energy §_
managers reduce PPL energy use in their fadilities. This brochure g' £50.000 -
provides an overview of PPLs in office buildings and describes the %

process and strategies needed to cast-effectively reduce their energy é -
impact. It packages extensive PPL research into an easy-to-use set of ‘
instructions and provides guick references to useful tools, websites,

and databases. Itisalscintended to guide the procurement of §20.000 7
new egquipment that incorporates strategies and technologies to

significantly reduce energy consumption. 0

Before After

Figure 2. A 43% reduction in PPL energy use saves $58,000 annually.
Groph by Chad Loboto, NREL

NREL is a national laboratory of the U.5. Department of Energy,
Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.
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Plug and Process Loads Reduction Process

Plug and Process Loads Reduction Process

Step 1: Establish a Plug and Process Load Champion

The first step in addressing PPLs is to establish a PPL champion {or
a team of champicns) to initiate and help with the process. This
persan needs to understand basic enargy efficiency opportunities
and design strategies and be able to independently and objectively
apply cost justifications. He or she must be willing and able to
critically evaluate, address, and influence the building’s operations,
institutional pelicies, and procurement processes.

Historically, PPLs have not been targeted as an energy consumer
such aslights or HVAC, and are considered a function of the
building—in some ways, something you cannct de anything about.
There are huge cpportunities in understanding and managing these
loads. Not only de they save energy directly, but cocling energy

is also saved by not removing the heat generated by PPLs. PPLs

are often specified by many parties, se equipment and efficiency
strategies are rarely handled by one decision maker. The champion
will make sure that all decision makers are on the same page about
PPLs and that their decisions save energy and integrate well with
other building systems.

Step 2: Institutionalize Plug and Process Load
Measures

The day-to-day energy efficiency of any building depends largely

an the decisicns of occupants, facility managers, and owners, all

of whom play key reles in whaole-building energy consumption.
Therefare, one key step in reducing PPL energy useis to
institutionalize PPL measures through procurement decisions and
policy programs (refer to ENERGY STAR® for guidance). To do this,
the champion must identify decision makers whe can instituticnalize
pragrams based on identified PPL efficiency measures. Policies must
be improved as needed to stay current with technelogies.

Step 3: Benchmark Current Equipment and
Operations

For a building that is representative of multiple buildingsin a
portfolia, the benchmarking process is required for anly one
building. The applicable strategies can then beimplemented across
the portfolic.

Step 3a: Perform a Walkthrough

Abuilding walkthrough to identify and inventory PPLs will establish a
benchmark of current equipment and cperaticns. You can download
a workbook to help in the inventory process and to estimate PPL
energy use and costs. In this workbook, use the sheet named “Cffice
PPL Inventory” to inventory the PPLs in your building. Use the sheet
named "Office PPL Calculater” to determine which PPL strategios will
offer the greatest savings in your building.
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The champion will assess all PPLs, noting the various types of
aguipment and the guantity of each type. The champicn needs to
identify PPLs that are common throughout the building, and thase
that are present in limited quantities. At this stage, the champion will
also engage the PPL users ta learn how and why each device is used,
and if the device is critical te health, safety, or business operations.

Frank et al. (2010) provided a detailed example of how a PPL
walkthreough is conducted.

Step 3b: Develop a Metering Plan

A metering plan identifies energy-saving strategies by gquantifying the
energy use of PPLs. Such a plan saves time and meney because only

a representative sample of commean items needs to be metered. For
example, if every cubical has the same type of monitor, anly a small
sample needs to be metered. The PPLs that are present in limited
guantities, that have unknown use pattemns, or that are otherwise
unigue sheuld all be metered if possible. The metering can be carried
out, in part, with many commercially available PPL power meters. If
metering is possible, the collected data can be used to understand
when equipment is operated and highlight oppoertunities to turn

off the equipment when itis not needed. If metering is nat possible,
either because the PPLs are hard-wired to the electrical system or
because their voltage and current requirements are too great, you can
download a workbook or refer to ASHRAE {2009}, to estimate in-use
power draws. You can then multiply an estimate by the haurs of use
to derive an estimate of actual enargy use.

Anather part of the metering plan is to identify PPLs that cannat be
de-energized. Some PFLs cannot be de-energized because of:

®  Health and safety concerns

® Interruptions to business operations

®  Reductionsin sales

®  Shutdewn procedures

®  Reconfiguration requirements on startup.

Ifthe PPL cannct be de-energized, use the workbook or ASHRAE
{2009} to estimate the device’s in-use power draw.

Step 3¢ Select a Plug Load Power Meter

Many meters are commercially available to measure plug lcads. A
meter should have the following features:

®  Ability to measure and lag one week of electrical power
{Watts) data. This offers a more accurate picture of energy use
compared to a meter that provides only instantanecus readings.

®  Sampling interval of 30 seconds

®  Designed for the type of circuit to be metered fe.q., 120 Volt,
15 amp, 60 Hertz)

®  Ability to accurately meter loads of 0-1800 W
®  External display

® Internal clock that timestamps each data point
®  Underwriters Laboratories listing

®  Ability to download stored data.
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Plug and Process Loads Reduction Process

Step 3d: Meter the Plug Loads
The steps to execute the metering plan for a given plug load are:

1. Assurethe users that the purpase of the metering effortis to
gather data about the building’s energy perfermance, and not
to monitor their personal or business activities.

2. If abusiness function will be interrupted by installing the meter,
censider waiting until nenbusiness hours te do so.

3. [If applicable,install any necessary computer software so the
meter can be cenfigured and the measured data can later be
downloaded and analyzed.

4. Set up the meter to measure electrical power at a sampling
interval of 30 secands, if possible. Intervals as long as 15 minutes
are acceptable. If necessary, clear the memery on the meter and
go through any other initial setup, such as setting the date and
time.

5. Power down and unplug the device to be metered, plug the
device into the meter, plug the meter into an outlet, and power
on the device.

6. Meter the device all day, every day for at least cne entire work
week. Time and budget permitting, meter for longer pericds
for more accurate annual energy use estimates and to capture
seasonal use patterns.

7. Download the metered data for analysis. Calculate the average
load during business and nonbusiness hours.

Step 4: Develop a Business Case for Addressing
Plug and Process Loads

Ta gain buy-in from all parties involved, the champion must develep
a business case that justifies measures ta reduce PPLs.

In mast projects, the initial business case is based an energy cost
savings. Energy savings alane may not be sufficient to justify the
mest efficient PPL reduction strategy, so nonenergy benefits should
be highlighted. For example, itis often difficult to justify purchasing
low-energy laptop computers with energy cost savings alone.
Laptops can be justified, however, because they enable users to work
fram home and to take their computers on travel. If mobility is not
necessary, mini-desktaps are available that have the efficiency of
laptops without their added costs and security concerns.

Ancther example is centralized multifunction devices (compared to
individual printers, copiers, and fax machines), which have reduced
costs for maintenance and supporting unigue toner cartridges.
Minimizing, centralizing, and standardizing document services
greatly simplify the implementation of rebust standby power
configurations and significantly lower service costs. Moreover,
volatile erganic compaounds fram the printer teners can be isolated
ta a few capy rooms with dedicated exhaust to improve indaar air
guality. Depending on the building layout and functicn, as many
as 300 printers can be replaced with as few as 20 widely distributed
multifunction devices.
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Step 5: Identify Occupants’ True Needs

Identify occupants’ and institutional true equipment needs. Atrue
need is required to achieve a given business function; a perceived

need is often based on past experience without consideration for

mare efficient strategies to accomplish the same function.

To reduce PPLs, the champicn must understand what the occupants
preduce as part of their jobs and what tocls they reguire. He or
she must be diplomatic encugh to help them do their jobs energy
effidently without making them feel that the purposes of their
jobs are being questioned. This can be challenging, because every
accupant, including those working in sensitive operations {e.g.,
security, infermation technolagy, upper management), should

be accounted for. Determining occupant needs will reveal any
nanessential eguipment. A business case should be made for
continued use of this equipment; otherwise, it should be remowved.
Exceptions can be made, especially for equipment that preserves
cccupant health and safety.

Certain PPLs may not be true needs, but are highly desirable. For
these, the champicn will need to work to meet the need with a
shared, centralized piece of eguipment and reduce or eliminate
personal devices. For example, a shared, centralized coffee maker
can meet employee demand and eliminate numerous persanal
coffee makers.

Step 6: Meet Needs Efficiently

Once the list of true needs is determined, each must be met as
afficiently as passible. You should research the ENERGY STAR and
EPEAT® databases to find energy-efficient equipment; however,
these alone will not maximize cost-effective energy savings.
Nonrated equipment should be researched to find the most efficient
madel. This will require the champion to work with equipment
manufacturers and suppliers to determine the available opticns.
Once amedel is selected, it should be tumed off when not in use, if
possible.

A significant fraction of many PPLs’ energy use is from parasitic loads,

which is the power draw when a device is not performing useful
work. Parasitic loads result in wasted energy, even if the equipment
is energy efficient.
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Plug and Process Loads Reduction Process

Step 7: Turn It All Off

Office buildings are unoccupied for two-thirds of the year. A key

step in any PPL reduction program is to reduce energy use during
nanbusiness hours, as it is generally wasted. Figure 3 showsa
camparisan between measured daily energy consumption for an
ENERGY STAR-rated ice machine before and after timer centrol

was implemented. Nearly $150/year was saved by installing a $20
electrical cutlet timer—and the users still had all the ice they needed.

For detailed information about how to contrel PPLs, refer to

Lobato etal. (2013,

M Uncontrolled Ice Machine
M Tirner Controlled Ice Machine

Daily Energy Consumistion (KWwh}

Sunday  Monday Tuesday Wednesday Thursday  Fiday — Saturday

Figure 3. Ice machine daily load praofile. Graph by Chad Lobato, NREL

Step 8: Address Unique Plug and Process Loads

Seme equipment is not specified by building owners or employees.
For example, cutside contractors or vendors typically control food
service areas, but the building owner covers their energy costs. For
such situations, the owner should contractually reguire or provide the

mast efficient eguipment available. Refer to ENERGY STAR and EPEAT

for efficient aptions.

Energy-effident gym eguipment and ATMs may not be available and
may be restricted from being turned off. These particular PPLs should
be addressed on a case-by-case basis with the manufacturers to
identify any passible sclutions.

Step 9: Promote OQccupant Awareness

A crucial step in reducing PPL energy use is to promaote employee
awareness of efficiency measures and best practices. Figure 4 is an
example of a sticker that could be placed on computars and menitors

Strategies

to remind employees to turn off their equipment when it is not being
used. Employee awareness can come in such forms as:

®  Training
® Informational letters

®*  Emails
®  Signage
*  Videos

®  Periodic reminders or updates.

Step 10: Address Plug and Process Loads
{Design Team)

New construction and retrofit projects bring acdditional PPL reduction
opportunities that the design team should address. The champion
should work with the design team to question standard specifications,
operations, and design standards that limit energy savings opportunities.
One key role the design team plays in reducing PPLs is maximizing space
efficiency, which increases the ratio of occupants per building area or
piece of equipment. Increasing space efficiency decreases areas of
dense PPLs, such as break rooms, common print areas, and cafeterias.
Equipment in these areas is more efficiently used, and PPLs are reduced.

The design team has the opportunity to further reduce energy use

by integrating PPL control strategies into the building’s electrical
system. Early in the design phase, the design team can build features
into the electrical system to control the outlets at workstations and in
common areas. Thisstrategy can be as simple as installing switches,
vacancy sensors, or timed disconnects for outlets, or as sophisticated as
controlling outlets through the building management system.

The design team is typically responsible for specifying equipment such
as elevators and transformers. The stairs should be designed to be as
inviting and convenient as possible so employees want to use them.
Elevators should then be carefully scrutinized to find the most efficient
model. Someimportant features are reduced speed, occupancy-
controlled lighting and ventilation, and smart scheduling.

The design team is also responsible for process cooling systems in areas
with concentrated plug loads, such as information techinology closets.
These systems should use, where applicable, economizers, evaporative
cooling, and waste heat recovery.

L CPLEASE

POWER OFF ‘|

WHEN YOU ARE OFF  “we%

»

Figure 4. Sticker used at NREL to premote occupant awareness.
fustration by Marjorie Schott, NREL

The following best practices should be implemented to cost-effactively reduce PPL energy use without sacrificing functionality. When the

fallowing strategies recammend eguipment replacement, refer to ENERGY STAR and EPEAT for energy-efficient aptions.

Note: The savings shown in the following strategies assume a utility rate of $0.10/kWh and an operating schedule of 10business hours/day.
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Strategies

Break Rooms and Kitchens

Refrigerators

For refrigerators in break rooms and kitchens, implement the

following:

O FRemove underused refrigeratars to save $40-$80/year/
refrigerator.

Replace aging, inefficient refrigeraters with the most efficient
compliant refrigerators to save $40/year/refrigerator.

O consolidate multiple mini-refrigerators into a full-size
refrigerator to save $35/year/mini-refrigerator.
O

Replace glass door refrigerators with similarly sized solid door
refrigerators to save $60/year/glass door refrigerator.

Small Kitchen Appliances

[0 Upgrade items such as coffee pots, toasters, and microwaves
with units that have limited parasitic loads from light-emitting
dicde (LED} lights or displays to save $1/year/item.

[0 Control these itemns with electrical outlet timers so they are
powered down during nanbusiness hours ta save $3/year/item.

Workstations

Vending Machines

Vending machines have an approximate energy cost of $350/year/
refrigerated machine. Implement the fellowing strategies to reduce
vending machine energy consumpticn:

[0 Remove underused machines to save $350/year/machine.

Replace aging, inefficient vending machines with the most
efficient equipment to save $150/year/machine.

Remave the display lighting to save $65/year/machine.

O

O

O Implement aload-managing device (Deru et al. 2003} to save
$95/year/machine.

(|

Set contractual reguirements for vendors to use only delamped,
energy-efficient vending machines that have a lcad-managing
device preinstalled.

Drinking Fountains

[0 Disconnect ar remave drinking fountain coclers and bottled
water coolers.

[0 Replace aging drinking fountains anc bottled water coolers with
noncaoled drinking fountains to save $55/year/cooler.

Workstations represent a significant fractien of office building PPLs and everall building energy use. Figure 5 is an example of a low-energy

workstation.

Computers

O Replace standard desktop computers with miniature deskrop,
laptap, or thin dient computers ta save as much as $60/year/
computer.

[0 Disable screensavers and enable computer power management
settings to save as much as $50/year/computer with use of the
computer management features (ENERGY STAR 2011}

O Configure computers so users can manually trigger standby or
sleep mode via:

O The computer power button

0 Thelaptop docking station power butten
O Designated keyboard buttons

O Astandbyicon onthe computer desktop
O other external standby triggering devices.

Monitors

O Replace aging menitors with LED backlit liquid crystal display
{LCD) monitors to save as much as $13/year/monitor

{Lobato et al. 2011).

Task Lights

O FReplaceincandescent or fluorescent-tube task lighting with
efficient compact fluorescent lamps (CFLs) or LED task lighting
ta save $15/year/task light.

Page 282

Pheones

O PReplace standard phones with low-power (2-W maximum) voice
aver Internet pratecal (VolP) phones ta save $10/year/phone.

Power management
surge protector

6-W LED
task lights

'm = 30-W laptop

LY
computer
)

2-W VoIP
phone

Figure 5. Diagram of an example low-energy workstation.
fustration by Motthew Luckwitz, NREL
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Strategies

Printers, Copiers, Scanners, and Fax Machines
O cConsclidate multiple personal devices into a single
multifunction device to save $8/year/personal device.

[0 Enablethe power option settings on the multifunction devices
to gointo standby after 15 minutes of idle time.

Vertical Transport

Elevators

Elevator car lighting and ventilaticn are typically powered whether
or not the car is occupied.

O Control elevator lighting and ventilation with occupancy sensors
to save as much as $100/year/elevator.

Stairs

Building cccupants sheuld be encouraged to use stairs to reduce
energy use and improve health.

Small-Scale Food Service Areas

As with the break reoms and kitchens, replacing aging, inefficient
eguipment with the most efficient ENERGY STAR equipment will
save energy. Food service areas present unigue challenges because
they are of ten outfitted and cperated by outside vendaors. It is
impertant to work with the vendor to supply energy-efficient PFLs
that meet their needs,

Refrigerators
O Remove underused refrigerators to save$40-$80/year/
refrigerator.

Replace aging, inefficient refrigerators with the most efficient
campliant refrigerators ta save $40/year/refrigerator.
Consclidate multiple mini-refrigerators into a full-size
refrigerator for a savings of $35/year/mini-refrigerator

Replace glass-door refrigerators with similarly sized sclid-door
refrigerators to save $60/year/glass-door refrigerator.

O o o O

Set contractual requirements for vendors te use only the most
efficient commercial refrigerators.

Nonrated Equipment

For equipment that is not rated by ENERGY STAR, or similar
arganizations, thase responsible for specification and procurement

Page 283

Parasitic Loads

O Implement power management surge protectors at work
stations 1o reduce or eliminate the parasitic lcads of equipment
during nenbusiness heours.

O For detailed information about how to control PPLs, refer to

Lobato et al. (2012},

Escalators

Escalaters generally operate continuously during business hours, and
in some cases cantinuously during noenbusiness hours.

O Control escalators so that they operate only during business
hours or when needed to save as much as $900/year/escalator.

should work directly with manufacturers to determine the mast
efficient option. Many manufacturers offer low-energy eguipment
options.

Small Kitchen Appliances

[0 Upgradeitems such as coffee pots, toasters, and microwaves
with units that have limited parasitic leads from status LED lights
or displays to save $1/year/item.

Control these items with electrical outlet timers so they are
powered down during nenbusiness hours to save $3/year/item.

Set contractual requirements for vendors to use only the most
energy-efficient items.

Parasitic Loads

Food service equipment can have large parasitic loads during
nenbusiness hours.

O Control equipment with electrical switches, or a similar method,
to easily disconnect power to all nonessential equipment during
nonbusiness hours.

O Setcentractual requirements for vendors that will ensure that
the eguipment is disconnected and powered down during
nonbusiness hours.
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Strategies

Conference Room Equipment

Conference rooms are subject to varying use schedules,

O Implement controls that discennect or tumn off equipment when
the space is unoccupied. Electrical cutlet timers can be used to
power dewn equipment during nenbusiness hours. Occupancy

Server Room Equipment

O Implementan uninterruptible pewer supply that has the
following features:

At least 95% energy efficiency
Scalable design

Built-in redundancy

End user serviceable

Sufficient uptime until the backup generator starts

Ooooooo

Meats the effidiency guidelines of the Server System

Infrastructure initiative, which sets cpen industry

spedifications for server power supplies and electronic

bays.

O loead the uninterruptible power supply so it operates at peak
efficiency.

Telecommunications Room Equipment

sensors can be used to disconnect power when the reoms are
unoccupied during business hours.

O Outfit the space with energy-efficient equipment. LED backlit
LCD televisions and energy-efficient projectors should be used
for display purposes.

Use energy-efficient power distribution units.

Use blade servers with variable-speed fans and energy-effidient
power supplies.

Implement virtualization scftware.
Implement a hot aisle/cold aisle cenfiguration.
Implement hot aisle containment .

Depending cn dimate zone, implement economizers and
evaparative cooling.

O OOOO OO

Capture waste heat from the servers for usein other areas of the
building.

NREL {2013) and Sheppy et al. (2011} provide moere details about
energy reduction strategies in server rooms and data centers.

Typical telecommunications rooms provide continucus power to all Ethernet switches and ports.

O Power these switches and ports based on occupant needs.

Additional Strategies

For office buildings that have large file storage needs, moterized
compact shelving units should be replaced with manual hand crank
campact shelving units te save energy.

Management policies should be implemented to address PPLs. These
policies should minimize or eliminate the use of personal electronic
eguipment {coffee makers, fans, heaters, mini-refrigerators,
decerative lighting, etc.} at the workstaticns. The pelicies should
establish a standardized list of the energy-efficient eguipment to be
used in the building. They shauld provide a process for addressing
atypical circumstances that may warrant what would otherwise be
excessive PPL energy use.

For items that have not yet been addressed, refer to Lebato et al.
{2011b) for the process required to power down PPLs when not
inuse. Iltems such as loebby displays, ice machines, and exercise
eguipment can be effectively controlled by cemmercially available
control devices. The devices should be configured so the eguipment
is powered only during business hours.

For new constructicn and extensive retrofits, itis good practice

to aggregate plug loads onto dedicated electrical panels. With
dedicated plug load panels, the circuits can be integrated with the
building control system to turn off all plug loads during nonbusiness
hours. These panels alsc allow for easy energy submetering, which
can be used to develop a building PPL energy use display system that
canh provide feedback to the building cccupants.

Recommended Plug Load Energy Reduction Strategies for Office Buildings

Shown on the following page is a sample of the warkbock available

for download in full as an Excel file. It will help you identify potential
energy savings by reducing plug loads.

For each strateqy listed, answer the guestion *Is your building doing
this?” If your response is “No” for any strategy, fill out the adjacent
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cells to the right to determine the total approximate savings that the
given strateqy could yield in your building. Strategies that are listed
withaut savings numbers are highly variable depending on the office
building being assessed.

7
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Strategies

Is your building doing

[f you answered "NO)" enter the quantity for each piece of equipment below to

this? determine the approximate savings in your building.

Equipment

» Break Rooms and Kitchens

400 kWh/ year for every

Remove underused refrigerators |:|

Replace aging, inefficient refrigerators

with cne of the most efficient, full-size |:|
ENERGY STAR® refrigerators for every

60 people

400 kWh/ Year for every

inefficient refrigerator that is replaced

Consolidate persenal mini-
refrigerators into a full-size shared I:l
refrigerator

350 kWh!yea I' for every mini-

refrigerator that is removed

O o O

600 kWh Iyear for every glass-

door refrigerator that is replaced

O o 0o O

[

Replace glass-door refrigerators with I:l
similarly sized solid-door refrigeraters

Potential Energy Savings per Piece of

underused refrigeratar that is remaved

Potential Annual
Savings for Your
Building (kWh)

Quantity in Your
Building

NOTE: Potential energy savings are based on an assumption of 10 hours of aperation per work day
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CRT

CPU

ICS

ILFS

LBNL

LCD

ME

MFD

OF

OEM

05

PC

PDA

PIPS

PM

PM rate:

Abbreviations, Aeronyms, and Glossary of Terms
As Used in This Report

cathode ray tube (monitor)
central processing unit

integrated computer system, in which computer and monitor share a power cord, (e.g., an LCD
monitor powered through a computer) and may also share a housing (e.g., an Apple iMac)

in-line power supply: a type of external power supply found on the cord between the plug and
the device; aka “fat snake™ because it looks like the power cord swallowed a box or cylinder

Lawrence Berkeley National Laboratory (aka LBL or Berkeley Lab)
liquid crystal display (monitor)
miscellaneous (plug-load) equipment

multi-function device: a unit of digital equipment that can perform at least two of the following
functions: copy, fax, print, scan

office equipment
original equipment manufacturer
operating system (e.g., Windows XP or Mac OSX)

personal computer: a generic term that includes laptop computers, desktop computers and
inte grated computer systems; it includes both Apple and Intel-architecture machines

personal digital assistant; a cordless (i.e., rechargeable) hand-held computer device

plug-in power supply: a type of external power supply that is incorporated into the cord’s plug;
aka “wall wart”

power management: the ability of electronic equipment to automatically enter a low power
mode or turn itself off after some period of inactivity; PM rate is the percent of units rot off
that are in low power.

the extent to which a given sample or type of equipment is actually found to have automatically
entered a low power mode or turned itself off.

PM Enabling rate: the extent to which settings in the user interface of a given sample or type of equipment

XPS

Page 289

indicate the equipment is set to automatically enter low power or turn itself off.

external power supply: a power supply external to the device that it powers; a voltage
regulating device incorporated into either the power cord or the wall plug of a device
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After-hours Power Status of Office Equipment and
Energy Use of Miscellaneous Plug-l.oad Equipment

Judy A. Roberson, Carrie A. Webber, Marila C. McWhinney,
Richard E. Brown, Margaret J. Pinckard, and John F. Busch

Abstract

This research was conducted in support of two branches of the EPA ENFRGY STAR program, whose overall
goal is to reduce, through voluntary market-based means, the amount of carbon dioxide emitted in the U.S
The primary objective was to collect data for the ENERGY STAR Office Equipment program on the after-
hours power state of computers, monitors, printers, copiers, scanners, fax machines, and multi-function
devices. We also collected data for the ENBRGY STAR Commercial Buildings branch on the types and
amounts of “miscellaneous™ plug-load equipment, a significant and growing end use that is not usuvally
accounted for by building energy managers. For most types of miscellaneous equipment, we also estimated
typical unit energy consumption in order to estimate total energy consumption of the miscellaneous devices
within our sample. This data set is the first of its kind that we know of, and is an important first step in
characterizing miscellaneous plug loads in commercial buildings.

The main purpose of this study is to supplement and update previous data we collected on the extent to
which electronic office equipment is turned off or automatically enters a low power state when not in active
use. In addition, it provides data on numbers and types of office equipment, and helps identify trends in
office equipment usage patterns. These data improve our estimates of typical unit energy consumption and
savings for each equipment type, and enables the ENERGY STaAR Office Equipment program to focus future
effort on products with the highest energy savings potential.

This study expands our previous sample of office buildings in California and Washington DC to include
education and health care facilities, and buildings in other states. We report data from sixteen commercial
buildings in California, Georgia, and Pennsylvania: four education buildings, two medical buildings, two
large offices (= 500 employees each), three medium offices (50-500 employees each), and five small
business offices (< 50 employees each). Two buildings are in the San Francisco Bay area of California,
nine (including the five small businesses) are in Pittsburgh, Pennsylvania, and five are in Atlanta, Georgia.
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Introduction

Since the 1980s there has been continual growth in the market for electronic office equipment, particularly
personal computers and monitors, but also printers and multi-function devices, which are replacing discrete
copiers, fax machines and scanners in some office environments. According to 2003 projections by the
Department of Energy, annual energy use by personal computers is expected to grow 3% per year, and
energy use among other types of office equipment is expected to grow 4.2%; this growth is in spite of
improvements in energy efficiency, which are expected to be offset by “continuing penectration of new
technologies and greater use of office equipment” (EIA 2003).

In 1992 the US Environmental Protection Agency (EPA) launched the voluntary ENERGY STAR program,
designed to curb the growth of CO, emissions by labeling the most energy-efficient electronic products for
the mutval benefit of manufacturers, consumers, and the environment.! The first products to be labeled
were computers and monitors; printers were added in 1993, fax machines in 1994, copiers in 1995, and
scanners and multi-function devices in 1997 (EPA/DOE 2003). Continued improvement in energy savings
among office equipment remains a focus of the ENERGY STAR program, which updates its product
specifications as necessary to respond to changes in technology, energy consumption, and usage patterns.

ENERGY STaAR labeled office equipment reduces energy use primarily through power management (PM), in
which equipment is factory-enabled to automatically turn off or enter low power (any power level between
off and on) after some period of inactivity, usually 15 or 30 minutes. Most office equipment is idle more
often than it is active; among equipment that users tend to leave on when not in use, such as shared and
networked devices, PM can save significant energy. ENERGY STAR devices have a large market share, but
the percentage that actually power manage is lower for several reasons. Power management is sometimes
delayed or disabled by users, administrators, or even software updates that change the factory settings in
the interface; in addition, some network and computing environments (e.g., the Windows NT operating
systern) effectively prevent PM from functioning.

To accurately estimate energy savings attributable to the ENERGY STAR program, and target future efforts,
current data are needed on the extent to which each type of office equipment is turned off or successfully
enters low power mode when idle. Combined with measurements of the energy used in each power state,
we can estimate typical unit energy consumption (UEC), which, combined with number of units currently
in use, provides an estimate of total energy use, and program savings (Webber, Brown et al. 2002).

In our ongoing technical support of the ENERGY STAR program, the Energy Analysis Department at
Lawrence Berkeley National Lab (LBNL) has conducted after-hours surveys (aka night-time audits) of
office equipment in commercial buildings. Our previous series of surveys was conducted during the
summer of 2000; it included nine buildings in the San Francisco Bay area and two in the Washington DC
area. We recruited and surveyed a diversity of office types and documented just over 100 computers per
site, on average. We collected data on the types, power states and PM delay settings of ENBRGY STAR
labeled office equipment (computers, monitors, copiers, fax machines, printers, scanners and multi-function
devices). The methods and results of that study were reported previously (Webber, Roberson et al. 2001).

! The ENERGY STAR® program has expanded to include residential appliances and heating and cooling equipment,
consumer electronics, building materials and components, refrigeration equipment, commercial buildings and new
homes. Since 1996 it has been jointly administered by the U.S. EPA and DOE (http:/fenergystar. gov/).
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In that study we also recorded (but did not report) numbers of some “miscellaneous office equipment,” such
as computer speakers, external disk drives, portable fans and heaters, boomboxes, and battery chargers.

In this report, we present the results of our most recent (2003) after-hours survey of commercial buildings,
which expanded on the previous study to include:

buildings in Pittsburgh, Pennsylvania and Atlanta, Georgia,

education buildings, health care buildings, and small offices, and

an inventory of miscellaneous plug-load equipment.

Asg part of our ongoing effort to improve the accuracy of data used to evaluate the ENERGY STAR program,
we wanted to capture data from a wider range of commercial building types and geographic regions. While
our sample is not large enough to distinguish regional differences in equipment night-time or after-hours
power status, we hope to improve the robustness of our data by increasing its geographic diversity. Also,
because office equipment is not confined to offices or office buildings, we wanted to capture data from
other types of commercial buildings, such as schools, which also have significant numbers of computers.

Collecting data on after-hours power status involves visiting buildings when most employees are gone.
Given the difficulty of arranging after-hours access to most commercial buildings, we used this opportunity
to simultaneously collect data for the ENERGY STAR Commercial Buildings program on the types and
numbers of miscellaneous plug-load equipment, and to develop a taxonomy by which to categorize them.
These data allow us to begin to better characterize the large ‘plug-load” building energy end use category.

Methodology

The protocol used in this series of surveys changed from that of 2000 because of the need to develop a data
collection protocol for miscellaneous equipment, and then integrate it with our office equipment protocol.

Building Sample

Table 1 below outlines the buildings in our sample, which are identified by a letter; for this purpose the
small businesses are aggregated into one ‘small office.” Appendix A describes them in more detail, but
only in generic terms, to preserve the anonymity of occupants. Asin 2000, our initial target was to collect
data on at least 1,000 computers. In selecting types and numbers of commercial buildings to comprise that
sample, we referred to data on computer densities provided by the Commercial Building Energy
Consumption Survey (CBECS) (EIA/CBECS 2002). According to CBECS in 1999, 74% of the U.S
population of computers were found among office, education, and health care buildings; therefore, our
building recruitment effort focused on these three types of buildings. CBECS further characterizes offices
by number of employees: 0-19 (small), 20-499 (medium), and 500+ (large).

To familiarize ourselves with what to expect (in recruitment effort and equipment found) in schools and
health care buildings, we began by surveying a high school and a medical clinic in the San Francisco area.
We then recruited and surveyed a variety of buildings in Pittsburgh in April, and Atlanta in June 2003.

Site recruitment is one of the most difficult and time consuming aspects of commercial building surveys.
Usually it involves cold-calling from a list of prospective business or building types (e.g., high schools),
briefly describing our research activity, and trying to connect with the person who is able and willing to
grant after-hours access, which involves providing a key and/or escort. Maost facilities have real concerns
about safety, security, and privacy (e.g., of client or patient records), which of course must be addressed.
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In each building, we surveyed as much area as possible in four hours or until we covered the area
accessible to us, whichever came first. At two sites we surveyed a single floor, at four sites we surveyed
the entire space available to us, and at the remaining six sites we surveyed portions of two or three floors.
In general, the greater the density and variety of equipment found, the less area we covered in four hours.
Floar areas are approximate gross square feet, based on floor plans or information from facility managers.

Table 1. Building Sample and Computer Density

site | state | building type occupancy in area surveyed (approximate no.) | computer density per

computers ft* employees | 1000 fi? employee
A GA | education wniversity classroom bldg 171 28,000 n/a 6.1 n/a
B PA medinm office non-profit headquarters 182 55,000 128 33 1.42
C GA | large office corporate headq arters 262 28,000 120 9.4 2.18
D CA | edocation high school 112 40,000 1/a 2.8 n/a
E GA | medinm office business consulting firm 37 22,000 70 1.7 0.53
F PA education high school 248 | 100,000 n/a 2.5 n/a
G CA health care ontpatient clinic 177 45,000 n/a 3.9 n/a
H GA | medinm office information services dept 153 24,000 76 6.4 2.01
J PA health care private physicians’ offices 56 26,000 nfa 2.2 na
K PA small office 5 small businesses combined 117 20,000 i 59 1.52
M PA large office corporate headq narters T3 40,000 125 1.8 0.58
N GA | education wniversity classroom bldg 95 20,000 n/a 4.8 n/a
total 1,683 | 448,000 1/a = not available

Our characterization of offices differs slightly from that of CBECS. By our definition a small office has
<50 employees, a medivm office has 50-500 employees, and a large office has =500 employees on site.
Also, CBECS appears to classify offices by the number of employees per building, while we classify them
by the number of employees per location. For example, our site E is a “medium office” (50-500 employees)
that occupies one floor of a high-rise office tower; however, CBECS might consider the same office to be
part of a *large office’ (over 500 employees) that includes all offices within the entire building.

Our “small office’ is actvally aggregated results for five small businesses in three different buildings: (1) a
graphics and printing business, (2) an environmental consulting firm, (3) a commodity brokerage firm, (4) a
software development firm, and (5) an engineering firm. Their number of employees ranged from 4 to 25,
with a collective total of 77 employees.

For the six offices in our sample, Table 1 also shows the approximate density of computers by gross square
feet as well as per employee. We do not have number of employees (or computer density per emplovee)
for education and medical facilities. For high schools, where the number of students is known, equipment
density per student could be a useful metric if we had surveyed the entire building, which we did not. The
number of students regularly using a university classroom building, as well as the number of employees in
both education and medical buildings is much more variable and difficult to determine.

Although we used the CBECS data as a starting point in our building selection and recruitment efforts, our
resulting building sample does not necessarily correspond to the much larger CBECS building sample.
Figure 1 below compares our building sample to CBECS, based on the sum of floor area surveyed and
number of computers found among all office, education, and health care buildings in each sample.
Compared to CBECS, offices are somewhat under-represented in our current sample, while education and
health care buildings are somewhat over-represented. In addition, new buildings and high schools may be
over-represented in our building sample, though we don’t have corresponding CBECS data for comparison.
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Figure 1. Comparison of LBNL and CBECS Commerdial Building Samples
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Survey Protocol

Each survey takes four people up to four hours to complete, and occurs on a weekday evening or weekend.
We usuvally work in two teams of two people, with one calling out information and the other recording it.
Using a floor plan, clipboard, flashlight and tape measure, we systematically record each plug-load device.
The flashlight helps in tracing cords to plugs, and the tape is used to measure TV and monitor screen sizes.
Our data collection is as unobtrusive as possible; we don’t turn computers on or off or access any programs,
settings, or files. If a workspace is occupied or obviously in use, we skip it and return later, if possible.

Office Equipment Data Collection

For our purposes in this study, office equipment includes the following equipment categories and types:
computers: desktop, laptop (notebook or mabile), server, and integrated computer system (ICS);
monitors: cathode ray tube (CRT), and liquid crystal display (LCDj};
printers: impact, inkjet, laser, thermal, solid ink, and wide format;
fax machines: inkjet, laser, and thermal;
copiers;
scanners: document, flatbed, slide, and wide format; and
multi-function devices: inkjet and laser.

For each unit of office equipment, we recorded the make (brand) and model as it appears on the front or top
of the vnit (we did not record information from the nameplate on the bottom or back of the unit). We
recorded the diagonal measurement, to the nearest inch, of monitor screens, except those of laptops (note:
for CRT monitors this measurement is smaller than the nominal screen (or tube) size). For laser printers
and MEFDs we scrolled through the menu options available in the user interface to find the “power save
delay setting,” which usually ranges from 15 minutes to “never.”

We tried to record each unit of office equipment that had an external power supply G{P3). These devices

offer significant potential for energy efficiency improvement because they draw power even when the unit
of which they are part is turned off or disconnected (e.2., when a laptop computer or cell phone is removed
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from its charger, which remains plugged in). We distinguish two types of external power supply: a plug-in
power supply (PIPS), in which an AC/DC voltage transformer is incorporated into the plug, and an in-line
power supply (ILPS), which is incorporated into and appears as an enlarged part of the power cord. We
also tried to record whether or not each printer, copier, and MFD was connected to a network via cable (to
the extent that networks become wireless, netw ork connection will become maore difficult to determine).

The power state of each unit was recorded as on, low, off, or unplugged (exception: we did not record units
that were unplugged if it appeared they were never used). Although some office equipment, particularly
copiers, may have features that enable them to turn off automatically or enter low power manually (by user
action), we assume that the vast majority of units found off were turned off manually (i.e., by a user) and
that units found in low power entered that state automatically (i.e., without user action).

If a monitor/computer pair were both on, we recorded the screen content; the most common occurrences are
a screensaver, application, log-in or other dialog box (e.g., “It is now safe to turn off your computer™).
When a monitor is off and the computer to which it is connected is not, it can be difficult to tell whether the
computer is on or in low power. The method we used to determine a PC’s power state is outlined in
Appendix B; in short, a clampmeter is used to measure relative current in the computer power cord before
and after initiating a computer wake function, such as touching the mouse or keyboard (McCarthy, 2002).

The power state of a laptop computer is usually difficult to determine, unless it is in use and obviously on.
A closed laptop has few external indicators, and those that are present are often ambigunous and inconsistent
(e.g., between brands or models). In terms of improving our estimates of laptop unit energy consumption,
the most relevant data are the amount of time each laptop spends plugged in, and how often its battery is
(re)charged. Therefore, we recorded, at a minimum, whether or not each laptop was plugged in.

In this report the term ‘computer workstation” refers to any combination of computer(s) and monitor(s)
physically used by one person at a time; generally, there is a workstation associated with each office chair.
Workstation configurations vary widely; most common is one desktop computer connected to one monitor,
but we have noticed growing numbers of other configurations, including multiple computers with one
monitor, multiple (usually LCD) monitors with one computer, and laptops used with a docking station and
monitor. In this series of surveys, we identified each computer workstation by a unique number; i.e., all
components of each workstation were identified by the same number. We did this for two reasons: first, to
facilitate subsequent analysis of the relationship between computer and monitor power states; and second,
to be able to characterize the variety of workstations found. These analyses are discussed in the Results.

Miscellaneous Equipment Data Collection

‘Miscellaneous equipment’ (ME) refers to plug-load devices whose energy use is not usually accounted for
by building energy managers because they are portable, often occupant-provided units whose number,
power consumption and usage patterns are largely unknown. All ME in this report, including lighting, is
plug-load, as opposed to hard-wired, although for some equipment (e.g., commercial refrigerators) we did
assume a plug. The sheer variety of ME necessitates development of a taxonomy by which it can be
categorized and summarized. Appendix C presents our current miscellaneous equipment taxonomy.

For each unit of miscellaneons equipment we recorded any information (e.g., power state or rated power)
that could be used to estimate unit energy consumption. For lighting we recorded lamp type (e.z2.,
halogen), wattage, and fixture type (desk, floor, track, etc.). For battery chargers, we noted the portable
component (drill, oto-opthalmoscope, walkie-talkie. etc.) and whether the charger was empty or full. For
vending machines, we recorded temperature and product (e.g., cold beverage) and any lighting. For
unknown equipment we noted make and model for later determination of identity and power specifications.
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As with office equipment, we noted if there was a PIPS or ILPS. We also recorded PIPSs and 1LPSs that
were plugged in but unattached to equipment (such as a PIPS used to charge an absent cell phone) and
those whose equipment could not be identified, such as among a maze of cords in a server room.
Nevertheless, we undoubtedly missed some, so our reported number of PIPSs and ILPSs is actually a
conservative estimate.

Limitations of This Methodology

One advantage of conducting after-hours building walk-throughs to collect data on office equipment power
status is that a good variety and number of buildings can be recruited and surveyed. On the other hand, the
data collected represent a snapshot in time, and do not capture variations in user behavior over time, which
would require automated long-term time series metering of equipment power state and power levels.

This is our most robust sample of buildings to date for collecting data on the after hours power status of
office equipment. It includes data on 1,683 computers (including desktops, ICSs, laptops and servers) and
about 448,000 ft* in 12 commercial buildings, including schools and health care facilities in California,
Georgia, and Pennsylvania. (In comparison, our previous (2000) survey included 1,280 computers in 11
office buildings in California and Washington DC.) However, we do not suggest that this sample is
representative of commercial buildings as a whole or in part (e.g., by type, size, age, or location), or that the
results presented here are statistically significant. It is a record of what we found that we hope will be of
use to policy makers, researchers, and building managers.

Results and Discussion

Equipment Density

Table 2 shows the number and density, per 1000 approximate gross square feet, of office equipment,
miscellaneous equipment, and the sum of OF and ME in each building, and for all buildings. Our survey
captured data on over 10,000 units of equipment, including almost 4,000 units of office equipment.

Table 2. Office and Miscellaneous Equipment: Number of Units and Density
sorted by Density of Office Equipment (units/1000 ft*)

Number of Units Density (units/1000 £t} Density (units/femployee)
bldg type site OE ME OF+ME OE ME OE+ME | OE ME  OE+ME
medinm office E 98 441 539 4.5 20.0 24.5 14 6.3 77
edncation F 574 596 1170 57 6.0 1.7
large office M 227 753 980 57 18.8 24.5 1.8 6.0 78
edncation D 158 291 549 6.5 73 13.7
health care J 171 438 629 6.6 17.6 24.2
medinm office B 410 422 832 1.5 77 15.1 32 33 6.5
edncation N 204 134 438 10.2 11.7 219
health care G 460 1,002 1,462 10.2 22.3 32.5
edncation A 377 259 636 13.5 93 227
small office K 275 528 503 13.8 26.4 40.2 36 6.9 10.4
medinm office H 340 630 970 14.2 26.3 40.4 4.5 83 12.8
large office C 540 612 1,152 19.3 21.9 41.1 4.5 5.1 9.6
all buildings 3,934 6,226 10,160 5.5 13.9 22.7 32 5.7 8.9
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Note that the numbers of miscellaneous equipment units in Table 2 are lower than those in Appendix D
because Table 2 does not include plug-in and in-line power supplies, while Appendix D does.

Figure 2 illustrates office and miscellaneous equipment density (per 1000 square feet), by building ty pe.

Figure 2. Office and Miscellaneous Equipment D ensity, by Building Type (and number)
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From Table 2 we see that the two buildings with the lowest combined equipment density are high schools,
and Figure 2 shows that education buildings in our sample had the lowest equipment densities overall.
Among our sample of 12 buildings, building types with the highest densities are small and large offices.
We suggest that small offices may have high equipment density because every office needs certain devices
(e.g., copier, fax machine, microwave oven, refrigerator), regardless of how many (or few) people share it.
Medium offices exhibited a range of density (see Table 2, sites B, H), but on average their office equipment
density is similar to and their miscellaneous equipment density is lower than that of health care facilities.

Closer examination of the results for each building reveals some underlying trends. For example, the only
two buildings with a computer density less than 2 per 1000 fi* (from Table 1) were offices (one medium,
one large) whose emplayees tend to rely on laptop computers, most of which were absent during our visit;
one of these companies requires employees to take their laptops home or lock them up when not at work.

Office Equipment
Our sample includes data on the power state of 1,453 desktop computers (well above our target of 1,000),

1,598 monitors, 353 printers, 89 servers, 79 MFDs, 47 fax machines, 45 ICSs, 34 scanners, and 33 copiers.
Among printers, our discussion of results will focus on the 158 laser and 123 inkjet printers found.
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Among all buildings, computer density ranges from 1.7 to 9.4 per 1000 ft* gross floor area, (see Table 1).
Among office buildings only, computer density ranges from 0.53 to 2.18 per employee. Office equipment
density ranges from 4.5 to 19.3 units per 1000 ft* gross floor area, with an average of 8.8 (see Table 2).
Among offices, office equipment density ranges from 1.4 to 4.5 units per employee, with an average of 3.2.

When analyzing the numbers of equipment in each power state, we are primarily interested in two values:
turn-off rates and power management rates. ‘Turn-off rate” is the percent of each equipment type that is

turned off, while *PM rate’ is the percent of those not off that are in low power.

Table 3 shows the numbers of each type of office equipment, and their after-hours power state. Table 3
does not include laptop computers, units that were unplugged, or units whose power state was unknown.

Table 3. Office Equipment: After-hours Power States

Equipment Number Percent
Category Type on low off sum on low off PM rate
computers desktop 869 60 524 1453 60% 4% 36% 6%
server 87 2 89 98% 0% 1% n/a
IC8 7 11 27 45 16% 24% 60% 61%
mo nitors CRT 259 648 422 1329 19% 49% 32% 71%
LCD 56 164 49 269 21% 61% 18% 75%
printers laser 53 81 24 158 34% 51% 15% 60%
inkjet 86 37 123 T0% nfa 30% nfa
impact 16 i 22 3% n/a 1T% na
thermal 31 7 38 82% n/a 18% na
wide format 2 6 8 5% 0% T5% 0%
solid ink 1 3 4 215% T5% 0% 75%
MFDs inkjet 9 4 3 16 56% 25% 19% 31%
laser 36 14 13 63 57% 22% 21% 28%
copiers all 12 5 16 33 36% 15% 48% 29%
fax machines all 44 3 47 94% 6% 0% 6%
scanners all 8 12 14 34 24% 35% 41% 60%

Note: “FM rate” is the percent of units nof off that were in low power.

Not surprisingly, turn-off rates were lowest among fax machines and server computers. Turn-off rates were
highest for integrated computer systems (60%), copiers (48%), and scanners (41%). PM rates were highest
among LCD monitors (75%), CRT manitors (71%), ICSs (61 %), scanners (60%), and laser printers (60%).

The lowest power management rates were among desktop computers and fax machines (6% of each).
Because copiers and MEDs often have long (2-4 hour) PM delay settings that may not have elapsed at the
time of our visit, PM rates in Table 3 for this equipment should be considered a minimum or lower bound.
Figure 3 (below) graphically shows the breakdown by power state of each major type of office equipment.

Computers

We categorized computers as either desktop, integrated computer systems, servers, or laptops. Among
1,453 desktop computers the turn-off rate was 36%; it ranged from 5% (at Site E, medium office) to 67%
(at Site B, medium office). Only 6% of all desktop computers that were not off were in low power. This
PM rate is similar to the 5% rate found in a previous study (Webber, Roberson et al. 2001). Among the 45
ICSs in Table 3 the turn-off rate was 60%, and the PM rate was 61%. However, it is possible that of the 11
ICSs found in low power, only the display (but not the CPU) was in low power.
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Figure 3. Office Equapment Power States
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Among education buildings in our sample, the majority of the desktop computers, monitors and ICSs were
found in classrooms clearly dedicated to computer-based learning. These “computer labs™ typically have a
1:1 ratio between computers and chairs. Among the two high schools, 65% of desktop computers and ICSs
were found in computer labs with at least 15 (and up to 77) computers each; among the two university
classroom buildings, 68% of desktop computers and [CSs were found in computer labs with at least 15 (and
up to 57) computers each. Because a single instructor likely controls the after-hours power status of all
equipment in these rooms, and also because school buildings in general experience more “after-hours” per
year than other buildings, computer labs present a target for energy-efficiency efforts in schools.

Laptop Computers

There are 50 laptop computers in our sample, and we recorded information on the power state of 37. Of
those 37, all but two (or 95%) were plugged in, either through their power cord or a docking station. Nine
(or 24%) of the 37 laptops were clearly on; i.e., their display showed a desktop, application, or login screen.

Sixty percent (60%, or 21) of the 35 laptops that were plugged in were plugged into docking stations.> Of
107 docking stations found, 20% (21) were ‘full’, i.e., contained laptops, while 80% (86) were ‘empty,” or
without laptops. Those empty docking stations are evidence of at least 86 more laptops that were absent at
the time of our visit. In addition, we found 35 power cords with ILPSs that we identified as “laptop
charger, empty” (which we consider in the ‘power’ category of ME). Combined with 50 laptops and 86
empty docking stations found, we conclude that at least 171 laptop computers are in use among our sample
of buildings. Of course, this number does not include (and we did not attempt to estimate) the number of
people who take both their laptop and its power cord/battery charger home or lock them up at night.

* Docking stations ate in our ‘peripheral’ miscellaneous equipment category; laptop computers are office equipment.
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If we compare this minimum number of laptop computers to the total number of non-server computers in
our sample, from Table 3 (1,453 desktops + 45 ICSs, + 171 laptops = 1669 total), laptops comprise
approximately 10% of non-server computers found in our survey; again, this is a conservative estimate.

Some offices appear to have largely switched from desktop to laptop computers. Table 4 shows that in two
(of six) offices in our sample — one large and one medinm office — the sum of laptop computers, empty
docking stations and empty laptop battery chargers (ILPSs) outnumbered the desktop computers found.

Table 4. Ratio of Laptop to Desktop Computers at Two Sites

Site no. of desktop number of laptop computers
computers laptops found empty docking siations empty laptop chargers estimated total
E 20 4 11 9 24
M 41 26 40 9 75
Monitors

The average turn-off rate among 1,329 CRT monitors was 32%; it ranged from 17% at Site E (medium
office) and N (university) to 62% at Site D (high schoaol). 71% of CRT monitors that were not off were in
low power. Among the 269 LCD monitors in Table 3 the turn-off rate was 18% and the PM rate was 75%.

Assigning a unique number to each computer/monitor workstation enabled us to analyze the relationship
between computer power state and monitor power state. Table 5 shows the results of that analysis. (Note:
Table 5 does not include monitors connected to more than one computer.)

Table 5. Analysis of Monitor Power Management by Computer Power State
Monitor Power Management *
Monitor FM Rate PC-mitated

Monitor Power State (computer is off Mounitor PM Rate
or in low power) {computer is on }

Computer | Computer Power state No. Off Low On
Deskiop Cff/no signal 433 184 44 5 98%
Low 59 4 53 2 96%
Can 689 154 186 249 53%
Laptop ** Absent or empty docking station 55 13 42 0 100%
Flugged-in or in docking station 23 4 15 4 T9%
| Server Ca 32 14 10 8§ 56%

*Moaitor Power Management is the percent of monitors not off that are in low power
*# These data refer to external monitors connected to laptop computers, not to the laptop display.

Computers can initiate low power modes in ENERGY STAR monitors. Power management seftings in the
computer operating system (OS) control panels determine if and when the computer sends a signal to the
monitor that causes the monitor to enter low power. If an ENERGY STAR monitor is attached to a computer
that is on, it will enter low power only if it receives this signal. “PC-initiated monitor PM rate” refers to the
share of systems in which the computer signals the monitor to initiate PM, and the monitor responds. We
can infer this rate only among systems i