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Attachment D;

*Advanced Power Strip background”




Section 1: ADVANCED POWER STRIP

1.1 DESCRIPTION

The measure reduces stand-by equipment energy by turning off the power supplied to equipment that is
plugged into a power strip when it’s not in use. Typical uses are home-office and home-entertainment
systems. The power strip monitors the power draw on one outlet to control the availability of power on
the other outlets on the strip.

This measure applies to new and existing homes.

The savings have been quantified for two power strip sizes: a 5-plug strip and a 7-plug strip.

1.2 BASIS FOR SAVINGS

We studied the provided spreadsheets showing savings estimates and the report done for BC Hydro by
Power Smart Engineering. We also studied three papers that present the research on phantom energy use.
The documents are:

O Smart Strip Electrical Savings and Usabifity, Power Smart Engineering, October 27, 2008

Q Final Field Research Report, Ecos Consulting, October 31, 2006. Prepared for California Energy
Commission’s PIER Program.

QO Developing and Testing Low Power Mode Measurement Methods, Lawrence Berkeley National
Laboratory (LBNL), September 2004. Prepared for California Energy Commission’s Public Interest
Energy Research [PIER) Program.

W 2005 intrusive Residential Standby Survey Report, Energy Efficient Strategies, March, 2006.

In our search for a comprehensive study done for this measure we found a detailed study done by
Navigant Consulting for San Diego G&E, March 31, 2009 titled, Smart Strip Parifolio of the Future.

The study done by Navigant compiles findings from various sources including ECOS and LBNL studies
referenced above and a home electronics survey done by Hiner and Partners in California, October 2008
titled Siatewide Home Electronics Assessment Survey.

1.3 SAVINGS ANALYSIS

The analysis considers two applications: home entertainment and home office. For each peripheral piece
of equipment there are two consumption rates to consider: the standby mode consumption and the off
mode consumption. For each of these modes the percent time in that mode is also considered along with
the percent time that each peripheral is used with out the control device (TV or computer). The home
office computer is assumed to not be in use 85.6% of the time while the home entertainment TV is
assumed to not be in use for 77.7% of the time based on the Hiner and Partners survey.

The average savings per peripheral is calculated using the following formula:

Power = [(Power in standby) x (time standby) + (power in off ) x (time in off)] x [1-(%time used without
PC/TV))

The following table presents the values used to calculate the savings per peripheral.



‘Fquipment

61.5%

Flat pangl monitor 1.36 1.25 38.5% 0.0% 9.66
CRT 3.95 1.47 38.5% 61.5% 0.0% 18.13
Printer 144 1.435 41.3% 58.7% 200% 13.54
Multifunction printer no

fax 7.85 7.75 55.6% 44 4% 33.3% 3B8.89
Mukltifunction printer

with fax 7.6 7.5 69.3% 30.7% 42.7% 3244
Speakers, subwoofers,

bass 20.44 1.62 16.7% §3.3% 0.0% 35.55
Scanner 4.05 0.46 26.9% 73.1% 4.5% 10.17
Copier 1.2 0.052 23.3% 76.7% 41.9% 1.39
Modem 721 1.74 86.3% 13.7% 9.6% 43.66
Shredder 0 0 20.6% 70.4% 31.3% 0.00
Router 5.85 0.06 86.5% 13.5% 6.7% 3534
External hard drive 4.53 0 25.0% 75.0% 0.0% 8.46
DVD player 11.77 1.57 5.4% 924.6% 6.7% 13.43
VCR 12.85 5.02 11.5% B8.5% 2.1% 3931
Sterea 27.38 229 7.1% 92.9% 49.3% 14.00
Speakers, subwoofers 11.07 £1.07 20.7% 79.3% 13.8% 64.74
Video game consoles 4,05 0.88 12.0% B8.0% 2.0% 8.38
Computer only used for

video/music

entertainment 46.97 .17 33.3% 66.7% 33.3% 80.37
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For the 5-plug strip three equivalent control peripherals have been assumed. For the 7-plug strip five
equlvalent control peripherals have been assumed. The following table shows the allocation of peripherals
and savings per strip for both the home office and home entertainment. .

Three Peripherals per Power Strip | Five Peripherals per Power Strlp
Flat panel
monitor 73.4% 7.09 73.4% 7.08
CRT 26.8% 4.82 26.6% 4.82
Printer 77.8% 10.53 77.8% 10.83
Multifunction
printer no fax 7.2% 2.80 7.2% 2.80
Muitifunction
printer with fax 15.0% 4.87 15.0% 4.87
Speakers,
subwuoofers,
bass 1.3% 0.45 3.8% 1,368
Scanner 17.0% 1.73 50.9% 5.18
Copier 10.9% 0.15 32.7% 0.45
Modem 18.5% 8.07 55.4% 24.21
Shredder 20.1% 0.00 B7.3% (.00
Router 22.5% 7.96 67.6% 23.89
External hard
drive 0.8% 0.06 2.3% 0.1@
Home Office
Total 300.0% 48.53 500.0% 85.37
DVD player 100.0% 13.43 100.0% 13.43
VCR 40.8% 16.02 100.0% 39.34
Stereo 58.2% ) 8.29 100.0% 14.00
Speakers,
subwaoofers 27.1% 17.57 54.3% 36.15
Video game
consoles 68.6% 5.75 137.1% 11.49
Computer only :
used for
vidao/music
entertainment 4 3% 3.44 8.6% 5.88
Home
entertainment :
total s 300.0% 64.51 500.0% 120.27




mary

Homa Home Home . Homs
Office Entertainment Office . Entertainment
Average savings (KWh/year) 48.5 84.5 85.4 120.3
Total savings per home {(kWh/year) 113.0 205.6
Savings per unit (kWh) 56.5 102.8
Demand savings (kW) 0.006 0.010 0.011 0.018
Peak demand savings per unit (kVV) 0.008 0.015
Average demand savings per unit (kW) 0.008 0.012

The tab Jabeled “power strips™ in the “DSD Input Summary” spreadsheet contains the assumptions and

the detailed savings calculations.

1.4 COST

The pricing for this measure is based on the data in the following table.

Smart Strip - .

Supplier Manufacturer Cost of Smart Strip

Bits Lid Bits Lid $31.95 $41.85

SmariHome USA Bits Lid $30.95 $40.00
Coleman Cable, Inc

A_c_:_e _Hardware

Average

$20.99

Power sip

Supplier Manufacturer Cost of Power Strip
Best Buy Spike Master $14.99 $14.99
Circuit City Cyber Power $14.49 $14.49
Ace Hardware _hAce

- $13.99

Incrementsl Cost
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Estimates of Potential Energy Savings with High Performance Windows

With input from Lawrence Rerkeley National Taboratory and the Consortium for Energy Efficiency, the
Alliance 1o Save Energy conducted simulations 1o estimate the energy savings potential and economics of
specifying high-performance windows for new homes and window replacement. The simulation tool used
was RESFEN 5.0, a program based on DOE-2.1E and developed by LBNL for medeling the thermal
performance of homes based on window choices.’ The results of these simulations and the assumptions
used are summarized below.

Purpase

The primary purpose of our estimates is to determine whether deeper energy savings beyond those achieved
through the market penetration of ENERGY STAR® windows are viable. We are mainly looking at the
potential of highly-insulating windows that significantly exceed the performance of typical ENERGY
STAR Windows in cold and mixed climates. To date, the potential of these windows has remained largely
untapped, primarily because of higher retail cost, resulting from higher manufacturing cost and lacking
economies of scale.

Highly-insulating windows provide superior energy performance due to advanced frames combined with
three glass panes or a heat-reflecting film between two panes of glass. These windows surpass dual-pane
windows in energy savings, peak demand reduction and enhanced comfort. Simulated energy savings and
peak demand reduction are part of our analysis.

In addition to highly-insulating windows, we looked at the cooling demand reduction potential for solar
control windows in cooling climates.

Window Types Examined

Conventional window
- U-factor: 0.50
- SHGC: 0.55

Double-pane windows without low-E coatings in vinyl, wood, or hybrid/composite frames, Although many
building energy codes and incentive programs encourage the use of windows with better energy
performance than conventional windows can offer, use of these windows is still relatively common due to
trade-off options in building codes and lacking code enforcement.

Conventional code-compliant window (South)
- U-factor: 0.50

- SHGC: 0.40

If trade-off options in codes are not used, most codes in the U.S. require in their prescriptive path that
windows with better than conventional solar control are used. The U-factor requirements of windows in
southern climates are rarely more stringent than 0.50, which is less energy-efficient than the U-factor
needed to qualify for ENERGY STAR. Nevertheless, southern codes widely require an SHGC of no more
than 0,40 to limit cooling demand.

! RESFEN can be downloaded al hiip iiwindows Ihl gov/software resfenresten hml,

Acknowledgment: "This material is based upon work sepperted by thd Department of Energy, National Energy Technalogy Laboratory umder
Award Number DE-FC26-06NT42766."

Disclaimer: "This publication was preparcd as an account of work sponsored by an agency of the United States Government. Neither the United
States Government nor any agency thereof, nor any of thair employees, makes any warcanty, express or implied, or assumes any Jogal lability or
responsibility for the aceuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use
would nat infringe privately owned rights. Reference herein ta any specific commercial produci, process, or service by trade name, trademark,
manufactarer, or otherwise doss not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government
or any ageney thercof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government
or any agency thereof.”
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Typical Energy Star window
- U-factor: 0.35
- SHGC: 0.50 (high solar gain), 0.30 (low solar gain)

In our analysis, we defin a typical ENERGY STAR window as a window that meets the ENERGY STAR U-
factor criterion for the Northern climate zone (0.35). Such windows typically include low-E coatings, gas fills,
and low-conductance spacers. In the North, ENERGY STAR windows can either have high-solar-gain, low-
solar-gain, or low-F coatings. The type of low-E coating used can alter the SHGC dramatically. In the South,
only windows with a low SHGC qualify for ENERGY STAR.

The prescriptive requirements of most northern energy codes specify windows with a U-factor of 0.35 or less.
Therefore we did not include a separate category for common code-compliant windows in the North, as this
would be equivalent to ENRGY STAR windows. However, due to trade-off options in codes and imperfect
code compliance, conventional windows still hold substantial market share in many northern states.

Solar control low-E window
- U-factor: 0.35
- SHGC: 0.25

These windows are similar in performance to typical low-E windows, but have advanced low-E coatings that
provide maximum contrel of solar radiation while still transmitting most visible light.

Moderate cost highly-ipsulating window
- U-factor: 0.25

- SHGC: 0.40 (high solar gain), 0.25 (low solar gain)

Window U-factor can be reduced to 0.25 or below through glazing upgrades (additional glazing layers and/or
krypton gas fills) without expensive upgrades of the frame. Depending on the choice of low-E coatings,
highly-insulating windows can be designed for high or low solar gain.

Best-case highly-insulating window
- U-factor: 0.20
- SHGC: 0.40 (high solar gain), 0.25 (low solar gain)

Windows with optimized glazing, spacer, and frame performance are available with U-factors below 0.20.
Depending on the choice of low-E coatings, highly-insulating windows can be designed for high or low solar
gain.

Future highly-insulating window
- U-factor: 0.17
- SHGC: 0.40 (high solar gain), 0.25 (low solar gain)

In its 2007-12 multi-year plan for window research and development, U.S, DOE states the goal of developing
and deploying cost-competitive windows with a 0.17 U-factor by 2010. Such performance increases and cost
effectiveness can be achieved either through new lower cost window technologies, such as currently
researched by LBNL, or through economies of scale for current best-performing technologies.
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Selected Analysis Results

The energy-saving technologies used in typical ENERGY STAR windows have found wide acceptance as
cost-cffective energy-efficiency features. Highly-insulating windows with additional glazing layers, on the
other hand, can be substantially more expensive. Therefore it is not surprising that we found the cost-
effectiveness of currently available highly-insulating windows to be low when compared to typical ENERGY
STAR windows (see Figure 1 in the appendix). However, this finding does not account for the ancillary
benefits of highly-insulating windows: reduced heating and cooling peak demand and opportunities for
HVAC system downsizing.

If conventional windows instead of ENERGY STAR windows are used as the baseline for comparison, the
cost-effectiveness of highly-insulating windows is meore significant. However, it is important to note the
differences between highly-insulating windows that allow high solar gain (Figures 2 through 5) and those
made for low solar gain (Figure 6 and 7), since solar heat gain improves overall annual energy savings in
heating dominated climates,

High-solar-gain windows save more energy in the heating-dominated North and are thus more cost effective.
However, low-solar-gain windows provide much higher cooling peak load reduction (Figures 8 and 9).

In addition to the energy and peak demand saving benefits that we estimated through simulation, there are
other benefits of high-performance windows that are harder to simulate but that could lead to further
substantial energy and cost savings:

» Ifintegrated in a well-insulated building envelope, highly-insulating windows make the consideration
of alternative duct designs possible. For instance, traditional petimeter heating, which is used to offset
discomfort from cold window surfaces, is not necessary for a highly-insulated envelope. By avoiding
perimeter heating and reducing duct runs, energy loss from duct leakage as well as first cost for duct
installation can be reduced.’

¢ High-performance windows improve the comfort of building occupants. Studies by the Center for the
Built Environment at UC Berkeley have found that occupants tend to compensate for thermal
discomfort, such as from cold window surfaces or strong solar radiation, by setting their thermostat at
more extreme temperatures , thus further increasing energy use.’ Our savings estimates do not take
this effect inte account, which leads to somewhat conservative results.

Free Riders vs. Spill-over

Although typical ENERGY STAR windows are currently more cost effective than highly-insulating windows,
promotion of highly-insulating windows has the potential to create spill-over effects and lasting market
transformation. While continued promotion of ENERGY STAR windows can help further increase the market
share of encrgy-efficient windows where energy codes provide insufficient traction, financial incentives for
current ENERGY STAR windows are bound to create free riders. Incentives for highly-insulating windows,
on the other hand, would potentially provide a spill-over effect by promoting underutilized high-efficiency
options that can become more attractive with increasing awareness and economies of scale.

Incremental cost of High-Performance Windows

It is difficult to make assumpticns about the incremental cost of one window option versus apother because
the market is very diverse and window retailers tend to set prices depending on what customers are willing to
pay. Nevertheless, a few general assumptions can be made about the incremental cost of energy-efficient
windows compared to more conventional windows. Here, we concentrate on the basic window options used
in our simulations:

* Building America contractor Ibacos {(www.ibacos.com) can serve as a source on compact duct design.
* Huizenga et al. 2006, Window Performance for Human Thermal Comfori. University of California, Berkeley.
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» Conventional windows, Windows without low-E coatings, gas fills, or similar energy-¢fficiency
features are our baseline option and thus have no incremental cost.

s Typical ENERGY STAR Windows (U-factor 0.35), These windows have low-E coatings, which,
according to U.S. DOE’s website, typically increase window prices by 10-15 percent.’ Northeast
Energy Efficiency Partnerships surveyed retailers about the incremental cost for their customers to
purchase ENERGY STAR Windows instead of conventional double-pane windows and received
answers that ranged from 5-15 percent, depending on market saturation, If $15/ft* is assumed as the
base cost, an average cost premium of $1.50/ft” could be assumed, which matches closely with
observations made by the Southwest Energy Efficiency Project.” According to PNNL’s Building
Energy Codes Resource Center, low-E windows typically retail for only about $1/ f© more than non-
low-E windows.® Since we define typical ENERGY STAR windows as having gas fills and low-
conductance spacers in addition to low-E coatings, we assume an incremental cost of $1,50/.

»  Moderate-cost bighly-insulating windows (U-facter 0.25). Literature is sparser on the incremental
cost of windows that exceed ENERGY STAR performance. In its evaluation of windows with a U-
factor of less than 0.25, ACEEE assumes a cost increment of $5/ft* over conventional windows.’
Based on conversations with window retailers and window manufacturers, we conclude that this
assumption is too optimistic if used for retail prices. A more realistic assumption is the goal set by
DOE of achieving an incremental cost of no higher than $5/ft* for windows with a 0.2-0.25 U-factor
by 2007 relative to typical windows used in new construction (which would include Jow-E
windows).? In conversations with manufacturers, we learned that window U-factor can be reduced to
0.25 or below through plazing upgrades (additional glazing layers and/or krypton gas fills) without
modifications in the frame. This can be achieved at an incremental cost as low as $2.50/ft° wholesale
price compared to typical ENERGY STAR windows. For retail, we assume the incremental cost for a
0.25 U-factor window to be $4.5/f if compared to a window with a 0.35 U-factor and $6 per square
foot if compared to a conventional window.

» Best-case highly-insulating windows (U-facter 0.20). Since windows with a U-fattor of 0.25
(moderate-cost HI windows) generally have three glazing layers, improving the U-factor to 0.20
(best-case HI windows) does not require the addition of glazing layers. However, changes in the
frame may be necessary to allow for optimum gap width between the glazing layers or to improve
frame insulation and stability. Anecdotal price data from window manufacturers suggests that
improving the U-factor to 0.20 yields a 50 percent higher incremental cost than going from U-factor
0.35 t0 0.25. For our simulations, we therefore assume that the incremental cost of best-case HI
windows is $2.50/ft* over moderate-cost Hl windows and $7/f* over typical ENERGY STAR
windows.

» Future highly-insulating windows (U-factor 0.17}. In its 2007-12 multi-year ptan for window
research and development, [).S. DOE states the goal of achieving an incremental cost by 2010 of no
more than $5/ft” for windows with a 0.17 U-factor compared to currently common windows. For our
simulations, we assume this to be the incremental cost relative to typical code-compliant windows.
Such performance increases coupled with cost reduction can be achieved either through new lower

*U.S. Department of Energy. 4 Consumers Guide to Energy Efficiency and Renewable Encrgy: Lovw-emissivity Window
Giazing and Glass. Accessed November 27, 2007.

Bitp owww core eneray. gov/constoner vour home windows _doors skylights/index. clm/myionie=] 3430,

* Larry Kinney, 2004, Windows and Window Treatments. Southwest Energy Efficiency Project.

* Pacific Northwest National Laboratory. Low Solar Heat Gain Windows — Successful Market Transformation in Georgia
and Texas. Last modified January 11, 2006. hup;:“resourgecenter.pnd.govicocoan morfResoprceCenter/articie/ 1 298,

7 Sachs, Harvey et al, 2004. Emerging Energy-Saving Technologies and Practices for the Buildings Sector as of 2004.
American Council for an Energy Efficient Economy. '

* U.S. Department of Energy. Multy Year Program Plan 2607-2012. Last updated January 2007.

pupwww eere enerny, govhuildings/aboutipdis/mypp 2007 mypreport_ch? ndf,
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cost window technologies, such as currently researched by LBNL, or through economies of scale for
current best-performing technologies.

In Burope, windows with a 0.17 U-factor are already becoming more common (for example, windows
certified as Passive House windows), while a Swiss market study asserts that due to the matring wiple-pane
window market, “the cost for triple glazing {coated and inert-gas-filled) decreases faster than the one of the
already well-established double glazing and, therefore, the costs of the two glazing types can be expected to
converge in the longer term”.® The same is likely to happen once the market for triple-glazed windows
reaches maturity in the United States.

Presently, there are few incentives for the use of beyond-code windows in the US, so the demand for highly-
insulating windows among home-builders remains low. Therefore, most retailers of highly-insulating
windows are focusing on niches in the replacement market. To change this situation and enable window
manufacturers develop economies of scale for beyond-code windows, market transformation efforts are
essential.

Other Basic Assumptions Used in the Analysis

Locations

Since highly-insulating windows provide the most benefits in heating-dominated climates, we mostly focused
our savings estimates on locations throughout the northern part of the United States. However, to also assess
the potential of windows with special solar-control low-E glass, we included two locations in cooling-
dominated climates in the analysis.

Building types

We simulated the performance of windows for both new construction and replacement. We simulated new
construction with 2,400 ft* floor space and 360 fi* window area and existing homes with 2,000 ft* floar space
and 300 & window area. For building shell performance and other parameters, the climate-specific settings of
the RESFEN software were used. All homes are assumed to be heated with natural gas furnaces (AFUE 0.78)
and cooled with centra! air conditioning (SEER 13 in new construction, SEER 10 in existing buildings).

Energy prices

Natural gas prices used for the analysis were based on ASE (Alliance to Save Energy) projections, which used
ElA data of historic winter heating fuel prices and E1A projections of price developments for the winter of
2007 to project state-specific residential retail prices for natural gas used for heating. The electricity prices
used in the analysis are average residential retail prices by state for the warm months (May through
September) of 2006. EIA has not yet published the complete state-specific residential retail prices for the
period of May-September 2007.

Cost per saved therm of natural gas
Modeled after the CEC formula to determine the levelized cost of conserved energy, we used the following
formula to determine the cost per saved therm of natural gas as a result of window efficiency increases:

IXCRF/S
[ = Incremental cost for higher performing windows

CRF = Capital recovery factor = r(1+r)™" / (1+r)* !
r = discount rate (we used 5%}
n = planning horizon / measure lifetime: (25 years)'®

S = annual savings in therms

? Martin Jakeb and Reinhard Madlener. 2003, Exploring Experience Curves for the Building Envelope: An Investigation
for Switzerland for 1970-2020. Centre for Energy Policy and Economics, Swiss Federal Institutes of Technology: p. 27.
1825 years is, for example, used by Questar Gas as the measure lifetime for window energy-efficiency measures (see
Bt www. e, tah oy, gas 03 does U303 7T01QGC %20 DS M %2 0Exhibit 201 546 20(Audit e 20 &2 0Wx3 | 2-5-




APPENDIX

Figure 1: Annual return on investment in higher-performing windows
Base case: Code compliant / ENERGY STAR Windows

Annual return on investment in higher-performing windows
Base case: typical code compliant windows
(ENERGY STAR windows in Northern locations )}
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If windows meeting prescriptive energy code requirements (ENERGY STAR windows in the North) are
used as the base case, the energy savings that can be achieved with current highly-insulating (HI) windows
are estimated to provide only low return on their incremental cost. Only the more cost-effective highly-
insulating windows that DOE is envisaging for 2010 (highlighted in blue) would provide good return on
investment in cold climates. In hot climates, good return on investment can presently be achieved with solar
control low-E windows.
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Figure 3: Cost per saved therm of
natural gas with high-solar-gain
high-performance windows Base
case: Conventional window

With highly-insulating windows that
allow high solar gain, substantial
heating energy use reductions can be
achteved. Current highly-insulating
windows are still a very expensive
optien for natural gas savings, but
market transformation toward
economies of scale and improved
petformance can lead to very cost-
effective options for cold climates.

* Nate: the average natural gas price
used here is the prajecied average retail
price for natural gas for residemtial
heating in the respective states
according to Alliance te Save Energy
projections that are based on regional
price profections by the Energy
Informaiion Adminisiration..
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Figure 2: Annual return on
investment Ib high-selar-
gain high-performance
windows

Base case: Conventional
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If conventional windows are
used as the hase case, the
energy savings that can be
achieved with current highly-
insulating (HI) windows
designed for high solar gain
are estimated to offer
significant retum on
investment in cold climates
with high energy prices. Even
more cost-effective highty-
insulating windows are
envisaged by DOE for 2010
(highlighted in bhue).
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Figure 4; Heating gas savings in new homes with high-solar-gain high-performance windows
Base case: Conventional windows

Heating gas savings in new homes
2400 sq. ft. floor area, 360 sg, k. window area i
High-solar-gain scenario
Baseline: conventional windows

Typical Energy Star w indow m

Mod_erate cost Hl w ndow
Best-case Hl w 'ljdow
Future Hlw indow

Boston

Typical &ergyStarWIndow T
Moderate cost Hl w indow

) Best-case Hl window
. Future Hiwindow _

Portland

Typical Energy Star w indow
~ Moderate cost Hiw indow
Best-case Hlw indow
" Future Hiw indow

Typical Energy Star window et

Moderate cosl Hl w indow
7 Best-case Hiwindaw
‘Future Hiw indow

Minneapolis  Spokane, WA i

i

0 50 100 150 200 250 .
Therms of natural gas

In our estimates, average natural gas consumption for heating across the four sample climates is about 18
percent lower in homes with future highly-insulating windows than in homes with conventional windows,
and about 11 percent lower than in homes with typical ENERGY STAR windows.




APPENDIX

Figure 5: Annual return on investment in low-solar-gain high-performance windows
Base case: Conventional windows
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In heating-dominated climates, windows designed for low solar gain are not estimated to provide as high
energy savings as windows designed for high solar gain. Nevertheless, low-solar-gain windows can provide
substantial cooling peak load reductions and allow for HVAC system downsizing (see Figure 5).




APPENDIX

Figure 6: Heating gas savings in new homes with low-solar-gain high-performance windows
Base case: Conventional windows
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High performance windows can lead to more heating encrgy use if they block a substantial fraction of solar
heat gain. This is particularly obvious in climates with strong solar heat cven in wintertime.
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APPENDIX

Figure 7: Cooling peak load in new homes depending on window type (low-solar-gain windows
marked blue)
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According to our estimates, low-solar-gain Hl windows reduce peak cooling load by an average 28 percent
if compared with conventional windows across different climates. Even high-solar-gain HI windows would
achieve an average peak load reduction by 18 percent.
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Figure 8: Cooling peak load reduction in new homes depending on window type (low-sclar-gain

APPENDIX

windows marked blue)
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Figure 9: Cooling electricity savings in new homes depending on window type (low-solar-gain

APPENDIX

windows marked blue)
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T ewcestorng Memorandum

98 N. Washingtcon St., Suite 101
Boston, MA 02714

To CEE Residential Appliances Committee
From  Eileen Eaton

Date June 30, 2009

Re Pool Pumps Exploration

Background

Starting in 1997, members of the CEE Appliance Committee have been promoting clothes washers,
dishwashers, refrigerators, and room air-conditioners in their programs. Over this time period, the
market penetration of ENERGY STAR models in these four product categories has increased
significantly. As a result, the ENERGY STAR criteria and CEE’s high efficiency specifications for
these products have been revised many times. Even so, members have communicated difficulty
managing free-ridership issues and getting their programs to pass total resource cost (TRC) fests.
This combined with the need to deliver even greater energy savings, has led to the Appliance
Committee’s interest in exploring new technologies.

In the spring of 2008, the Appliance Committee created a list of technologies of interest, established
a criterion for evaluating them, and identified their top three priorities. At CEE’s June Program
Meeting, the Committee discussed the potential for pursuing pool pumps, clothes dryers, and
dehumidifiers. Given the existence of the ENERGY STAR program for dehumidifiers, and the
significant market barriers associated with clothes dryers, the Committee chose to focus on pool
pumps first. [Unfortunately work in this area was postponed due to revisions to the ENERGY STAR
criteria for dishwashers and CEE s residential dishwasher specification during the fall of 2008 and
first half of 2009.]

This memo outlines the potential energy savings, existing pool pump programs, relevant standards,
additional information needed, market challenges, and potential next steps with regards to pool
pumps. It will be used to inform the Committee’s discussion on our July 7 call, during which we’ll
review the information in sections I-III to ensure it is consistent with current program experience and
then focus our discussion on enhancing sections IV-VI. :

|. Potential Energy Savings

The following information on potential energy savings was gathered from a 2009 Pool and Spa
Marketing study, San Diego Gas & Electric’s Poo! Motor Brochure dated 9/06/07, and the online
Pentair Pool Pump Cost Calculator. If you are currently running a program, please compare these
numbers and assumptions to the ones you are using to see if there are significant discrépancies.

Working Togaether, Advancing Efficiency



Energy use
Standard (single speed) pumps
a. 6hours/day'
b. 13.8 kWh/day"
c. Warm climate (365 days) 5,037 kWh/vr
d. Cool climate (100 days)' 1,380 kWh/yr
Two-speed pumps
a. 10 hours/day”
b. 9.4 kWh/day"
c. Warm climate (365 days) 3,431 kWhiyr
d. Cool climate (100 days) 940 kWh/yr
Variable speed pumps
a. 10 hours/day”
b. 2.1 kWh/day"”
c. Warm climate (365 days) 767 kWh/yr
d. Cool climate (100 days) 210 kWh/yr

Per Unit Energy Savings
These savings were calculated based on the above energy use estimates.
Two-speed savings over standard (single speed)

4.4 kWh/day

Warm climate (365 days) 1,606 kWh/yr
Cool climate (100 days) 440 kWh/yr
Approximately 30% savings

oo op

Variable speed savings over standard (single speed)

a. 11.7 kWh/day

b. Warm climate (365 days) 4,270 kWh/yr
c. Cool climate (100 days) 1,170 kWh/yr
d. Approximately 85% savings

Total Energy Savings Potential

The above savings numbers were multiplied by the number of in-ground pools in a particular climate
zone to determine aggregate savings. The market regions as defined by Pool & Spa Marketing were
grouped as follows: Warm Climate — Southeast, South Central, and Southwest and Cool Climate —
Northeast, East Central, West Central, and Northwest.

Two-speed savings over standard (single speed)

a. 5.1 million in-ground pools nationally in 2007*"

' Assumes pools are open from Memorial Day through Columbus Day in cool climates.

Working Together, Advancing Efficiency 2




1. 3.3 million in-ground pools in warm climates (65%)

2. 1.8 million in-ground pools is cool climates (35%)
b. 6.1 billion kWh/yr saved nationally

1. Warm climate (365 days) 5.32 billion kWh/yr

2. Cool climate (100 days) 0.78 billion kWh/yr

Variable speed savings over standard (single speed)

a. 5.1 million in-ground pools nationally in 2007
1. 3.3 million in-ground pools in warm climates {65%)
2. 1.8 million in-ground pools is cool climates {35%)
b. 16.1 billion kWh/yr saved nationally
1. Warm climate (365 days) 14 billion kWh/yr
2. Cool climate (100 days) 2.1 billion kWh/yr

Il. Existing Programs

The following information was collected by CEE staff as part of its research for the July 7 call. The
list of program offerings among CEE members may not be comprehensive but reflects the program
details staff were able to find through web research and member outreach.

CALIFORNIA
« Pacific Gas & Electric
o Rebate:
» Efficient two-speed pool filtration pump and mator with automatic controller

-$100
» Efficiency variable speed pool filtration pump and motor — $100
o Requirements: A controller capable of automatically switching speeds must be
purchased and installed, if the existing controller does not have this capability.
o Resources:
= List of qualified two speed pumps, motors, and controllers and variable pumps
and controllers

http://www.pge.com/myhome/saveenergymoney/rebates/seasonal/poolpumps/

¢ San Diego (as & Electric

o Rebates: SDG&E provides a $100 rebate for Multi-Speed or Variable-Speed Pool
Pump and Motors.

o Requirements: A qualifying automatic controller is required for most multi-speed
pool pump and motor sets.

o Resources:

s List of qualifying pool pumps and controllers
hitp://www.sdge.com/residential/poolPumps.shtml
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http://www.pge.com/mvhQme/saveencrgvmQnev/rebates/seasonal/poolpumps/
http://Mnvw.sdge.com/residential/poolPumps.shtml

e Southern California Edison

o Rebate: $200 back for a two-speed pool pump or variable-speed pool pump. This
rebate is part of the Home Energy Efficiency Rebate Program (HEER).

o Requirements: For those models that require an automatic control system capable of
controlling both high and low speeds, a controller must be installed.

o Resources:

= List of qualifying pool pumps and motor models
http://www.sce. corn/re31dentlal/rebates—savmgsz‘pool/nool-numn-motor him

Note: Two-speed pumps don’t always deliver correct speeds, and so existing programs are
experiencing more buy in from contractors with variable pumps. However, calculating savings on
variable speeds is more complex. PG&E verified service providers model is being pursued an
upstream rebate program. It is important to note that the baseline may be different in CA because of
Title-24.

MASSACHUSETTS AND RHODE ISLAND
o Cape Light Compact, NSTAR Electric, National Grid, Western Massachusetts Electric, and

Unitil
o Rebates;
*  Two-speed customer rebate $50, contractor $50
* Variable speed customer rebate $100, contractor $50
o Requirements: To be eligible, installations must include a qualifying cqutroller
o Resources:
= List of qualified products
http://www.myenergystar.conydocuments/RebateForms/MA_and Rl Qualifi
ed_Pool Pump List May 2009.pdf
= List of qualified controllers
httn /Iwww.myenergystar.com/documents/RebateForms/MA gmd
RI Qualified Controller List May 2009.pdf
NEW YORK
» Long Island Power Authority

o Rebates;
= Two-speed installer rebate $75 and two-speed customer rebate $75
* Variable speed installer rebate $100 and variable speed customer rebate $200
o Requirements; The pool pumps must be installed with an eligible controller by a
participating dealer in order to gualify for the rebate, Eligible pumps must be 1/2 HP
or larger.
o Resources:

» List of qualified products http://www.lipower.org/pdfs/cei/qualified-poolv.pdf
and http://www lipower.org/pdfs/cei/qualified-pool2.pdf

= List of participating dealers/installers

http://www.lipower.org/pdfs/cei/retailers-pool.pdf
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http://www.sce.com/residential/rebates-savings/poQl/pool-pump-motor.htm
http://www.mvenergvstar.com/documents/RebateForms/MA_aiiid_RI
http://vsAvw.mvenergvstar.com/documents/RebateForms/MA
http://vAvw.lipower.org/pdfs/cei/qualffied-poolv.pdf
http://www.lipower.org/pdfs/cei/qualified-pool2.pdf
http://www.lipower.org/pdfs/cei/retailers-pool.pdf

NEVADA

e NV Energy
o Rebate: NV Energy is providing instant rebates on energy-efficient residential pool
pumps.
*  $100 instant rebate for two-speed pumps
*  $200 instant rebate for variable-speed pumps .
o Requirements: Must use a participating retailer, pool builder, or distributor to receive
instant rebate. Pump must be new; rebuilt motors do not qualify.
o Resources;
» They have developed a list of participating retailers and pool builders as well
as service professionals. '

* http://www.nvenergy.com/saveenergy/home/rebates/poolpumps.cfm

TEXAS

« Austin Energy
o Rebates: $200 for an Austin Energy qualified variable-speed pump and motor
o Requirements: Must be Austin Energy qualified and a replacement for an existing
pump and motor, or installed with a new in-ground pool (existing pools with solar
heating are not eligible)
o Resources:

» List of qualified models
http://www.austinenergy.com/Energy%20Efficiency/Programs/Rebates/Resid
ential/Pool%20Pump/qualifyingSystems.htm

» List of participating pool professionals ‘
htip://web.memberclicks.com/me/directory/viewSaveSearch,do?saveSearchRe
turn=3 and
http://www.austinenergy.com/Energy%20E ficiency/Programs/Rebates/Resid
ential/Pool%20Pump/index.htm

lll. Current Standards

CALIFORNIA

o Title 20 (http.//www.energy.ca.gov/2006publications/CEC-400-2006- 002/CEC-400-2006-002-
REV2.PDF) addresses pumps, motors, and controls and was adopted in October 2003.
» Title 20 specifies:
o Service Factor
o Motor Efficiency
* Employs standard test procedure to make motor efficiency comparisons
o Two-Speed Capability
*  Pump Motors
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http://www.nvenergv.com/saveenergv/home/rebates/poolpump%5e.cfm
http://www.austinenergy.eom/Energv%20Efflciency/Programs/p.ebates/Resid
http://web.memberclicks.coni/mc/directorY/viewSaveSearch.do7saveSearchRe
http://MAvw.austinenergv.com/Energv%20Efficiencv/Programs/Rebates/Resid
http://www.energv.ca.gQv/2006publications/CEC-400-2QQ6-002/CEC-400-2006-0Q2REV2.PDF
http://www.energv.ca.gQv/2006publications/CEC-400-2QQ6-002/CEC-400-2006-0Q2REV2.PDF

*  Pump Controls

e Title 24 (http://www energy.ca.gov/title24/index.html) includes information on pump motor
selection, pipe design, and filter size selection. The standards are in a 2008 update process now.

¢ Title 24 Recommendations:

Compliance with Title 20

Accessible On/Off Switch

Posted Instructions for Energy Efficient Pool Operation

No Electric Resistance Heating
» Exceptions for heaters with fully insulated covers/enclosures or 60% of heat

from solar or recovery

Pump Sizing and Flow Rate Requirements

System Piping Requirements

Filtration Equipment Sizing Requirements

Peak Demand Controls

Cover Required for All Pools

V. Additional Information Needed

This is a list of information needs identified at CEE’s June Meeting in 2008. Efficiency programs
may have other information needs that aren’t included in this list. Please consider what should be
added.
e Market channel information

o Where pumps are purchased

¢ Who installs them
¢ Installation considerations

¢ Correct sizing of pump for pool

* There maybe a study from Ecos on this topic
o Design of pipes, filters, pump and pool

Q C Qo
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V. Challenges

Again, this list of challenges is from CEE’s 2008 June Meeting. Please consider other challenges
that should be included.

Customer awareness
Industry support
Getting pumps installed
Regional differences
High cost equipment
High cost installations
Complicating factors
o Efficient pool designs
o Filtration systems and where filters and pumps are installed

warking Together, Advancing Efficiency


http://'http://www.energv.ca.gov/title24/index.htmn
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o Pool timers (timers may not be a good for programs because they don’t address water
quality/filtration requirements and are also based on consumer behavior).
o Pool heaters

V1. Potential Next Steps

The items under each heading are not comprehensive. As in the previous sections, additional inputs
are welcome.
e Identify additional resources
o Progress Energy in Florida as they may have a new standard in place.
o CA studies (SDG&E pool timers)
o Pool permit data
O Real estate data
¢ Talk with industry
o International Pool Spa Service Association (IPSSA)
o Experienced programs stressed that training industry and installers is key.
s Determine Role for CEE
o Information sharing
o CEE specification
o Product lists
o ENERGY STAR label would help manufacturers be consistent in reporting/testing

" San Diego Gas & Electric Pool Motor Brochure. Page 2. September 6, 2007.

http:/fwww.sdge.com/documents/residential/PosIMotorBrochure. pdf
" San Diego Gas & Electric Pool Motor Brochure. Page 2. September 6, 2007.

http://www sdge.com/documents/residential/PoolMotorBrochure pdf

" San Diego Gas & Electric Pool Motor Brochure. Page 2. September 6, 2007.

http://www sdge.com/documents/residential/PogiMotorBrochure pdf

™ 8an Dicgo Gas & Electric Pool Motor Brochure. Page 2. September 6, 2007.

hitp://www sdge.com/decuments/residential/PogiMotorBrochure pdf

¥ Pentair Pool Pump Cost Calculator. Accessed June 10, 2009 hitp://www pentairpool com/pool_pump_calc/index.him.
" Calculated based an Pentair Pool Pump Cost Calculator: $/day divided by utility rate $/kWh.

hitp://www pentairpool.com/pool_pump_calc/index him.

" Hubbard, Richard. U.S. Swimming Pool Industry Experiences Downturn in 2007. Pool & Spa Marketing. March 2009.
Pages 12-13, hitp://www.poolspamarketing.com/public/stats/pdf/2007_US_Swiming_Pool_Stats. pdf

" Hubbard, Richard. U.S. Swimming Pool Industry Experiences Downtum in 2007. Pool & Spa Marketing, March

2009. Pages 12-13. hitp://www.poolspamarketing.com/public/stats/pdfi2007_US_Swiming _Pool_Statspdf



http://www.sdge.com/documents/residcntiai/PoolMotorBrQchure.pdf
http://www.sdge.com/documents/residential/PoolMotorBrochure.pdf
http://www.sdge.com/documents/residentiai/PoolMotorBrochure.pdf
http://www.sdge.com/documents/residential/PoolMotQrBrQchure.pdf
http://www.pentairpool.com/pool
http://www.pentain:)Oolcom/pool_pump_calc/index.htm
http://www.poolspamarketing.com/public/stats/pdf/2007_US_Swimine
http://www.poolspamarketing.com/public/stats/pdf/20Q7_US_Swiming
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Purpose

This document is a report template to be used by researchers who are evaluating proposed
changes to the California Energy Commission's (Commission) appliance efficiency
regulations (Title 20, Cal. Code Regs,, §§ 1601 — 1608) This report specifically covers
revisions to current Residential Pool Pump appliance standards which were adopted by the
California Energy Commission on Oct 11, 2006.

This template covers the following 3 pool pump topics:

* Replacement pool pump motors
* High-efficiency multi-speed motor and control clarifications
* New pool pump test curve

Background

There are approximately one million above ground residential swimming pools in California,
the vast majority of which use a single-speed motor to drive the filtration pump to circulate
and filter swimming pocl water in order to remove particulate debris and maintain clarity.
Residential pump motors range in size from one half to three horsepower (hp), are operated
an average of about 4.6 hours per day, but in some cases up to 10 hours per day, and draw
appraximately one kW per nominal horsepower.

Using pumps with 2-speed motors offer a significant opportunity for enaergy savings by taking
advantage of pump affinity laws. Operating a pump equipped with a two-speed motor at half
speed for twice as long moves the same volume of water, but in theory uses only ane-
quarter the amount of energy. In reality, currently available two-speed motors are less
efficient at the lower speed, so energy savings are closer to 55%. Low speed operation Is
generally adequate for filtering, but high speed may be needed for operating pool sweeps for
a few hours daily, and for reforming DE filters after backwashing.

2008 California Appliance Efficiency Standards July 23, 2008
Residential Pool Pump Measure Revisions
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Residential Pool Pumps were first included in the 2005 Title-20 appliance standards that
were adopted at the end of 2005. Residential Swimming Poo! standards are included in the
2008 Title-24 building standards which are expected adopted in April, 2008 and will become
effective July 1, 2009. The 2005 Title-20 standards regulated pool pump motor types and
required testing and listing of pool pump motor combinations effective January 1%, 2006. In
addition, multi-speed motors and controls were required for pool pumps of greater than 1 HP

effective January 1%, 2008. The 2008 Title-24 standards require pool design standards that
include minimum pool turnover times and maximum flow velocities.

Since the implementation of the standards there have been ongoing discussions between
PG&E and the pool industry (principally the Association of Pool and Spa Professionals,
APSP) in regards to updates and revisions including the following:

¢ Accommodate new poo! equipment such as variable-speed motors

e Clarify wheather or not replacement motors are covered

» Add a third pool pump test curve to represent efficient pool piping design.

Overview

Replacement pool pump motors

The current pool pump standards do not refer to pool pumps, pool pump motors, and pool
pump motor combinations consistently. In addition, pool pump motors are not explicitly
identified in the scope of the standards. Because of this, it is currently the interpretation of
the CEC that the standards do not cover replacement pool pump motors, aithough this was
the intent of the those involved in writing the standards.

Description of | The scope of Residential Pool Pumps should be amended to explicitly

Standards include the pump, pump motor, and replacement motors.

Proposal

California There are approximately 1.1 million private, residential, in-ground

Stock and swimming pools in California, with annual sales of 34,000. Approximately

Sales 113,000 pool pump motors are replaced each year.

Energy Energy savings of replacing an average single-speed pool pump motor with

Savings and a two-speed motor is estimated to be 1088 kWh/yr which will result in

Demand statewide savings of 497 GWh and 132 MW over the first ten years of the

Reduction standard.

Economic Installation of a two-speed replacement motor is estimated to cost an

Analysis average of $450 more than a single-speed replacement, Net present value
of the energy savings over the 10 year lifetime of the motor is $563 with a
2.2 benefit-to-cost ratio.

Non-Energy Operating swimming pool filtration equipment at low flow rates greatly

Benefits reduces noise and can reduce entrapment issues due to high flow
velocities.

2008 California Appliance Efficiency Standards
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Environmental | None

Impacts

Acceptance Not all pool service companies have experience with two-speed motors,

Issues Increasing the cost of a pool pump motor replacement above $500 may
require that it be done by a licensed contractor.

Federal Pool pump motors are definite purpose motors and as such are not

Preemption or | presently covered by federal efficiency regulations.

other

Regulatory or

Legislative

Considerations

High-efficiency multi-speed motor and control clarifications

When the current standards were written the vast majority of residential pool pump motors
were either single-speed or two-speed. Since then manufacturers have brought out an
increasing variety of multi-speed and variable-speed motors. These can provide significant
energy savings over conventional motors, but their performance is more difficuli to
characterize. Section 1605.3(g)(5)(B) needs to define what the lowest speed is.

New Pool Pump Test Curve

The 2008 Title-24 pool standards rely on a new pool system curve to size pumps for poois of
greater than 25,000 galions. This curve, referred to as “Curve C', was suggested by pocl
pump stakeholders and represents the system curve of a well designed, low pressure-drop
pool. Adding Curve C to the test and listing requirements of filtration pumps will allow the
data to be easily used for Title-24 compliance.

Methodology

The current appliance efficiency data base for pool pumps was used to estimate the
efficiency of typical 1.5 hp single- and two-speed pumps. The data base was sorted by pump
type and total horsepower and single- and two-speed pumps with close to 1.5 total hp were
selected. Average energy factors for each type of pump was used to estimate annual
energy use.

Two-speed motors can replace single-speed motors directly in most pumps, but they require
a new two-speed controller and wiring which requires additional labor to install. Pool pump
motors have an expected lifetime of 10 years, although the pump head can last much

longer. We estimate that 113,000 pool pump motors are replaced each year, of these, we
estimate:

» 30% will be replaced with a less than 1 hp motor and remain single-speed.
e 20% will replace the whole pump and will be covered by the current standard.
e 50% will be a motor replacement of greater than 1 hp.

2008 California Appliance Efficiency Standards July 23, 2008
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Analysis and Results

Three sizes of pool pump motors were evaluated for this analysis: 1.25, 1.65, and 2.2 total
hp. 84 pool pumps with these total capacities were selected from the current CEC appllance
data base. Single-speed pump operation time was assumed to be the California average of
4.6 hours. High-speed pump operation depends on whether the pool has a filter pump
powered automatic pool cleaner and whether there is a sand or DE filter that needs
backwashing and high-speed start-up. An average of 1.3 hours per day was assumed. Low-
speed operation was set to the number of hours required to filter the same amount of water

as the single-speed system. Operating assumptions based on Curve A characteristics are
summarized in the Table 1.

Tablei. Pool Pump Operation

Flow  Power EF Run Time Energy

Total HP Mctor (gpm) (W)  (gal’lWh) (hrsiday) (kWh/yr)
Single-spaed 57.0 1380 2.51 4.6 2286
1.25 [Two-speed High 581 1488 2.34 1.3 680
[Two-speed Low 32.1 334 577 5.9 720
Single-speed 60.7 1837 2.2 4.6 2753
1.85 [Two-speed High 613 1814 2.03 1.3 829
Two-speed Low 330 427 4.64 6.1 958
Single-speed 63.0 1958 1.83 4.6 3291
2.2  [Two-speed High ghe6 193 2.06 1.3 874
[Two-speed Low 33.0 414 4.79 6.3 953
Weighted Average Savings 1246 1088

The two-speed pumps operate an average of 7.4 hours per day, but due to the significantly
lower power use on low-speed the average savings is 1088 kWh/yr. Average demand
savings on low-speed is 1.2 kW.

Economic calculations are shown in Table 2. Average incremental cost of a two-speed motor

is $210, but an additional $160 is required for the controller and $80 for the added
instaliation labor.

Table 2: Life Cycle Ecoromics

Dssign

Life Annual Energy Present Value of Net Cusiomer

(years) | Savings (kWh) LCC (§/kWh) Energy Savings _incremental Cost Present Value BCR
10 1088 0.931 $1013 $450 $563 2.25

Statewide savings estimates are shown in Table 3. 30% of motor replacements are
assumed to be with less than one hp single-speed motors, and 20% are assumed to be
whole pump change-outs, resulting in on one-half of required motor replacements being two-
speed replacements. Full savings are realized in 2019 after all existing single-speed motors

have been replaced. Demand savings are based on one-third of pool pumps operating on-
peak.

2008 California Appliance Efficiency Standards July 23, 2008
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Table 3. Statewide Energy and Demand Savings

Fraction Energy Savings Demand Savings
Annual Motor Replaced with {GWhiear} (MW}
Replacements 2-speed First Year 2019 | Firsf Year 2018
113,000 50% 61 615 23 232

Recommendations

Replacement pool pump motors
Make the following changes in sections 1602 and 1604 to explicitly include replacement pool
pump motors in the regulations:

1602(g)
“Residential pool pump™ means a pump-motor combination used to circulate and filier pool water in
order to maintain clarity and sanitation, and includes the centrifugal pump and the pump meotor,

1604(g)
{3) Test Method for Residential Pool Pumps and Replacement Motors
(B) ANSI/HI 1.6-2000 shall be used for the measurement of pump and-motor-combinations
efficiency.

High-efficiency multi-speed motor and control clarifications

Add the following definition to section 1602(g):

“Auxiliary pool load” means a feature or device that circulates pool water, in addition to that required
for pool filtrafion. including, bui not limited to_solar pool heating systems, filter backwashing, pool
cleancrs, waterfalls, fountains, and spas.

Make the following changes in section 1605.3(g)(5) to better accommodate high-efficiency
multi-speed motors and to clarify control specifications as they relate to multi-speed
products:

(B) +woMulti-Speed Capability.

(i) Pump Mators. Pool pump motors with a capacity of greater than 1 total HP ex-mere
which are manufactured on or after January 1, 2008, including but not limited o those
installed in existing residential pool pumps as replacement residential pool pump motors,
shall have the capability of operating at two or more speeds with atew the lowest speed
having a rotation rate that is no more than one-half of the motor’s maximum rotation raie.

(i1) Pump Centrols. Pool pump motor controls manufactured on or after January 1, 2008
that are sold for use with a two- or more speed pump shall have the following minimwmn
capabilityicyg:

{2y The ability 1o operate the pool pump al two or more speeds,
(b A filtration speed that is the default when ng auxiliary pool loads are
operating and is no more than onc-half of the motor’s maximum rotation

2008 California Appliance Efficiency Standards July 23, 2008
Residential Pool Pump Measure Revisions




Measure Information Template Page 7

(¢} Ahich-speed override capability that tetumns to the filtration speed within

twenty four hours,

New Pool Pump Test Curve
1604 (g) (3) Test Method for Residential Pool Pumps
(C)  “Fwa Three curves shall be calculated:
Curve A: H=0.0167 x F2
Curve B: H=0.050 x F2
Curve C: H =0.0082 x F2
Where:
H is the total system head in feet of water.
F is the flow rate in gallons per minute (gpm).

(D)  Foreach curve (A&,B&C), the pump head shall be adjusted until the flow and
head lie on the curve. The following shall be reported for each curve and pump

speed (two-speed pumps shall be tested at both high and low speeds). See Table
V.

1606 Table V Data Submittal Requirements

Appliance Required Information Permissible Answers

(G | Residential Pool Pumps

Motor Construction .
run, split-phase

PSC, Cap Start-Cap Run, ECM, Cap Start-induction

speed

Motor Design Single-speed., two-sp_eed, multiple-speed, variable-

I rame

Spesd (i

Motor has Capability of Operating at Two or More
Speeds with the Low Speed having a Rotation Rate that is
N More than Ome-Half of the Motor's Maximum
Ratation Rate

Yes, no

EretRump Motar Service Factor

Motor Efficiency (%)

Nameplate Horsspower

Flow for Curve 'A* (in gpm)

Power for Curve ‘A’ (in watts)

Energy Factor for Curve ‘A’ (in gallons per watt-hour)

Flow for Curve ‘B’ {in gpm)

Power for Curve 'B’ (in watts)

Energy Factor for Curve B * (in gallons per watt-hour)

Flow for Curye 'C ¢in upm}

Powear tor Curve 'Ch {in walis)

Eoergy Pactor for Curve "0 Hin zallons per wat-hour)

2008 California Appliance Efficiency Standards - July 23, 2008
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Residential Swimming Pool Pumps

Measure Name

Residential Swimming Pool Pump

Target Sector

Single Family Residential Establishments

Measure Unit Pool Pump
Unit Energy Savings 694 kWh
Unit Peak Demand Reduction 0.357kW
Measure Life 10 years

1.1 Introduction

Residential pool pumps ranging from 0.75 hp to 3 hp are often oversized, have inefficient motors and
operate at higher flow rates than necessary. This work paper documents the calculation methodology and
the assumptions regarding baseline equipment, high efficiency equipment, and usage patterns used to
estimale annual energy savings expected from the replacement of a standard pool pumps with high
efficiency pool pumps.

1.2 Measure Applicability

This work paper documents the energy savings attributable to efficient pool pumps in small residential
applications. The most likely areas of application are swimming pools in single family establishments.
There are two energy efficient scenarios described in this paper. The first scenario replaces a standard
efficiency 1.5 HP pump with a premium efficiency 1.5 HP pump. The second scenario, called the “right-
sizing” scenario, replaces a standard efficiency 1.5 HP pump with a premium efficiency 1.0 HP pump. In
this scenario, the smaller pump runs slightly longer hours but filiers approximately the same number of
gallons per day.

1.3 Savings Calculations

The DSMore Michigan Database of Energy Efficiency Measures' refers to the California Energy
Commissions’ extensive field study for the energy savings analysis. The energy savings and demand
reduction obtain through the following caleulations:

Energy Usage:

1
M'E'Brue

ngf = {H.ngf X .Lfgff K.746) » ( )t HrDEﬂ x DY = 1,467 EWh

PME gy,

1
Ens = (HPgs X LF g X.746) X (M — )x HrD o x DY = 1,386 kWh

RS


file:///FMEsffJ

Peak Demand:

LF AW
Dgose= Eﬂpgm X (I—,—&—]—Efi-;'fi x 0, 7+6ﬁx GF} =2.272 kW

? !-Faﬂ ! KW
Dggp = { HPggs ¥ (m)x 0.746 1 x cr} = 0.799 kW

LFps ) kW ]
={1HP 746—— = 0.697 kW
Dy, { “x(PMEH xﬂ'?fi-BHPxCF 0

Energy Savings:

The energy savings are taken as the difference between the baseline energy usage and the average energy
usage for the two efficient scenarios.

1
Esnvings = Epage — 7 '[ngf +Egg)= 694kWh

Demand Reduction:

The demand reductions are taken as the difference between the baseline peak coincident demand and the
average peak coincident remand for the two efficient scenarios.

1
DSavinyr = Dggge — E(Bﬁff + Dﬂs) = 0,357 kWh

1.4 Definition of Variables
The parameters in the above equations are listed in Table 1 betow.

Table 1: Calculation Assumptions

Component Type Value Source
HP\,.. : Baseline Purnp HP Fixed 1.5 i
HPgir - Efficient Pump HP Fixed 1.5 i
HPgs : Right-Sized Pump HP Fixed 1.0 i
PMER : Baseline Pump-Motor Efficiency Fixed 0.325 i
PMEgs : Efficient Pump-Motor Efficiency Fixed 0.455 i
PMEgs : Efficient Right-Sized Pump-Maotor Efficiency | Fixed 0.455 i
LFg,s : Load Factor Fixed 0.66 i
LFgy : Load Factor Fixed 0.65 i
LFRS : Right Sized Pump Load Factor Fixed 0.85 i
HrDg,se : Baseling Operating Hours/ day Fixed 6.10 i
HrDygir  Baseline Operating Hours/ day Fixed 6.00 i
HrDys : Baseline Operating Hours/ day Fixed 6.50 i




DY Days per Year Fixed 153 i
Dgase: Baseling pump demand (kW) Calculated | 2.27 i
Denc Efficient pump demand (kW) Calculated | 1.60 i
Dys: Efficient, right-sized pump demand (kW) Calculated | 1.39 i
CF: Coincidence Factor Fixed 0.50 i

1.5 Prescriptive Deemed Savings

The deemed savings for the installation of a residential pool pump compared to a standard efficiency pool
pump is 694 KkWh per vear with a demand savings of .357 kW.

Measure Life

The Database for Energy Efficiency Resources estimates the measure life at 10 years" which also matches
with the DSMore useful life used in the energy savings analysis.

1.6 Evaluation Protocols

The most appropriate evaluation protocol for this measure is verification of installation coupled with
assignment of stipulated energy savings.

References

' Please find original documentation from DSMore M1 DB attached herein:

Microsoft Office o
Word 97 - 2003 Doc g oot Okce

‘DEER EUL values, updated Qctober 10, 2008
http://www.deeresources.com/index.php?option=com_content&view=article&id=65&ltemid=57
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No Loss Condensate Drains

Aszsumptions:
1) Baseline: Timer contrelled valve to the atmosphere with set frequency and duration
2) High efficiency: Cperale by sensing the condansale levet and opening when necessary, and closing before any cémpressed air escapes

Algorithms:
Incremental! Cost
Incremental Cost = $200 (see "Compiled Dats Request Resulis.xs" for details)

kWh Savings

AKWhH = Air Loss Rate x Compressor kW/CFM x OPEN x % Not Condensate

Where
Air Loss Rate = An hourly average rate dependent on the Drain Orifice Diameter and Pressure, expressed in CFM (see tabla below}
Compressor KW/CFM = The average amount of elsctrical demarwd in kW required to produce one cubic fxot of air at 100 psi
OPEN = Hours per year the limed drain is open -
%, Not Condensate = Percentage of lime compressed eir escapes instead of condensate !

Simplified kWh Savings
AkWh = Air Loss Rate x GCompressor kW/CFM x OPEN x AF x % Not Condensate
Where
Air Loss Rate = 25.22 (analysis assumes 1/8" orifice diameter @ 100 psi)
Compressor KWICFM = 32 (assumes modulating w/ BD compressor - see analysis in the "Nozzles" sheat for additional compressor types)
QOPEN = 146 {assumes timed drain venis 10 seconds every 10 minutes)
AF = [(Total compresser operating hours + 8760} / 2) / 8760 (Assume timed drain operates 8760, but the actual number of hours that compressed a
% Not Condensate = T5% (EVT assumption)

ARW = AkWh { HOURS

WWhere
HOURS = compressar tolal operating hours
%Full Load Average
Compressor Control Type @ 85% Compressor
Savings Calculator: Capacity *WICFM
Air Loss Rate (CFM): 25.22 Modulating wi BR 82% 0.32
Compressor KWCFM: 0.32 Load/No Load w/ 1 galfCFM 94% 0.32
OPEN: 146.4 Load/Ne Load w/ 3 gal/CFM 86% 0.30
AF 0.74 Lead/No Load w/ 5 gal/CFM B2% 0.28
% Not Condansate 75% Variable Speed w/ Unloading 657% 0.23
HOURS: 4160 Source: "Nozzles" sheet in this werkbook
AkWh: €45.0
LKW, 0186
Incremental Cosl: § 200.00
Caostper kWh Saved §  0.31
Leakage Rates (CFM)
Pressure Orifice Diameter (inches)
(psig} - —
1/64 1732 118 1/8 1/4 38
0 0.29 1.16 486 13.62 74.4 167.8
80 0.32 1.2 5.24 20.76 83.1 1872 |
90 0.36 1.46 572 23.1C 92.0 206.6
95 0.38 1.51 8,02 24.16 96.5 216.8  [interpolated from crigmal tabie
100 0.40 1.55 8.31 25.22 100, 2270 |
105 042 1.63 §.58 26.31 105.2 236.7 |ntampoiatd fram ariginal tadie
110 0.43 1.71 5.85 27.3% 109.4 248.4 |nterpoizied fram onginal lable
15 0.45 1,78 7.12 23.48 113.7 256.1  pntarpoizled from orginal tabie
120 0.46 1,86 7.39 29.5€ 117.%9 285.6  pnterpoizied am onginal table
125 0.48 1.94 7.66 30.65 122.2 275.5

Sowrce: “Comprassed Air Systems Analysis Tool vaa.xls”




nting and leakage when the compressor is dawr
|




Measure

Air Receiver
Dryers
Compressors
Nozzles
Condensate Drains

AkWh
10057
1172
21022
799
645

AKW  Incremental Cost

242 § 2.000.00
028 § 750.00
506 % 4,621.00
019 § 14.00

016 $ 200.00
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“Strip curtains for walk-in units”




Strip Curtains for Walk-In Freezers and Coolers

Measure Name Strip Curtains for Walk-In Coolers, Freezers
Target Sector Commercial Refrigeration
Measure Unit Walk-in unit door

Variable: 2,974 kWh for Freezers, 422 for coolers,

Unit Energy Savings 1,118 kWh weighted average for all walk-ins

Variable 0.35 kW for freezers, .05 kW for coolers

Unit Peak Demand Reduction 0.14 kW weighted average for all walk-ins

Measure Life 4 years

1.1 Introduction

Strip curtains are used to reduce the refrigeration load associated with the infiltration of non-refrigerated
air into the refrigerated spaces of walk-in coolers or freezers. This paper quantifies the savmgs that result
from using strip curtains as encrgy efficiency measures for walk-in freezers.

The air density difference between two adjacent spaces of different temperatures is the primary cause of

air infiltration into walk-in coolers and freezers, The total refrigeration load due to infiltration through
the main door into the unit depends on the temperature differential between the refrigerated and non-
refrigerated airs, the door area and height, and the duration and frequency of door openings. The avoided
infiltration depends on the efficacy of the newly installed strip curtains as infiltration barriers', and on the
efficacy of the supplanted infiltration barriers, if applicable. The calculation of the refrigeration load due
to air infiltration, and the energy required to meet that load, is rather straightforward, but, relies on critical
assumptions regarding the aforementioned operating parameters. For all the above assumptions, this
paper uses values that were determined by direct measurement and monitoring of over 100 walk-in units
in a recent evaluation for the CA Public Utility Commission. Some weather dependent. parameters, such
as the temperature and humidity of the infiltrating air, and the average annual coefficient of performance
(COP) of the refrigeration system, are modified to reflect the climate in PA.

1.2 Measure Applicability

This work paper documents the energy savings attributable to strip curtains applied on walk-in freezer
doors in many commercial applications. The most likely areas of application are large and smal! grocery
stores, supermarkets and restaurants,




1.3 Savings Calculations

The energy savings due to infiltration barriers in refrigeration are described by the following equation,
which is based on Tamm’s equation” (an application of Bernoulli’s equation), and the ASHRAE
handbook™

KR =365 X e, (e = fraaToa 2OC, A(T, = T)/T)gH ™ x 60 (i, — p,h, ) x3413" xCOP™

1.4 Definition of Variables

The variables in the above equation are defined below:
tope» =minutes of time walk-in door is open

Tnew = the efficacy of the new strip curtain — an efficacy of 1 corresponds to the strip curiain thwarting all
infiltration, while an efficacy of zero corresponds to the absence of strip curtains.

Nag = the efficacy of the old strip curtain
e = the fraction of customers that have old strip curtains
20 is the product of 60 minutes per hour and an integration factor of 1/3"

Cp = Discharge Coefficient: empirically determined scale factors that account for differences between
infiltration as rates predicted by application Bernoulli’s law and actual observed infiltration rates

A = doorway area, ft*

Ti = drybulb temperature of infiltrating air, Rankine
T, = drybulb temperature of refrigerated air, Rankine
g = gravitational constant = 32.174 fi/s®

H = doorway height, ft

h;= enthalpy of the infiltrating air, Btu/lb

h, = enthalpy of the refrigerated air, Btw/lb

p. = density of the infiltration air, Ib/ft’

p» = density of the refrigerated air, Ib/fi’

3413 = the number of BTUs in one kWh

COP = the time-dependent (weather dependent) coefficient of performance of the refrigeration system

The parameters in the abave equations are listed in Table 1 below. The equation above and the values
for the input parameters are taken from the 2006-2008 California Public Utility Commission’s evaluation
of strip curtains’. The original work included 8760-hourly bin calculations. The values used herein
represent annual average values. For example, the differences in the temperature between the refrigerated
and infiltrating airs are averaged over all times that the door to the walk-in unit is open. The value for the
baseline curtain efficacy of 0.26 is taken from CA. K assumes that approximately 50% of customers are
replacing old, degraded strip curtains, and the rematning customers are installing strip curtains for the first
time.



Table 1: Calculation Assumptions

Value: Value: Source
Value: Convenience Chain (Endnote)
Compunent Type Restaurants Stores Supermarket
s
Tnew Fixed 85 85 83 v
Y
Noaid Fixed 58 .58 .58
v
foid Fixed ] S5 5
c Fixed 0.48 (freezer) 0.45 (freezer) 0.56 (freezer) v
0 "% | 0.43 (cooler) | 0.44 (cooler) 0.38 (cooler)
v
. . 38 (freezer) 9 (freczer) 102 (freezer)
fopen (MiNULES/day) Fixed | 45 cooler) 39 (cooler) 132 (cooler)
v
A (R Fixed 21 21 35
v
H (ft) Fixed 7 7 7
v
Ti(°F) Fixed 67 64 67
Y
o . 10 (freszer) 7 (freezer) 9 (freezer)
LCP) Fixed | 39 (cooler) 39 (cooler) 17 (cooler)
A
RH, (%) Fixed 50 50 50
v
RH, (%} Fixed 80 a0 80
. 2.0 (freezers 2,0 (freezers) 2.0 (freczers)
Cor Fixed | 3¢ Ecmlers)) 3.8 (coolers) 3.8 (coolers)

Demand Savings

The demand savings are taken to be the annual energy savings divided by 8760 — essentially, a flat load
shape is assumed, which, for commercial refrigeration in PA, is slightly conservative.

Demand Savings (kW) = Energy S'wh:gs; 8760

1.5 Deemed Savings

The partially deemed savings for the instatlation of strip curtains can be calculated using the equation
above with the parameters specified in Table 1. Calculated energy and demand savings are shown in

Table 2 below".




Table 2: Deemed Ene Savings and Demand Reduactions

Application Energy Savings (kWh) Demand Savings (kW)

Supermarket-Freezer 7,412 . 0.85
Convenience Store-Freezer 294 0.03
Restaurant-Freezer 1,216 0.14
Average Freezer® 2,974 .34
Supermarket -Cooler 959 0.11
Convenience Store - Cooler 143 0.02
Restaurant — Cooler 165 0.02
Average Cooler’ 422 0.05
Average Walk-In Unit® 1,188 0.14

a: Unweighted average across all sectors

b: weighted average — assumes 30% freezers, 70% coolers

1.6 Measure Life
The measure life is estimated to be four years”.
1.7 Evaluation Protocols

The most appropriate evaluation protoco! for this measure is verification of installation coupled with
assignment of stipulated energy savings according to store type. The strip curtains are not expected to be
installed directly. As such, the program tracking / evaluation effort must capture the following key
information:

e Fraction of strip curtains installed in each of the eight categories (e.g. freezer / cooler and store
type, including one type for “other™)
¢ Fraction of customers that had pre-existing strip curtains

The rebate forms should track the above information. During the M&V process, interviews with site
contacts should track this fraction, and savings should be adjusted accordingly.
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‘' We define curtain efficacy as the fraction of the potential airflow that is blocked by an infiltration barrier. For
example, a brick wall would have an efficacy of 1.0, while the lack of any infiltration barrier corresponds to an
efficacy ot 0.
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Handbook, Refrigeration: 13,4, 13.6

" In the original equation {Tamm’s equation) the height is taken to be the difference between the midpoint of the
opening and the ‘neutral pressure level’ of the cold space. In the case that there is just one dominant doorway
through which infiliration occurs, the neutral pressure level is half the height of the doorway to the walk-in
refrigeration unit. The refrigerated air leaks out through the lower half of the door, and the warm, infiltrating air
enters through the top half of the door. We deconstruct the lower half of the door into infinitesimal horizontal strips
of width W and height dh. Each strip is treated as a separate window, and the air flow through each infinitesimal

strip is given by 60C  A{(T, - T,)/T,)gAH] NPL}U ® where AHy, represents the distance to the vertical midpoint

of the door. In effect, this replaces the implicit wh1.5 (one power from the area, and the other from AHyp, ) with
the integral from 0 to h/2 of wh'0.5 dh’ which results in wh1.5/(3%2%%). For more information see: Are They
Cool(ing)? Quantifying the Energy Savings from Instailing / Repairing Strip Curtains, Alereza, Baroiant,
Dohrmann, Mort, Proceedings of the 2008 IEPEC Conference.

“hitp:/iwww.cpue.ca.gov/PUC/energy/Energy+Efficiency/EM+and+V/2006-

2008+ Energy-+Efficiency+EvaluationtRepert.htm

The scale factors have been determined with tracer gas measurements on over 100 walk-in refrigeration units during
the California Public Utility Commission’s evaluation of the 2006-2008 CA investor owned utility energy efficiency
programs.

The door-open and close times, and temperatures of the infiltrating and refrigerated airs are taken from short-term
monitoring of over 100 walk-in units

The temperature and humidity of the infiltrating air and the COP of the units have been modified o reflect the PA
climate.

Strip Curtains. xisb
¥ The supporting calculations are in the embedded spreadsheet:
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Abstract

Field tests and monitoring of 31 new Wisconsin furnaces showed that multi-stape furnaces with electronically
commutated blewer motors (ECMs) wse significantly less electricity than conventional new condensing furnaces,
especially when operated in year-round continuous-fan mode. The data suggest that a typical Wisconsin home will
save about 465 kWh of electricity per year for heating and cooling operation, with the median ECM farnace using
about half the electricity per therm for heating compared to the median nen-ECM furnace. These savings increase
significantly to more than 3,000 kWh when continuous-fan operation is included. Electricity use for heating
operation was higher on average than standard rating data would indicate for ECM fumnaces; this is most likely due
to generally higher static pressures encountered in the field compared to rating test conditions. The study suggests
that there are opportunities to further reduce electricity use by ECM furnaces through careful attention to filier static
pressure drop. In addition, several ECM fumnaces were found to be field configured for continuous-fan airflow well
abave the factory defaults; fan-only savings would be mitigated or non-existent in homes where this oceurs, The
ECM furnaces with two-stage heating capability typically operated more than 80 percent of the time at the low
stage, with high-fire mainly invoked for setback recovery—but two sites operated mostly in high-fire. The study
showed that most of the furnaces were oversized to the point that low-fire operation alone could meet design healing
loads for the homes; setback recovery appears more to be the limiting factor in heating system sizing.



Report Summary

This study examines electricily consumption by new Wisconsin fumaces, particularly with regard to differences
between furnaces with multi-stage firing and electronically commuted blower motors (ECMs) versug single-stage
furnaces with standard blower motors, The study also quantifies some basic furnace operational parameters such as
annal operating hours and heating cycle length.

To conduct the study, 31 new furnaces were tested for electrical consumption, static pressure and airflow in various
operating modes, The furnaces were also monitored over the latter part of the 2001/02 heating season and the entire
2002 cooling season. A model of furnace operation was developed for each site to standardize the results to typical
weather conditions. Fourteen of the furnaces in the study used ECM blower motors, and most of these featured
multi-stage firing operation.

From a technology perspective, the study provides basic confirmation that multi-stage ECM furnaces do provide
substantial electricity savings over conventional condensing furnaces. Top findings from the study are as follows:

1. The multi-stage ECM furnaces in the study used significantly less electricity than the standard
single-stage furnaces with permanent-magnet split capacitor (PSC) blower moters, Though the study
could not control for differences from home to home in factors such as duct resistance, the results tend to
confitm claims that ECM blower motors are inherently more efficient than standard blowers. The test
results also demonstrate that furnaces equipped with ECM blowers are capable of operating over a much
wider airflow range than standard PSC blowers. Since air handler power requirements increase with the
cube of airflow, the ability to reduce airflow when appropriate—such as when providing background air
circulation in continuous-fan mode—can mean dramatically lower air handler energy.

2. The results suggest that an ECM furnaee in a typical Wisconsin home will use about 465 kWh per
year less electricity than a non-ECM furnace. The majority of these estimated savings derive from
heating mode electricity savings: the median ECM furnace in the study used about half the electricity for
heating (0.5 kWh per therm of gas) compared to median non-ECM furnaces {1.0 kXWh per therm). The data
also showed lower blower power draw in coaling mode, which would alse reduce the load an the air
conditioning compressor. These savings far offset the finding that the ECM fumnaces in the tudy averaged
about 30 additional k¥Wh per year in standby mode compared to the non-ECM furnaces.

3. The study results indicate electricity savings in excess of 3,000 kWh when year-round continuous-fan
operation js practiced, Most of the ECM furnaces in the study used less than 200 Waits in this operating
mode (and about haif used less than 100 Wans), compared to 400 to 800 Waiis for the non-ECM furnaces,
which typically delivered air in continuous-fan made at the heating speed. Over the 7,000-plus hours of
operation n this mode that the data sugpgest would be typical of a furnace in Madison, Wisconsin, an ECM
furnace using 100 Watts would use nearly 3,000 fewer kWh than a non-ECM fumace drawing 500 Watts in
this mode. With the above heating- and cooling-mode savings, this would bring the total annual electricity
savings to about 3,400 kWh for a typical Wisconsin home.

4. Most of the two-stage ECM furnaces in the study operated in low stage for the majority of the vime,
Eleven of the furnaces were two-stage ECM maxdels, and the data suggest that nine of these would operate
in low-fire mode for 80 percent or more of the time for typical Madison, Wisconsin weather. Although
these furnaces run for more hours over the course of a heating season, their total ¢lectricity ¢consumption is
substantially less than a conventional single-stage furnace. Similarly, the two fully modulating furnaces in

ik
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the study appear to operate at or near their lowest firing rate for about half of the time. For all of these
furnaces, high-fire is mainly invoked only to recover from periods of thermostat setback. Two furnaces
operated mainly in high fire; these were both smaller furnaces with long heating cycles.

On average, ECM furnaces in the study used more electricity per therm for heating than would be
indicated by standard rating data. The Gas Appliance Manufacturer’s Association (GAMA) publishes
standard ratings for annual gas and electricity consumption (in addition to gas efficiency) for furnaces
based on standardized test procedures. The ECM furnaces in the study averaged nearly twice the electricity
use per therm of gas than their GAMA ratings would indicate, and only three out of 14 furnpces used less
than the rated kWh per therm. Static pressure appears to be a general factor: atatic pressure! drop across the
furnace and evaporator coil averaged about twice the value typically used in the standand rating test
procedure, and ECM sites with higher static pressure drop tended to have higher deviation from the rated
electricity use per therm. This is consistent with the fact that most ECM furnaces compensate for high static
pressure by inereasing the blower speed. (Note, however, that despite using more electricity than the rating
data would indicate, the ECM furnaces still used considerably less electricity than the non-ECM furnaces in
the study.) In addition, faulty field configuration was clearly a factor in one case, and substantial use of
high-fire operation came into play for several other sites. The study suggests that heating electricity vse of
0.6 kWh per therm of gas consumed could serve as a useful demarcation line between electrically efficient
and less-efficient furnaces: this value neatly separates the ECM and non-ECM furnaces in the study both in
terms of rating data and observed electricity use in the field.

Additional electricity savings for ECM fornaces could be realized through careful attention to filter
(and duct) pressure drop. Static pressure drop across the filter varied widely among the sites, and no
obvious correlations were found between type of filter or filter condition. Because ECM furnaces generally
compensate for higher static pressure by boosting the blower speed to maintain a consistent airflow,
additional savings could be realized by minimizing the static pressure that the system sees. -This includes
selecting filters with low pressure-drop characteristics, and (for new homes) minimizing duct friction, The
data from the study suggest additional electricity savings may be obtained with ECM furnaces by using
filters with low static pressure drop and by changing or cleaning filters regularly, since filters were found to
represent about half of the total static pressure drop seen by the furnace on average. More research is
needed to better understand the pressure drop characteristics of various types and brands of furnace filters,
however.

Field configuration of continuous-fan alrflow was an issue at some sites. Although ECM furnaces have
an advaniage of being capable of delivering continuous airflow at much lower electricity cogt, this will
occur only if the systems are configured properly. Fortunately, most of the furnaces in the study appear to
be factory-set ta operate at the lowest possible speed setting in continuous-fan mode—and are left that way
by the installer. However, four of the 14 ECM fumnaces were found to be set to a highet airflow for
continuous-fan operation (including one furnace that was actmally used in this mode). Non-ECM furnaces
generally operated at the heating speed when called upon for continuous-fan operaticn, so the ability to
madify the continuous-fan airflow is limited. However, at least one line of furnaces can be set to a separate
lower fan speed for continuous-fan operation, thongh none of the four such furnaces in the study were
configured in this way.

Nearly all of the furnaces in the study were considerably oversized In terms of meeting design heating
loads—but setback recovery may be more of a limiting factor, The data suggest that at a 90F°
indoor/outdoor temperature difference, the majority of the furnaces will operate at only 40 to 60 percent of
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their full output capacity on a daily basis. In fact, nearly all of the multi-stage farnaces could meet these
design conditions using only the lowest firing rate. Al the same time, analysis of setback recovery length
indicates that about a third of the furnaces will have a setback recovery period that exceeds three hours at
design conditions. Even under typical winter conditions, about a third of the homes had setback recovery
periods of an hour or more. This raises interesting questions about whether the savings from thermostat
setback cutweigh the penalties of needing an oversized furnace for quick setback recovery.

9. The ECM furnaces in the study had lower power factors on average than non-ECM furnaces. Power
factor can be an issue for utilities, because distribution equipment such as fransformers must be sized to
accommeodate current flows, which are proportionally larger for loads with low power factors. The ECM
furnaces generally had operating power factors in the range of 0.6 to 0.8, though individual tests sometimes
showed far lower values at low operating speeds. Nearly all of the non-ECM fumaces in the study had
power factors between 0.8 and 0.9. Since the ECM furnaces draw considerably less power than non-ECM
furnaces, the displacement of a non-ECM fimace with an ECM model would still reduce the overall utility
system capacity requirements,

[t should be noted that the furnaces inclhuded in the study were deliberately chosen to include a variety of medels,
and may not be representative of the distribution of furnaces sold in the state each year, Energy savings figures
above are couched in terms of what & typical Wisconsin homeowner might experience. In this sense, the study
results do not necessarily reflect the savings attribitable to program efforts to promote ECM furnaces: program
participants may differ in their gas usage and furnace operational characteristics from the group of homeowners
studied here, and this study does not deal with causal linkages between sales of ECM fumaces and program efforts
te promote such sales.




Introduction

Background

Space heating and cooling are by far the largest energy expenditure in most Wisconsin homes; energy use for space
conditioning is estimated to constitute more than half of the total energy use in the typical home (Pigg and Nevius,
2000). This gives the warm-air furnace—which is found in more than three fourths of Wisconsin single-family
homes—a central role in consumer energy costs.

In the 1980s and 1990s, energy efficiency programs geared toward residential fumaces concentrated'on the gas
efficiency of these devices. These efforts have been successful; recent studies have shown that high efficiency
condensing furnaces are currently present in about half of all single-family homes (Pigg and Nevius, 2000), and
represent nearly eight out of every ten furnaces sold in the state each year.!

The Wisconsin success in creating a sustained market for high efficiency furnaces has led to a refocusing of program
efforts to target electrical consumption by furnaces. While the benefits of high gas efficiency are generally
understood, it is probably safe to say that many consumers do not realize that fumaces use a substantial amount of
electricity, especially when the air handler is operated continuously (typically for air filtration or mitigatien of
temperature differences in the home). Moreover, standard ratings of furmace energy use, such as those published by
the Gas Appliance Manufacturers Association (GAMA) show a tremendous variation in furnace electrical
consumption, from less than 100 kWh per year to more than 1000.

To promote the installation of furnaces that are electrically efficient as well as efficient in terms of combustion, the
Wisconsin statewide Focus on Energy program began offering a $150 reward for the installation of furnaces that use
electronically commutated motors (ECM) in 2002, These ECMs (also sometimes referred to as brushless DC
motors) have several advantages over the typical permanent-magnet split capacitor (PSC) blower motors found in
mosl furnaces sold in the state cach year. First, ECMs are claimed to be 20 to 30 percent more efficient than
standard blower motors (Bryne, 2000; Sachs et al., 2002). Because the air handler represents a large proportion of
the total electrical draw by the furnace, using an ECM in place of a standard PSC motor for this application offers an
immediate boost in electrical efficiency. Some furnace models alse use ECMs for the much smaller blower that
moves combustion air through the venting system for power-vented and sealed combustion systems.

Second, the typical ECM blower can produce a much wider range of airflow than the PSC blower used in most
fumaces, which typically have only three or four set speeds over a fairly narrow range, This can have a large impact
on electrical draw, because power consurnption by an air handler rises with the cube of airfiow. Fumaces that can
produce less airflow when appropriate (such as during continuous background circulation) will use substantially less
electricity.

Fumace manufacturers have taken advantage of this fact by bundling ECM-hased air handiers with multi-stage
firing capability. The idea behind this approach is that the furnace can operate at a lower firing rate ahd less airflow
for the majority of the heating seasan when heating loads are far below the design maximum. This results in guieter
and less drafty operation in addition to reduced electtical consumption. Also—in contrast to most PSC-based
furnaces—ECM furnaces also have a separately confipurable continuous-fan settings and better ability to fine-tune

* Data on Wisconsin furnace sales comes from the Energy Center of Wisconsin's Furnace and A/C Sales Tracking Project.
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airflow in cooling mede. In terms of the latter, ECM furnaces in theory provide better ability to maximize the
efficiency of central air conditioning systems that use the furnace air handler,

Finally, the dominant ECM blower used in the market {manufactured by General Electric) uses a patented approach
to monitor airflow and dynamically adjust the motor speed to deliver the target airflow over a wide range of static
pressures, This eliminates most of the uncerlainty surrounding whether a furnace is delivering the appropriate
airflow for the task at hand. Standard blower motors simply run at a constant speed in any given operating mode.
Differences in static pressure from home to home—or over time for a given home as the filter becomes loaded with
dirt—means that airflow from these furnaces will vary, with potential adverse effects on performance.

Research Objectives

Despite the market presence of ECM furnaces since the late 1980s, little publicly available data exist to document
the claimed performance advantages of these models. For example, do these furnaces indeed run most of the time at
a reduced firing rate during the heating season? How much electricity do they draw compared to stendard PSC
furnaces in various operating modes?

Moreover, there is a general lack of field data on furnace operation in general. The number of hours that a furnace
operates in a year—and the number of heating cycles it goes through—affects overall electricity vse, but little field
data exist on these parameters.

This study was therefore undertaken with the main objective of gathering field data on the operation of new ECM
and non-ECM furnaces. The underlying premise is that the primary point of comparison should be between a new
multi-stage ECM furnace and a single-stage non-ECM fumace, representing the choice faced by the ponsumer
considering a furnace purchase.

A secondary objective of the research was to look at sizing and field configuration issues with these furnaces, with
an eye towards efforts to improve installation practices.




Methods

Recruitment and Site Selection

To implement the study, a total of 31 sites were recruited, representing a mix of new ECM and non-ECM fumaces
and a variety of models. The sites were recruited from three sources:

*  Participants in a previous study of energy use in new Wisconsin homes who responded to a solicitation of
interest in participating in a field study of farnaces. These homes were a mix of homes in the Wisconsin
Energy Star™ Homes program and comparable non-participants.

s A sample of participants from the Wisconsin Energy Star® Homes program for which program records
showed the make and model of the furnace that was installed.

¢ A sample of participants in a previous state-funded rewards program for owners of older homes who
purchased a new furnace.

Despite an effort to balance the study between new homes and older homes, all but five of the recruited sites ended
up being new homes. All of the furnaces in the study were sealed combustion, condensing units with 90 percent or
better combustion efficiency, and all were upflow “northern” models. The furnaces ranged from 50,000 to 120,000
Btuw/hour input, and were all less than three years old at the start of the study. More detail about the furnaces and the
sites can be found in Appendix A '

With a few exceptions, the furnaces in the study fall into two main categories: single-stage furnaces with PSC
blower motors (14 sites) and two-stage furnaces with ECM blower motors (12 sites), The study also included:

*  two sites with fully modulating (ECM) furnaces;
» one site with a two-stage, non-ECM furnace; and,

»  one site with a (discontinued) single-stage, pulse-combustion furnace with an ECM blower.

Testing and Monitoring

The study involved a combination of short-term tests on each furnace and monitoring of operation over time. The
rationale was that short-term measurements of electricity use could be combined with information about how long
the furnaces operated to estimate total seasonal and annual electricity consumption. The timing of the study also
precluded menitoring over an entire heating season, so the ability to extrapolate to a standard heating scason was
required.
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Testing Approach

Two rounds of testing were conducted on each furnace. These corresponded with site visits to install:and remove
menitoring equipment. The first round was conducted in the latier part of February 2002; the second round was
mestly conducted between September and November of 2002 (though twe sites were lested in August).

Each round of tesiing involved putting the furnace through various operating modes while recording data on
electricity use, static pressure, and temperature. Monitored parameters arc summarized below:

Electrical Data

*  Amperage, waltage, and power factor for the furnace, as well as the separate measurements for these
parameters for the air handler blower and the combustion blower

¢  Voltage at the furnace electrical connection

Static Pressure Drop (see figure 1)
* Between the supply ductwork (just after the AC coil) and furnace blower compartment
s Across the filter

+  Between the furnace supply ductwork (at the ocation described above) and the basement {(second round
only)

*  Across the Trueflow® airflow meter (used to determine airflow in the second round of testing only)
Temperature (see figure 1)

e Supply air dry-bulb temperature

s  Return air dry-bulb temperature

*  Return air wet-bulb temperature {second round of testing only)




Figure 1: Static pressure and temperature monitoring points.
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Instrumentation

Power measurements were made using Dent instruments ElitePro® loggers with 15 Amp CTs connegted to the
overall electrical connection to the furnace, as well as the power leads to the air handler and combustion blowers (to
allow disaggregation of these loads). A single voltage measurement was made at the serviee entrance to the fumace.
The loggers were configured to record data as three-second averages of all values. The loggers have i stated typical
accuracy of 0.5 percent for all values, including true wattage,

Static pressure measurements were made with Autotran Series 750 pressure transducers with a range of 0-1 inch of
water column (IWC) (0.75% accuracy) using static pressure probe tips inserted into holes in the ductwark. The
pressure transducers produced a 4-20mA signal that was sampled and recorded once a second by Onset Hobo® 4-
channe! data loggers (H08-006-04).

Temperature measurements were made with a single probe (TMC20-HA, 0.9F° accuracy) at each lodation sampled
and recorded at one-second intervals by the Hobo® 4-channel loggers. Soda straws were used to hold the probes
away [rom the ductwork metal and 4 to 6 inches into the air stream. The wet-bulb temperature measurement was
made by sewing a cotton wick over the temperature sensor and saturating it with water.

The on/off status of the gas valve and air handler was recorded during testing using relays and Hobo® state loggers
{H06-001-02} as described in more detail below in the Monitoring Approach section.

In the first round cf testing, no changes wete made to the blower speed settings. Data were recorded over a heating
cycle that typically lasted at least 5 minutes, under continuous-fan operation, and in standby made. Two-stage
furnaces were tested in low- and high-fire modes.

These tests were repeated in the second round of tests, which also involved operating the fumace at the cooling
speed. When weather permitted, this was done by actually initiating a call for cooling at the thermostat, and
monitoring for a minimum of 15 minutes. When the weather was too cold to operate the air conditioning, the blower
was simply set to the cooling speed and the furnace operation was monitored for a few miutes,

For the second round of testing, airflow was also measured using a Trueflow® airflow meter, This device replaces
the filter with a flow plate with known pressure drop characterstics. Pressure drop across the flow plate was logged
in the saime way as the other static pressure measurements. Because the flow plate does not necessarily have the
same pressure drop characteristics as the filter it replaces, 2 comrection factor was employed based on the square root
of the ratio of the supply duct pressure with the filter and the flow plate in place. Used in this way, the Trueflow®
has a stated accuracy of =10 percent. Flow measurements were generally made at the end of cycle, se as not to
disturb other measurements. Flow measurements during actual cooling cycles were made after |5 minutes of
operation.

Data (including airflow) were also collected at alternate air handler speed settings in the second round of testing. For
non-ECM furnaces, this generally meant measuring at each of four speed tap settings. The ECM furnaces in the
study had many possible speed settings; four fo six settings across a range of available speeds were selected for
testing.

Finally, firing rates for the furnaces were also established during the second round of testing. This was done by
timing how long it took for the furnace to consume two to three cubic feet of gas according to the home’s gas meter.
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Testing — Data Reduction Protocol

Raw data from the testing were in the form of one-second snapshots (pressure and temperature) and three-second
averages (power, amperage, powet factor, and volts) over the entire testing period. The three-second power data
were first converted to one-second level data (by replicated observations between actual data points) and then
merged with the pressure and temperature data to produce & single, one-second interval stream of data for the
testing. Status change information from the state loggers was also merged into this dataset.

The beginning and ending points of individual tests, such as a heating cycle or & period of continuous-fan operation
were marked in the data based on field notes, and average values over a core period of steady-state operation was
identified for each. The core period was generally defined by removing the first and last 30 seconds of data, then
taking the mean of the remaining data, For heating cycles, steady-state operation was defined as the period between
blower startup at the beginning of the heating cycle and gas valve shutoff at the end. The identified core periods
were visually inspected to ensure that transient effects (such as a spike in blower motor wattage at the time of
startup) were nat inadvertently included. For airflow measurements, the process involved also identifying a core
period of operation with the flow plate and the filter in place.

The analysis also relied on measurements of total electricity use over relatively fixed operations, such as the starfup
phase of a heating cycle. These were caleulated by simply summing the watt-seconds of electricity use between
relevant events, For example, the electricity consumption during heating cycle shutdowns was calculated by
summing the watt-seconds of electricity used from the point the gas valve closed (denoting the termination of a call
for heat) to the point the blower motor shut down.

Time constraints typically prevented operating the furnaces to the point of steady-state conditions in terms of
temperatre nise. The field data were extrapolated to steady-state conditions using methods described in Appendix
B.

Monitoring Approach

The goal of the monitoring was to track the amount of burner and blower on-time and cycling behavior of the
furnaces as a function of outdoor temperature. This was generaily done by monitoring the status of the gas valve and
the air handler.

Gas valve status was recorded by wiring a relay (RIBUC| ) in paralle] with the gas valve such that whenever the gas
valve was energized the relay contacts also closed. The relav contacts were connected to a Hobo® state logger (H06-
001-02), which recorded the date and time {to the nearest (1.5 seconds) each time the gas valve opened and closed.
For two-stage furnaces, two relays and data loggers were used; one recorded the status of the first stage, and the
other tracked the status of the second stage. The gas valve used in some lines of furnaces in the study (Sites 12, 18,
24 and 27} was not amenable to connecting a relay; for these sites, the status of the combustion inducer blower was
tracked, and the dala were adjusted based on measured time delays between the inducer and gas valve operation,

Blower status was similarly monitored by attaching a relay with a state logger to the electronic air clear (EAC)
terminals ot the furnace control boards. The EAC terminals are typically encrgized whenever the blower operates.

In addition to tracking gas valve and blower status, a 20-amp current transformer (Hobo® CTV-A) was attached to
the furnace to measure total amperage draw by the furnace. This was sampled every 90 seconds and recorded by a 4-
channel Hobo® data logger. The amperage data was mainly used as a cross-check against the status data.
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Finally a temperature logger (Hobo® H8 series) was placed at the thermostat to sample and record the temperature
every 15 minutes. Some sites also received an outdoor temperature logger (Hobo® H8 Pro series} to necord outdoor
temperature as well (most of the subsequent analysis relied on weather station data, however).

Special consideration was needed for the two fully modulating furnaces in the study (Sites 28 and 32). Simply
tracking gas-valve on/off status was not adequate for these because their output can be modulated between 40 and
100 percent of full eutput. The approach used was to leave these sites as the last for testing and monitoring
installation, and then leave the Dent power monitoring equipment behind to record actual average wattage over one-
minute intervals for these furnaces, in addition o tracking gas valve and air handler on/off status. One additional
channel of the Dent loggers was also dedicated to recording the control voltage to the gas valve; this voliage varies
from 6 to 18 VAC in propertion to the degree of modulation. The Dent loggers had sufficient on-board storage for
about a month’s worth of one-minute furnace waitage and gas valve control voltage data,

The data loggers and sensor wires were color coded so that the homeowners could replace the loggers as they filled
up. Approximately once a month, each homeowner was mailed a new set of data loggers, along with a return
envelope for the current loggers and a postcard to record the date and time of the swap (indoor temperature loggers
were swapped only once over the course of monitoring}). A few loggers were incorrectly configured, or not plugged
in correctly, but these amounted to no more than 40 out of more than 750 data files received over the course of
monitoring the 31 sites. In addition, some data loggers filled up before they could be swapped out, particularly the
state loggers, which can hold a fixed number (about 1,000) of on/off cycles rather than data over a fixed amount of
time. These data were accurate but incomplete. Considerable effort was spent identifying gaps in the data and
removing the small amount of erroncous data from incorrectly configured loggers.

The menitoring equipment was installed at the sites over the latter part of February 2002, and monitgring officially
continued through the end of August to capture the cooling season. Because some data loggers were not yet filled up
and equipment was not completely removed until later in the fall, some data were ohtained for the fall of 2002. No
summer data was obtained from Site 5, because the homeowners left for the summer in early June. Fortunately,
despite the late start of the study in the 2001/02 heating season, the coldest weather of the year occurred in carly
March just after the completion of monitoring installation. The furnaces were thus monitored over about a 100F°
temperature range, from about -5°F to +95°F.

Mcenitoring — Data Reduction Protacol

Raw data from the monitoring was in the form of a stream of date/time stamps of status changes for the gas valves
and air handlers, 90-second interval data for furnace amperage, and 15-minute interval data for indoor temperature.
The bulk of the analysis for this report was conducted using daily summaries of these data. Total deily burner and
bloewer hours and cycles were calculated from the status data, as were minimum, maximum, and median daily cycle
lengths. These were merged with daily average furnace amperage and indoor temperature data, as well as with daily
average outdoor temperatures obtained from each of four nearby NOAA weather stations. Days with Jess than 90
percent data recovery were discarded. Appendix F provides basic scatterplots of some of these variables.

The resulting dataset of daily summary data formed the basis for the regression models of daily operating hours end
cycles described in detail in Appendix C. Essentially, these models provided a means of estimating operaiing hours
and cycles as 2 function of outdoor temperature. When combined with a distribution of outdoor temperature, the
madels provide estimates of total operating hours and cycles over the course of a year or season.
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Overview

Although furnaces involve a number of components, the air handler is by far the most impertant when it comes to
electricity use. As will be shown later, the air handler typically accounted for 75 percent or more of the electricity
consumed by the fumace in the study. The test data collected on the furnaces in the study confirm two primary
ways in which ECM furnaces save air handler energy: 1) an ECM is inherently more cfficient than a typical PSC air
handler motor; and, 2) ECM-based air handlers can be operated over 8 much wider usable range of speeds than can
typical four-speed PSC air handlers.

Both of these advantages can be seen graphically in Figure 2, which shows the characteristic curve of blower pawer
draw versus airflow for each site in the study. Though differences in variables such as duct and filter resistance
malke each curve unique—and strict compariscn between sites difficult—the ECM-based air handlers generally draw
less power at a given airflow than the PSC-based air handlers. This is consistent with the notion that ECM blowers
are inherently more efficient (Byme, 2000).

Moreover, Figure 2 dramatically illustrates the wider airflow range available from the ECM-based air handlers. 3 In
practical terms, this means that these furnaces can operate at far lower wattage in situations where less airflow is
needed, such as continuous fan-only operation and reduced-output heating for furnaces with multistage firing,

This report examines differences between ECM and non-ECM furnaces in four basic operating modes: heating,
cooling, fan-only operation, and standby. These modes and key results are described below.

Heating Mode

The study suggests that a typical non-ECM condensing furnace in Wisconsin will fire for a total of about 1,000
hours over the course of an average heating season, and cansume about 800 kWh of electricity—most of which will
be used to power the air handler. A typical multi-stage ECM furnace will mainly operate in 2 reduced low-fire
maode, with its full firing capability used primarily to recover from thermostat setback periods. Although the ECM
fumace will operate more total hours in heating mode (since it is producing less heat per hour in low:fire mode), it
will do so with far lower electrical power requirement for the air handler: the result is that the ECM firnace will use
about half the electricity in heating mode (400 kWh) over the course of an average heating seagon.

2 Throughout this report, the term “air handler” refers te the furnace blower motor and fan assembly used to circulate air through
the furnace and deliver heated air to the house.

3 Actually, many of the ECM fumnaces are capable of higher airflows than shown. For the study, tests were conducted only up to
the selected coaling speed based on the size of the central air conditioning system.
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Figure 2: Blower power versus alrflow curves for study fumaces.
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Cooling Mode

[n cooling operation, the furnace air handler provides airflow over the evaporator coil for the central air conditioning
system to remove heat and circulate cooled air through the house. Airflow requirements in this modé¢ are typically
large, so the savings from ECM-based air handlers stem from their inherently higher operating efficiency. The study
results suggest that a typical 2.5-ton air conditioner that is operated for 400 hours over an average Wisconsin cooling
season will require 225 kWh of air handler energy from a non-ECM furnace and 155 kWh from an ECM furnace,
for a difference of about 70 kWh. In addition, less air handler energy in the summer means less waste motor heat
that must be removed by the air conditioner: this adds perhaps an additicnal 25 kWh to the cooling-mode savings for
a typical ECM furnace.

Fan-Only Operation

Some homeowners choose to operate their furnace air handler continuously, regardless of the need for heating or
cooling, to filter the air in the home or perhaps even out temperature variation around the home, Airflow
requirements in these situatiens are low, but non-ECM furnaces are typically set up to deliver the heating-mode
airflow when called upon for fan-only operation. The result is high air handler power requirement (typically about
500 Watts), and-—over the more than 7,000 hours that would be typical for year-round continuous fan operation-—
more than 3,500 kWh of electricity consumption. As the study data show, however, a typical ECM fizmace can
operate at a very low airflow rate, and provide adequate air circulation for about 80 percent less air handler energy.

i0
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Standby Operation

Standby 15 what furnaces do when they are not being called upon for heating, cooling airflow, or continuous fan-
only circulation. Except for fumaces that are called upon to provide continuous air circulation, most furnaces spend
the vast majority of their time (typically more than 7,000 hour per year) in this mode drawing a small amount of
power that adds five to ten percent to the total annual electricity use for the furnace. The study results indicate that
ECM furnaces use more electricity than non ECM fumnaces in standby, which reduces the savings from these
furnaces by about 3¢ kWh typically.

The sections that follow cover each of the above operating modes in more detail, Final sections examine the

geographic variation in the results, the impaci of filter pressure drop on power requirements, and power factor
measurements.

t1
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Heating Mode

Heating is the most complicated mode of operation for furnaces, involving the most components of the fumace, as
well as ignition and shutdown sequences. Figure 3 shows ¢lectrical consumption over a heaiing cycle for one of the
furnaces in the study (similar plots for all of the firnaces can be found in Appendix B).

Figure 3: Electrical profile of a typical heating cycle.
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Though they differ in timing and in some of the details, the furnaces in the study all follow same basic sequence of
operation for heating;

1, Upon receiving a call for heat from the thermostat, the combustion blower starts up.

2. When the system is satisfied that combustion airflow is adequate, the hot-surface igniter (HSI) is energized
and after a short warm-up period the gas valve is opened, igniting the bumers.

3. Afier a warm-up interval, the air handler starts up. At this point the furnace begins to deliver warm air to
the house,

4. When the thermostat terminates the call for heat, the gas valve immediately closes, extingnishing the
burner; after a short purge period, the combustion blower alse shuts down,
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5. After a pre-programmed period of scavenging heat from the furnace, the air handler shuts off, completing
the heating cycle. :

A heating cycle can be divided into three phases: startup, operating, and shutdown. The eleciricity cansumed in the
startup and shutdown phases is relatively constant from one heating cycle to the next, and hence is proportional to
the number of heating cycles the furnace goes through. The total electricity consumed in the operating phase
depends on how long the furnace is run, As the heating load on the home increases, both the number of cycles and
the length of the heating cycle can be expected to increase. Analysis of the monitoring data collected on the fumaces
in the study suggests that most of the increased run-time for furnaces comes from an increase in the number of
cycles the furnace goes through rather than increases in the length of the cycle (see Appendices C and D).

Steady-State Power Draw

Figure 4 shows the overall power consumption of the furnaces in heating mode with both the burner and air handler
in operation. 1t is readily apparent from this figure that the multi-stage ECM furnaces consume significantly less
powet in low-fire mode than do the single-stage non-ECM models. Some of this difference is no doubt due to the
inherent efficiency advantage of the ECM blower, but much derives from the fact that the multi-stage ECM furnaces
move considerably less air in low-fire mode. Since blower power is proportional to the cube of the airflow, evena
modest reduction in airflow results in substantiaily lower blower power draw.

In high-fire mode, the multi-stage ECM furnaces in the stndy do not show as clear an advantage over the single-
stage non-ECM fumaces in terms of power draw, The 60,000 Btw/hr models (Sites 3, 8 and 9) all show significantly
lower power draw in high-fire mode compared to the non-ECM 60,000 Btu/hr sites (Sites 7, 26, 29, 20 and 23).
When viewed in terms of blower waltage versus airflow, these furnaces are clearly set up to deliver less airflow at
high-fire. But the 80- to 100-kBtu ECM furnaces draw about the same amount of power as the non-ECM furnaces in
this size range. .

Figure 4: Heating mode power draw.
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Heating Speed Selection and Temperature Rise

Because air handler energy is a large part of the total power draw, the field selection of the heating blower speed at
the time of installation can affect the power consumption of the furnace. The non-ECM fumaces in the study
generally have four speed taps to choose from: low, medium-low, medium-high, and high. These furnaces were all
set to either medium-low or medium-high, and most appear to be set at the factory defanlt value.

Among the ECM furnaces, it is noteworthy that some are not field adjustable in terms of the heating mode blower
spesd. These furnaces sense actual airflow and attemnpt to achieve a preset target airflow. The two fully modulating
furnaces can be field set for either a 50 or 65 F° temperature rise. The lower figure would correspond to a higher
airflow rate, and vice versa. Both of the furnaces in the study were set for the 50 F° rise; when we tested the higher
setting (for Site 28), blower wattage was reduced by about 50 percent.

Each furnace has a nameplate range for temperature rise (i.e. the difference between the supply and return air
temperatures in steady-state operation)}—typically 40 to 70 F°. Furnaces operating below the nameplate temperature
rise are probably moving excessive air—and using excessive electricity —while thase operating above the range risk
premature heat exchanger failure. Tests on the furnaces in the study showed that dropping one speed tap setting from
the default reduced airflow and blower wattage by about |0 percent on average.

Steady-state temperature rise was calculated for each furnace based on test data (see Appendix B). The measurement
data suggest that low temperature rises (indicating excessive airflow) are more common than the reverse—12 of the
furnaces in the study were below the nameplate range, and only three were above the nameplate range {Figure 5).

Figure 5: Extrapolated ternperature rise.
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However, the measurement data did not correspond well with the temperature rise calculated from the measured
airflow and the estimated heat output of the furnaces. This second method generally predicted a higher temperature
rise than was measured directly (Figure S). It is possible that the single probes used to monitor air temperature on the
supply side underestimated the average temperature of the overall air stream.

Heating Cycles and Hours of Operation

The monitoring data from the study allowed the development of models of daily hours of operation and number of
healing cycles as a function of outdoor temperature. These models are needed to extrapolate the monitoring results
to a full heating season and adjust the data to average weather conditions. (See Appendix C for more details on the
modeling approach).

When modeled with Madison, Wisconsin weather data (which is close to the population-weighted average heating
degree days for the state [WEB, 2002)), this exercise shows most furnaces in the study going through between 2,000
and 10,000 heating cycles per year with 500 to 1,500 bumer-operating hours (Figure 6 and Figure 7).

The two furnaces with the lowest operating hours (Sites 30 and 14) are known to have substantial alternative heating
sources in the home: the occupants at Site 30 rely mainly on & wood stove for space heat and use the furnace
primarily as a means of distributing the wood heat throughout the house; the homeowner for Site 14 reported heavy
use of a gas fireplace. Two other homes in the study had multiple heating systems, but showed operating hours that
were not dissimilar to homes with a single heating system. Site 9 has in-floor hydronic heat in the basement. Site 8
has separate furnaces for each floor of the home (the monitored furnace served the first floor).

Hours of operation also depends on the relative sizing of the furnace in relation to the home’s heating load, which in
tumn is a function of the size of the home, its thermal integrity, and the thermaostat setpeint. Site 5 had by far the
highest estimated operating hours; this site is also an older home with the highest measured average mdoor
temperature {see Appendix D). Indeed, three of the five older homes in the study occupy the top three slots in terms
of estimated operating hours,

To get a better idea of the sizing of the furnaces in relation to the heating load of the homes, the modeled behavior of
each furnace can be combined with knowledge of the gas consumption rate of the furnaces to estimate the percent of
full furnace capacity at a given indoor/outdoor temperature difference. Figure & shows the resuits for an
indoor/outdoor temperature difference of 90F°, which is within the 80-95 F°range specified (by region} by
Wisconsin code (Comm 22.07). The results indicate that most of the furnaces in the study will run at only 40 to 60
percent of their full capacity under these conditions, and are thus about twice as big as needed to meet the daily
heating load under these conditions. Since only one fumnace in the study (Site 26) falls within the zone where 90 F°
is the required design temperature differential, and the remainder fall in the zones where 80 to 85 F" design
conditions are required, the results clearly demonstrate that furnaces are typically sized much larger than within 15%
of design as required by Wisconsin code (Comm 22,12), Also, given that low-fire output for the two-stage fumnaces
in the study is typically about 65 percent of high-fire, it also means that these furnaces could meet the design heating
load using just the low-fire mode of operation.

There is, however, another consideration in furnace sizing—setback recovery. Many of the homeowners in the study
practiced temperature setbacks. As will be demanstrated later in this report, analysis of the time it takes to recover
from the setback tempetature (as a function of outdoor temperature) suggests that some furnaces would have quite
long setback recovery periods under design conditions. From this standpoint, these furnaces are not over-sized.
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Figure 6: Annual heating cycles.
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Figure 7: Annual operating hours.

Annual Burner Oparating Hours 3,160
2,000 +
& ECM furnace
1,500 1 Non-ECM furnace
1000 T Modaled for Madison, Wisconsin
500 4
04

142327 6 1126 2019 1 123120 % 17 4 24 8 182232 3 1328211610 2 ¥ 15 5
Sile #

16




Resulrs

Figure B: Percent of full capacity at design conditions,
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Low/High-Fire Ratic for Two-Stage Furnaces

The two-stage furnaces in the study can operate in one of two heating stages: high-fire (100 percent of rated cutput),
or low-fire, which is generally about 65 percent of full output. The extrapolated low- and high-fire propartions for
the two-stage furnaces in the study over the course of an average heating season are shown in Figure 9. Nine of the
11 ECM two-stage furnaces are estimated to operate in low-fire mode 70 percent or more of their firing time, a
finding that is generally consistent with product literature claims.

Two ECM furnaces in the study (Sites 3 and 8), however, operated in high-fire mode nearly all the time during the
monitoring period. Bath of these sites exhibited very long heating ¢ycles (for reasons that are only partially
understood), and the high-fire operation appears to be the result of how the staging control was affected by this
behavior {(which was not seen for the six other sites with this type of staging control but more typical firing cycle
lengths). Moreover, as will be shown shortly, the two sites in question still had lower efectricity consumption than
similar-sized non-ECM furmnaces despite operating in high-fire mode the majority of the time.

17
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Figure 9: Low/High-fire proportions for two-stage furmaces.
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Operation of Fully Modulating Furnaces

The two fully modulating furnaces in the study (both of the same make, though different sizes) are capable of
operating anywhere between 40 and 100 percent of full output. Modulation of these furnaces is controlled by a
special thermostat designed for this furnace model. Figure 10 shows the operation of the furnace over a typical day
for one of the sites. The furmace operated at low output {(drawing about 150 Watts) except when the temperature was
being boosted to a higher setpoint. During these periods, the furnace gradually ramped up to high output (about 550
Watts) over the course of about 15 minutes, then ramped back down to low fire when the room temperature began to
approach the setpoint,

Analysis of about a month’s worth of one-minute interval data on the control voltage to the gas valve (which is

proportional to the firing rate) indicates that the furnaces at these sites operate at a fairly low firing rdte half or more
of the time ( Figure 11).
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Figure 10: Typical day of operation for a modulating furnace.
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Figure 11: Distribution of output for modulating furnaces.
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Annual Electricity Use in Heating Mode

As noted at the beginning of this section, furnaces use electricity during the startup, operating and shutdown phases
of each healing cycle. When combined with the measurements of electricity consumption over the course of a
heating cycle, the models of annual operating hours and cycles provide the basis for estimating annual electricity use
by each furnace over a typical heating season. The data also allow this electricity use to be separated by furnace
component and cycle phase.

Figure 12 shows estimates of the annual electricity consumption for each of the furnaces in the study, These
estimates are obviously influenced by factors such as sizing, thermostat settings, and the use of auxiliary heat, all of
which tend to cloud the comparison of ECM and non-ECM furnaces. For this reason, it is more instructive to look at
the distribution of heating electricity use per therm of gas consumed (Figure 13). When viewed in this way, the two
groups are clearly distinet, with the ECM furmaces mostly occupving the lower end of the distribution and the non-
ECM furnaces at the upper end. The anomalous results for Site 17 appears 1o be due to misconfiguration of this
three-zone system.?

The median ECM {urnace in the study uses about 0.5 kX'Wh per therm of gas in heating mode, which is about half
that of the median non-ECM home. This suggests heating-mode savings of about 400 kWh per year for a typical
older home with annual gas consumption of 800 therms.?

Figure 12: Annual electricity use in heating mode.
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4 Based on feedback from this study, the homeowner brought a heating contractor in to look at the system, which resulted in a
number of changes to the setup of the system thai should substantially reduce electricity use by the fumace.

> This leve! of gas usage is the average found from analysis of gas data for a sample of 97 Wisconsin homes burilt prior lo 1994
with condensing furnaces in g recent characterization study of Wisconsin homes (Pigg and Nevius, 2000).
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Figure 13: Annual electricity use per therm of gas consumed.
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Heating Electricity Use — Field Results and GAMA Ratings

The estimates of annual electricity use per therm of gas consumption from the field results can be compared to mting
data published by GAMA. The GAMA directory provides two published values for annual gas consumption and
annual electricity consumption (Ef and Eae, respectively) under standard test conditions that can easily be combined
to derive rating-based electricity use per therm.

Figure 14 compares the modeled estimates of annual heating electricity use per therm from the field data to the
GAMA rating data.® A number of obseryations can be made from this comparison. First, at a gross level ther¢ is a
general correspondence between the two values; sites with low rated electricity use per therm {generally ECM
maodels) tend to have low values from the field, and those with higher ratings have higher observed values. In fact,
the data suggest that a simple discriminant of Eae/Ef = 6 (corresponding to 0.6 kWh per thetm) can be used to
distinguish ECM from non-ECM fumaces. (This discriminant may not be applicable to “southern™ style furnaces
that have proportionately larger blower motots to accommodate larger air conditioning systems.)

6 For this comparison, the field data were adjusted to remove differences between the measured and nominal gas
input rates for the furnaces. The adjustments were generally less than 15 percent (see Appendix B).
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Figure 14. Modeled versus rated heating WWh per therm.
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Second, the data suggest that the rating data tend to underestimate the acival electricity use of the furnaces on
average—but more so for ECM furnaces on a percentage basis, In three-quarters of the cases, the field data show
more electricity use per therm thar the rating data would indicate, but this blends the fact that 86 pervent of the
ECM fumaces (12 of 14) exceeded the rating value compared to 65 percent of the non-ECM furnaces (6 of 17).
Because the ECM furnaces generally occupy the low end of the kWh-per-therm scale, the difference between the
two groups is fairly large in percentage terms: the median ECM furnace uses 82 percent more electrigity per therm
than the rating data would indicate, compared to just three percent for the median non-ECM site.

Clearly, there are site-specific configuration and behavioral factors that can strongly affect heating electricity use per
therm. Site 17 uses much more electricity than its rating data would suggest; this furnace was found to be mis-
contigured for much higher airflow than needed. Similarly the two sites that operated in high-fire mode most of the
time (Sites 3 and 8} are somewhat on the high side in kWh per therm compared to their ratings.

The data also reveal how behavioral factors can influence electricity use for the ECM furnaces. Sites 21 and 31 have
identical furnaces that operate under comparable static pressures and have about the same total gas consumption.
Yet Site 31 uses about 60 percent more electricity per therm than Site 21. The explanation for this difference is that
the homeowners a1 Site 31 practice substantial day and night thermostat setbacks, while the homeowners at Site 21
keep their thermostat at a constant setting. The sethack practice at Site 31 translates into about 3G percent high-fire
operation compared to less than five percent high-fire at Site 21. Since high-fire operation has five to six times the
overall power draw of low-fire for these sites but consumes only about 50 percent more gas, the upshot is higher
electricity use per therm for Site 31.
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The data also suggest that differences between static pressure levels in the field and those used in the ratings may
underlie some of the observed differences. The ASHRAE standard on which the rating data are based stipulates a
minimum external static pressure of 0.2 inches water column (IWC) at the highest firing rate for furnaces in the
55,000 to 80,000 Brw/hr size range, and 0.23 IWC for furnaces with firing rates of 80,000 to 100,000; Btw'hr. Both of
these values are considerably lower than the observed external static pressurc among the furnaces in the siudy,
which ranged from 0.24 te 1.0 IWC and averaged about 0.5 IWC. (The field measurements were also made
downstream of the central air conditioning evaporator coil, which means that true external static presgure across the
furnace cabinet is even higher.) These high static pressures are consistent with other ficld data (¢.g., Phillips, 1953
and Proctar and Parker, 2000)

Figure 15. Percent deviation of heating alectricity use par therm from rating value,
Deviation of heating kWh/therm from GAMA rating
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As Figure 15 shows, the data show some tendency for the discrepancy between measured and rated electricity use
per therm to go in opposite directions for the two groups as static pressure increases: ECM furnaces use more as
static pressure increases (though there is considerable scatter in the data) and non-ECM furnaces useiless. This is
consistent with the way these furnaces operate. Non-ECM furnaces operate at a fixed speed: as static pressure
increases for these furnaces, airflow (and electricity use) dectines. In contrast, the ECM furnaces in the study use &
blower motor manufactured by General Electric that can sense airflow and adjust its speed accordingly. As static
pressure increases on an ECM furnace, the blower motor compensates hy running at a higher speed (2nd vsing more
electricity) to continue to deliver the desired airflow,

If external static pressure under actual conditions is higher on average than those used in the rating procedures (as
this and other studies suggest), the result would b¢ to narrow somewhat the differences between ECM and non-ECM
furnaces in electricity use per therm-—though the ECM furnaces still clearly use considerably less electricity than the
non-ECM models.

Electricity Use by Compeonent and Operating Phase

Figure 16 shows how heating-mode electricity use is distributed between the inducer fan, the air handler and other
components of each furnace. As could be expected, the air handler accomnts for the bulk of the electricity use for all
of the furnaces, typically accounting for about 80 percent of the total electricity use in non-ECM furnaces, and about
70 percent in ECM models. The ECM furnaces show a somewhat higher proportion of electricity use for “other”
components: this is less a consequence of these components drawing mere power than non-ECM furnaces than it is
the result of much lower fan power, resulting in “other’”” representing a proportionally larger slice of the pie.

Similarly, Figure 17 breaks electricity into the three phases of operation for heating: startup (from the call for heat
until the air handler starts), operating, and shutdown (from the end of the call for heat to air handler shutdown).
Again, it is no surprise that the operating phase dominates, accounting for about B0 percent of the total on average.
But the data suggest that there are conditions under which startup and shutdown electricity can excead the operating
electricity use. Less than half of the electricity for Site i, for example, 1s used during steady-date operation. This site
has the second shortest average firing cycle length in the study (about three minutes of firing per cycle), and it has a
fairly long blower-off delay (two minutes). Thus, this furnace spends about a minute warming up, two minutes
operating, and then two minutes shuiting down, Site 17 also has a large proportion of its electricity use devoted to
shutdown due to an unusually long blower-off delay {(more than 7 minutes). Cycle lengths are discussed in the next
section.
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Figure 16; Heating-mode electricity use by component.
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Figure 17: Heating-mode electricity use by ¢cycle phase,
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Cycling Behavior

As the preceding section shows, cycle length can affect electricity consumption. A certain amount of electricity is
needed during the startup and shutdown phase of a heating cycle, so furnaces that eycle more frequently will use
more electricity per therm of gas consumed.

Because cf the way the data were collected, the study provides copious information on heating cycle length. We
focus here on three summary statistics: the median and maximum daily firing time and the mumber of cycles per day.
The median daily firing time is the middle value for firing length among all heating cycles in 2 given day and
represents the length of a typical firing cycle for that day, The maximum daily firing time generally represents the
setback recovery cycle for homes that practice thermostat setback. For many of the homes in the study, these valies
are a function of outdoor temperature; as outdoor temperature declines the median and maximum daily firing cycle
Iength increases. For this reason, results shown below are normalized 10 & common outdoor temperature (see
Appendix D).

Figure 18 shows the median firing cycle length for the study sites. Most furnaces in the study had typical firing cycle
lengths between 5 and 15 minutes, bui a few had relatively short cycles, and five sites had typical firing times that

exceeded 20 minutes. As noted previously, the two, two-stage fumace sites with staging control issues are in this
group. Thermostat deadband and placement as well as furnace sizing undoubtedly all play into the cycle length.

Figure 18: Median firing cycle length,
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Figure 19: Typical daily thermostat setbacks.
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Many of the homeowners in the study practiced thermostat setbacks, as Figure 19 shows {Appendix D contains more
information about average indoor temperatures and time-of-day temperature profiles during the heating season).
Analysis of the daily maximum heating cycle length—which normally represents the setback recovery period in
homes where setback is practiced—shows a fairly wide range in setback recovery times under typical outdoor
weather conditions (Figure 20). These recovery times are no doubi a function of both the depth of the setback and
the sizing of the furnace in relation to the home’s heating loads.

When the data on maximum daily firing cycle are extrapolated to design conditions (90 F° indoor/outdoor
temperature difference), some sites appear to have very long setback recovery times (Figure 21). From this
standpoint, these furnaces are not oversized. However, it can also be argued that if long setback recovery is an issue,
homeowners should simply refrain from setting back the thermostat very much under extremely cold conditions.
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Figure 20: Maximum daily firing cycle length under typical winter conditions.
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Figure 21: Maximum firing cycle length at design conditions.

Daily maximum firing cycle length (hours)
@ 90F° indoorioutdear temperature difference

271426 1 171615 20 30 21 23 24 6§ 29 1% 8 9 4 3 31 2 11 8 18 22 28 10 7 12 32

Site #

28




Results

The number of heating cycles that a furnace goes through in a day is strongly correlated with outdoer temperature
for most of the sites (see Appendix C). Indead it appears that, for the most part, it is more the increase in the number
of heating cycles rather than the length of the heating cycle that contributes to the increase in total fumace mn time
as the outdoor temperature drops.

For most sites, the number of heating cycles in a day is fairly linear in outdoor temperature (scatter plots for all sites
in the study are provided in Appendix C). However a few sites exhibit a relationship like the one shown in Figure
22, where there is an apparent limit in the number of heating cycles that the furnace can go throngh during a day.
The exact cause of this behavior is unknown, but may be due to limits imposed by certain thermostats on the number
of cycles per hour.

In any event, when normalized to typical winter conditions, there is a fairly wide variation in the number of daily
heating cycles across the sites (Figure 23). As with heating cycle length, this variation probably reflects differences
in thermostat deadbands, the relative sizing of the fumaces, and details about thermostat placement.

Figure 22: Daily heating cycles versus outdoor temperature for one site.
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Figure 23: Typical daily number of heating cycles.
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Blower-Off Delay

The delay period between the time the call for heat ends and the air handler blower shuts down also affects
electricity use. Longer blower-off delays translate into more electricity use per therm of gas consumed, though less
so for the ECM models, as these furnaces typically drop to their lowest airflow during the blower-off delay. All of
the fumaces in the study have blower-off delays that are field configurable via DIP switches on the control board.

Figure 24 shows the blower-off delays measured for the furmaces in the study during testing. Most are between 90
and 150 seconds. The very long blower-off delay for Site 17 is sympiomatic of a number of configuration issues at
this site.

Figure 24: Blower-off detay.
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Heating Season Temperature Control

When it comes to maintaining tight control on indoor temperature, the data suggest that nearly all of the furnaces in
the study do a good job. This observation comes from analysis of temperature data recorded by sensors placed at the
thermostat as part of the study. The analysis focused on the daily period between 7 pm and 9 pm, which was the
time the thermostat was most likely to be maintaining a constant setting (changes in indoor temperature at the
beginning and end of setback periods could otherwise cloud the analysis). Analysis of the temperature range
recorded during this time period shows that at most of the sites the indoor temperature typically varied by less than
1F° (the resolution of the sensors used was about 0.7F"), though a few sites showed a typical swing of 2 F° (Figure
25). These statistics may underestimate the actual swing if the heating cycle period is such that the 15-minute
interval at which the temperatures are recorded tends to be at the same point in the heating cycle. Nonetheless, even
the maximum recorded temperature swing over the course of monitoring during these hours indicates less than a 3F°
variation for most of the sites,

It is notable that there is no clear difference in temperature swing between the ECM and non-ECM furnaces. It is
also noteworthy that three of the five sites with heating cycles that typically exceed 20 minutes in length (Sites 3, 8
and 11) are also in the group with wider temperature swings, suggesting that the thermostats for these systems have
a wider deadband (although subsequent ficld checks for Sites 3 and 8 revealed that they were set for a nominal 1F°
temperature swing).

Figure 25: Heating season indoor temperature swing.
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Cooling Mode

Airflow and Operating Watts

In cocling mode, the air handler aperates at a pre-set cooling speed. The near-universal guideline is that the air
handler should deliver 400 ¢fm per ton of air conditioning capacity. In practice, most non-ECM furnaces are simply
set 10 the highest available airflow {only two of the 17 non-ECM furnaces in the study were set otherwise). ECM
furnaces on the other hand typically have DIP switches that the installer sets to match the air conditioning tonnage,
and provide 400 cfm per ton of airflow,

As Figure 26 shows, most of the furnaces actually delivered airflow somewhere in the range of 350 to 450 cfm per
ton of air conditioning capacity when aperating at the cooling speed. However, there is a group of mostly non-ECM
furnaces with mare than 500 ¢fm per ton of airflow. With the exception of Site 26—which was already set at the
lowest possible cooling speed—these are sites with smaller central air conditioning systems for which the high
speed setting cn the zir handler provides too much air flow. Air handler power requirements would be reduced by 20
to 25 percent (roughly 100 to 140 Watts) if the cooling speed setting was set to provide as close to 400 cfim per ton
as possible,

Figure 26: Airflow per ton of air conditioning capacity at cooling speed.
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Figure 27: Cocling-mode wattage versus airflow.
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Figure 27 shows furnace wattage in cooling mode as a function of airflow, The data suggest that belgw about 4 tons
of atr conditioning (1600 cfm) ECM furnaces on average have lower power draw than non-ECM furnaces.
Regression fits to the data suggest an average difference of about 175 Watts at 1000 ¢fin (2.5 tons) and 150 Watts at
1200 ofim (3 tons).

Operating Hours and Cooling-Mode Electricity Savings

Models of daily run-time a8 a functign of outdoor temperature for each site (see Appendix C) show a wide range of
predicted seasonal air-handler operating hours in cooling mode (Figure 28). This could be expected given the
relatively discretionary nature of air conditioning use in Wisconsin.

However, if 400 hours is taken as a typical value for centrzl air conditioning use, then ECM furnaces could be
expected 1o yield 60 to 70 kWh of direct blower energy savings, based on the regression fits shown in Figure 27.
Lewer blower wattage also translates into less waste heat in the air stream to be removed by the air conditioning
systemn. This additional electricity savings is estimated at about 20 to 25 kWh, bringing the overall estimate of ECM
savings in cooling mode to 80 to 95 kWh per year for 2.5- and 3-ton air conditioning systems, respectively.”

7 For examgle, for a 10 SEER system: 60 kWh of direct blower electricity savings * 3,413 Btu per kWh / (10 Btu per watt * 1000
watts per kW) = 20.5 kWh indirect cocling electricity savings,
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Figure 28: Annual cooling-mode hours.

Annual Blewer Hours in Cooling mode

1000

1 Modeled for Madison, Wisconsin
800 |

B coMtumace

L &2 Non-ECM furnace
600 |
400 -+
200 4

oli & = & B

13 1% 4 29 30 18 11 23 21 22 31 83 2 7 1% 16 12 32 ¢ 6 24 20 1 27 28
Site #

Nct shown: Sites 5, 8, 10, 14, 17 and 28

Continuous-Fan Mode

Continuous-fan mode corresponds to setting the fan switch on most thermostats to “on” {rather than “aute”). People
choose to run the air handler continuously for a variety of reasons, but chief among these are filtering out house dust
and reducing temperature differences in the home. A minority of participants in the study actually operate their
furnace in continuous-fan modg part or all of the year (Table 1), but we tested all of the furnaces in this mode
regardless of the actual practice of the homeowner, and were thus able to model continuous-fan electricity use.

Table 1: Continuous-fan use by study participants.

Continuous-fan use Number of sites

Never 20 Sites

All year long 5 Sites (Sites 4, 10, 17, 18, 20)
Winter only 1 Sites {Sites 30)

Summer only 2 Sites (Sites 13, 21}

Ad hoc basis 3 Sites (Sites 8, 9, 14)
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Figure 29: Continuous-fan mode power draw.
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There is a clear difference in capability between the ECM and non-ECM furnaces in the study in power draw in
continueus-fan mede. All of the ECM furnaces have a separate (and field adjustable) continuous-fan speed setting
that is generally factory-set for a very low airflow delivery (typically 500-600 cfim). In contrast, all byt two of the
non-ECM furnaces in the study ran at the heating speed when called upon for continuous-fan operation.

As could be expected, this means that the ECM furnaces generally draw congiderably less power in continuous-fan
maode than the non-ECM sites (Figure 29). The ECM fumaces mostly draw less than 200 Watts of continuous-fan
power, with 100 Watts as a reasonable average value. In contrast, the non-ECM fumaces drew between 400 and 800
Watts, with 300 being a typical value,

Four ECM furnaces were found to be configured to higher continucus-fan speeds than the factory default. Site 2 is
the most interesting example of these. Continuous-fan airflow for the furnace at this site is determined by the
settings of three DIP switches immediately to the right of an identical bank of DIP switches that set the cooling
airflow. The settings at this site were found to be the same as the cooling airflow settings (Figure 30). This resulted
in about twice the continuous-fan airflow than would have been the case al the factory default (1,400 measure cfm,
versys 700 cfm) and nearly six times the blower power draw (750 Watts, versus 130 Watts),
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Figure 30: Continuous-fan and cooling airflow DIP switches for Site 2.
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Whether the contractor who installed the furnace was confused about how 1o set the DIP switches or simply felt that
a fumace should deliver the cooling-mode airflow in continuous-fan mode is not known. However, it can be said
that the homeowner was not consulted on this. When told about this, the homeowner—who did not normally use
continuous-fan mode—said he had been under the impression that his new furnace was supposed o gisculate air
more quietly, but found it to be noisy when he tried running it in fan-on mode.

Both of the two modulating furnaces {Sites 28 and 32)—which were installed by the same heating contractor—were
also found to be set to higher than default settings for continuous-fan mode. This furnace model has & DIP swiich
that allows one 10 choose between two aitflow seftings. When tested at the lower setting (500 ¢fim), the Site 28
furnace drew only 93 Watts, compared to 280 Watts at the higher setting (300 cfim),

Hours of Operation and Savings

Continuous-fan mode hours are essentially all hours that the furnace is not operating in heating or cooling modes.
The furnace models described in Appendix C predict thousands of hours of continuous-fan operation in this mode
(Figure 31). Median run-time hours for the farnaces in the study were 7,400 for year-round operation, 3,500 for
winter-only operation, and 2,000 for summer-only operation,

Using rounded median values for operating hours and wattage draws for ECM and non-ECM furnace in this mode,
Table 2 shows estimates of electricity savings in continuous-fan mode.
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Figure 31: Hours of operation in continucus-fan mode.
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Table 2: Continugus-fan electricity use, by furnace type.
Continuous-Fan Mode Electricity Use {(kWh)

Non-ECM Furnace ECM Furnace
Season of Use (median 500 Watts) {median 100 Watts}) Difference
Year-Round
(median 7,400 hours) 3,700 740 2,860
Winter Qnly .
(median 3,500 hours) 1,750 350 1,400
Summer QOnly
(median 2,000 hours) 1,000 200 600

Central Ventilation and Furnace Air Handler Operation

Central ventilation systems such as heat recovery ventilators (HR'Vs) are sometimes wired with an air hendler
interlock, meaning that whenever the HRV operates, the furnace air handler also operates al the continuous-fan
speed. Ten sites in the study had central ventilation systems, but only four of these were interlocked with the furnace
air handler. (Sites 16, 26, 28 and 32—interlocked HRV operation (on a 20-minute on, 40-minwle off schedule) can
be seen for Site 28 in Figure 10 on page 19.)

Homes with an interlocked central ventilation system will thus have higher furnace electricity use if they do not

already practice continuous-fan operation. Estimating this additional elecricity use is difficult though, because
homeowner use of the systems can vary substantially (Pigg, 2002b).
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Standby Power Consumption

All of the furnaces in the study consumed a small amount of power in standby mode. Standby power ranged from 4
to 13 Watls, with a median of 8§ Watts (Figure 32). The ECM fumaces dominate the higher end of the distribution,
presumably due to large and more complicated control circuitry. On average, the ECM fumaces consumed 4 Watts
of standby power above that consumed by the non-ECM furnaces in the study.

Modeling of the furnaces in the study supgests that furnaces not running in continucus-fan mode have an average of
about 7,500 hours per year of standby operation (Figure 33). This translates into additional electricity consumption
of about 30 kWh per year in this mode for ECM furnaces in the study.

Figure 32: Standby mode power consumption,
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Figure 33: Annual hours of standhy moda.
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Summary of Electricity Use Resuits

Table 3 summarizes the preceding results based on typical values from the study. Two scenarios are shown: no
continuous-fan use, and year-round continuous-fan operation. Both scenarios assume the presence of central air
conditioning,

The results suggest that for the range of systems studied here, substituting an ECM furnace for a non-ECM furnace
will save an average of about 465 kWh per year in homes that do not practice continuous-fan use, angd about 3,455
kWh per year in homes that run the air handler continuously. At a current average electriity price ofiabout 8 cents
per kWh, this translates to $36 annual electricity savings in the former scenario, and about $270 annual savings in
the latter.

Table 3: Summary of anhual slectricity use and ECM savings.

No continuous-fan use Year-round continuous-fan use
Mode of
Operation Non-ECM ECM Difference Non-ECM ECM Difference

Heating (kWh)® 800 400 400 800 400 400
Cooling
(kWh)lg 225 185 70 225 165 70
Continuous-Fan 0 0 0 3,700 740 2,960
{kWh} ) :
Standby
(kWh) 60 90 -30 0 D 0
Total
(kWh) 1,085 645 440 4,725 1,295 3,430
Indirect AC (k\Wh)* 25 25
Overall includin
indifoct (kAvh) 465 3.455

*For annual gas use of 300 therms,
® For a 2.5-ton air conditioner with airflow of 1000 cfin and 400 hours of operalion per year.

‘Represents additional air conditioning electricity difference from reduced need Lo remove air handler waste heat.
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Geographic Variation

The results presented thus far are based on modeling the operation of the furnaces in the study with Madison,
Wisconsin weather data, At about 7,600 heating degree days per year, Madison is close to the population-weighted
average heating degree days for the state (7,800 heating degree days; WEB, 2002).

Ta provide a better sense of how the results vary over the state, Table 4 shows the median percentage difference in
selected estimates when the furnaces are modeled with weather data in other parts of the state (Figure 34}, While
there are substantial differences in the modeled energy use for heating and cooling, heating electricity use per therm
is relatively invariant to location. Similarly, modeled continuous-fan and standby hours are not strongly affected by
location,

Table 4: Median change in selected modeled values for other locations, relativa to Madison, Wi.tconsln.

Green Bay  Milwaukee Lancaster Eau Claire Superior Rhinelander

Heating
Therms +7.5% -7.3% +1.8% +17.8% +28.4% +26.5%
Cycles +6.9% -5.6% +1.1% +14.3% +25.8% +22.8%
burner hours +7.8% -7.9% +2.0% +18.9% +29.2% +27.5%
KWh +7.7% -7.6% +1.9% +18.4% +28.8% +27.3%
kWhitherm 0.0% +0.1% 0.0% 0.2% -0.1% 0.2%
Cooling
Hours -18.2% +6.1% +1.9% -25.5% -59.8% -47.7%
KWh 18.8% +5.7% +2.0% -24.9% 596%  -47.2%
Cont.-fan hours -0.4% +0.7% 0.3% -1.3% AT%  -19%
Standby hours -0.4% +0.8% -0.3% -1.5% -2.0% C-21%
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Figure 34: Location of weather stations used for modeling.
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Filter Static Pressure Drop

As previously noted, the data from the study show higher electricity use with higher external static pressure for
ECM furnaces. Moreover, the field measurements indicate that on average, about half of the total static pressure
seen by the system is due to the pressure drop across the filter. This suggests that if filter static pressure can be
reduced, the electricity use by ECM furnaces can be further raduced as well, since these furnaces compensate for
high static pressure by increasing their speed and power,

Figure 35 shows the range of measured filter pressure drop normalized to two airflow levels that roughly correspond
to low- and high-fire (and cooling) operation for a typical 80,000 Btu/hr furnace. There are five sites with noticeably
higher pressure drops, but these do not appear to share common characteristics. Two of the sites use conventional %4
inch or 1 inch furnace filters, one (Site 28) uses a pleated media filter, one (Site 26} uses a washable filter, and one
{Site 5) uses an electrostatic filter with a wire mesh pre-filter that was found to be extremely loaded.

I£0.05 IWC and 0.1 IWC are taken as the lowest easily achievable static pressure drop at these two airflows, then
pressure drop across the median filter in the study could be reduced by about 0.05 IWC and 0.2 IWC, at 600 and
1200 cfim, respectively. Based on published performance data for one ECM furnace ling, this could be expected to
reduce air handler power requirements by about 10 Watts at the lower airflow rate, and by about 70 Watts at the
higher rate for an ECM furnace, corresponding to perhaps a 10 pereent reduction in total power requirements at both
airflows.

Figure 35. Filter static pressure drap.
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The above figutes relate to the median Fumnace in the study. For a furnace with a high static pressure drop, such as
Site 3, the savings from reducing the filter resistance (in this case by simply cleaning the mesh pre-filtet) would be
considerably higher. Based on the measurement data for Site 5 and the published performance data for the furnace, it
appears that air handler power could be reduced by 40 to 60 percent by reducing the filter static pressure drop o a
fevel comparable to the filters on the low end of the distribution.

Impact of ECM Furnaces on Gas Consumption

In theory, reducing blower electricity use will result in an increase in gas consumption during the heating season,
because ECM furnaces have less waste blower heat, which would ordinarily samewhat offset the need for additional
gas heat from the furnace. At least one field study (Gusdorf et al., 2003) has demonstrated as much when the farnace
fan aperates continuously throughout the heating season.

Gas consamption was not monitored for this study, so it is not possible to bring direct empirical data to bear on this
question. The estimated typical 400 kWh electricity savings from ECMs in heating mode would translate into
perhaps 15 therms of additional gas consumption at a typical gas efficiency for a condensing furnace, With
continuous fan operation during the winter, this might rise to 65 therms,

However, the above figures assume that ECM and non-ECM furnaces have the same pas heating efficiency, which
does not appear to be the case typically. The published heating efficiency {AFUE) for the 14 ECM furnaces in the
study ranged from 92.5% to 95.0%, with a median of 94.1%. The 17 non-ECM furnaces had AFUE’s that ranged
from 92.0% to 92.5%, with a median of 92.2%. The difference between the median AFUE's for the two groups
translates into about 16 therms less gas consumption for an ECM furnace with an annual heating load of 750
therms—enough to offset the calculated increase in gas consumption due to less waste electrical heat from an ECM
fumace operating in heating mode. It is likely that a furnace operating in continuous-fan made would still have a net
increase in gas use, but the dollar savings 1o the consumer from reduced electricity use still overshadow any
additional gas charges.

A Note on Power Factor

Although nat & particular concern to consumers, power factor is of interest to utilities, which must size distribution
systems (o handle reactive as well as active power. Power factor measurements on the furnaces in the study showed
that the ECM furnaces had somewhat lower power factors compared to non-ECM furnaces, except in standby mode.
A more detailed compilation of power factor data can be found in Appendix B.

Table 5: Median measured power factor, by operating mode.

Operating Mode ECM Furnaces Non-ECM Furnaces
Heating 0.72 (low-fire} 0.68 (high-fire) 0.88
Cooling 0.63 0.81
Continuous Fan 0.69 0.87
Standby 0.62 0.40
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Discussion

Results from this study are relevant from a variety of perspectives, The discussion that follows is organized around
the following points of view:

+  Wisconsin Focus on Energy program efforts
+  National energy efficiency standards and program efforts
¢ Consumers

» Fumace contractors and distributors

Implications for Wisconsin Focus on Energy Program Efforts

First and foremost, the results from the study provide basic confirmation that multi-stage ECM furnaces do provide
substantial electricity savings over conventional condensing furnaces. The savings are most dramatic in continuous-
fan and heating modes, but are also apparent in cooling mode. Based on the small {and not necessarily
representative) sample of homes covered by this study, the savings for a home in Madison, Wisconsin with typical
gas consumption and air conditioning use appears 10 be about 450 kWh per year without continuous-fan operation,
and more than 3,000 kWh per year with year-round continuous fan use. Peak demand savings are more difficult to
discern from this study, but the results suggest that there are summer peak savings. Winter peak electricity demand
is the most difficult to assess; many of the two-stage ECM furnaces will be operating in high-fire on a cold winter
morning, and the data were most variable in this mode.

The above figures are meant to reflect the study results in a typical Wisconsin home. These may not be applicable to
the population of participants in Focus programs that promote ECM furnaces if, for example, these participants use
more or less gas, or have furnaces that are sized differently for their heating load.

Probably a larger source of uncertainty in estimates of savings due to program efforts to promote ECMs, however,
lies on the behavioral side, which this study did not address. In particular, the average savings from a population of
ECM furnaces is sensitive to the proportion of households that operate the furmace in continuous fan mode, Since the
difference in savings between homes without continuous-fan use and those with year-round operation; is so large, the
average savings from blending thase two is very sensitive to assumptions gbout the proportion of homes with
continuous-fan use. If one assumes that 10 percent of homes practice year-round continuous-fan operation, then the
overall average savings would be about 700 kWh per year (with half of the savings arising from homes with
centinuous-fan operation). Change this proportion to 20 percent, however, and the figure becomes 1,000 kWh per
vear, and continuous-fan homes represent two-thirds of the total.

In reality, the situation is more complicated than portrayed above. As the actual practices of the homeowners in this
study demonstrate, some people practice year-round continuous-fan operation, but others do so only seasonally-—or
even on an ad hoc basis. Furthermore, some homeowners in new developments may practice continuous-fan
operation temporarily to deal with ambient construction dust. Finally, other literature has alluded to & possible “take-
back” effect; some people may purchase an ECM fumace precisely in order to operate their air handler
continuously—in the absence of such a choice, they would not do so. All of these factors play into the average
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impacts from programs to promote ECM furnaces; unfortunaiely, these were mostly outside the scope of this
technical look at these fumaces. Additional research is needed to quantify these practices in the Wisconsin
population. Such research could be undertaken in conjunction with the biennial Appliance Sales Tracking telephone
survey conducted by the Energy Center of Wisconsin,

The study also provides insights for efforts to affect how furnaces are installed and configured, such as the
Wisconsin Efficient Heating and Cooling Initiative. Although these are discussed in more detail below under
“Contractors and Distributors,” it is worth noting here that the study offers evidence that high static pressure reduces
the savings from ECMs, since these furnaces compensate by increasing the blower power input. This suggests that
efforts to influence furnace filter selection and maintenance as well as duct design (for new construction} in order to
minimize the static pressure experienced by an ECM fumace could bear fruit in additional electricity savings. This
suggests a need to beiter understand the pressure drop characteristics of different types and brands of furnace filters,
as well as how static pressure changes over time as the filters become loaded.

Further, the study suggests a need to promote the practice of always setling continuous-fan speed to the lowest
possible optien. Doing so requires no testing or equipment, and in most cases involves no action on the part of the
installer, since most furnaces are already configured in this way. However, that four out of fourteen ECM furnaces
in the study were configured for higher continuous-fan operation suggests that some contractors wrongly believe
that more is better when it comes to continuous-fan airflow. Also, installers failed to take advantage of a separate
low-speed tap for continucus-fan operation for some models of non-ECM furnaces.

Implications for National Energy Efficiency Standards and Program
Efforts

This study provides some insights of national relevance. First, this study confirms previous research demonstrating
that in actuel practice static pressures are considerably higher than those stipulated in standard rating procedures.
The funaces in this study averaged 0.44 IWC of static pressure drop across the furnace and evaporator coil at high
fire, which is more than twice the 0.2 inches generally used in the standard test procedure for rating fumace
efficiency (which does not include pressure drop across the AC coil). In cooling mode, the study fumaces averaged
an even higher 0.50 inches of static pressure drop. This difference is the most likely explanation for the finding that
actual furnace electricity use in heating mode for ECM furnaces is on average higher than rating data would suggest.

Second, the study suggests that 0.6 kWh of heating electricity use per therm of gas consumption (pr 6:kWh pet
million BTU of gas input) represents a useful demarcation line between electrically efficient furnaces:(i.e., ECM
model) and less electrically efficient models. This dividing point neatly separates the ECM and non-ECM fumaces
in the stady both in terms of their rating based electricity use per therm of gas consumption and in terms of the field
results.

Third, the study indicates there would be some value in incorporaiing standby electricity use in national standards
and program efforts. At a current 8 to 14 Watts, standby electricity use by fumaces exceeds that of many consumer
clectronic appliances, which typically have digital clocks and must sense inputs from infrared remoies. There is
undoubtedly room for reduction in furnace standby electricity use with better control board design.
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Finally, the study suggests that some fairly simple changes at the manufacturing level could have energy savings
benefits even for non-ECM furnaces. For example, four non-ECM fumaces in the study had a separate speed tap lug
for continuous-fan operation. This allows the air handler to run at the lowest speed setting in this mode
independently of the speed selection for heating and cooling modes. Based on our test data, this could be expected 1o
reduce continuous-fan electricity use by about 8 percent. However, none of the four study furnaces were field
configured to make use of this feature, and the one heating contractar we spoke with who installs these furnaces
stated he did not really understand its function. 1f the manufacturer were to simply plug the low speed tap wire into
this lug at the faciory, electricity use could be reduced by perhaps one percent on average across the units shipped by
this manufacturer.

Implications for Consumers

This study clearly demonstrates that an ECM furnace is a “no brainer” for pecple who intend o operate their air
handler continuously. With electricity savings on the order of $275 or more per year, the additional cost of these
furnaces can be recovered within a few short years.® The extra cost of these furnaces is more difficult to justify
solely on the basis of electricity savings for consumers who do not practice continuous-fan operatiun,:bu%with
annual electricity savings of perhaps $30 to $40—the electricity savings are still worth considering.

Moreover, as a premium product, multi-stage ECM furnaces appear to offer comfort and noise advantages that may
outweigh the electricity savings in the minds of many consumers. Though sound levels were not formally evaluated
by this study, the ECM furnaces in the study were noticeably quieter in low-fire heating mode, which—as the study
demonstrates—is the operating mode the majority of the time during the heating season,

Comfort was also not formally evaluated as a part of this study, but the data do document much lower airflow in
low-fire heating mode for ECM furnaces, which could reasonably be expected to translate into fewer drafis from air
handler operation, Though many ECM furnaces (indeed many new furnaces in generai) are marketed s providing
tighter controt on temperature swings, the study did not reveal any clear difference in indoor temperature variation
between ECM and non-ECM furnaces—though there are some limitations in our ability to measure such differences,
The tightness with which indoor temperature is maintained is probably as much (or more) a function of the
thermostat and its configuration as it is the type and model of furnace. Nonetheless, nearly all of the fumaces in the
study showed a good ability to reduce temperature swings.

Implications for Heating Contractors and Furnace Distributors

Several field configuration lessons emerge frem the data gathered for this study. First, the fact that some contractors
are field configuring furnaces to operate at higher continuous-fan speeds than the factory default is troubling.
Continuous-fan operation does not need high airflow; indeed higher airflow rates are more likely to create
uncomfortable dratfis in the home. And, from an energy efficiency perspective, higher airflow in continuous-fan
mode wastes electricity. Even if the purchaser of a furnace does not intend tc use continuous-fan operation, future
occupants might do so, and it is unlikely that the initial configuration would be revisited. For all of these ressons, the

& Anccdotal reparts put the cost increment for a typical two-stage ECM furnace over a conventional condensing furnace at $400
to $600.
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general rule should be to use the lowest passible speed setting for continucus-fan mode, as most ECM furnaces are
factory configured to do.

It is not possible to know from this study why the furnaces in the study were set up for higher airflow in this mode,
nor is it possible to measure the prevalence of the practice. Two of the four such ECM fumaces were installed by the
same heating contractor, one may have been a case of misunderstanding of DIP switch settings, and in one case, the
high continuous-fan airflow setting was part of a larger array of configuration issues with a complicated zoning
control system. Nonetheless the incidence is high enough to suggest the need for contractor training and education in
this regard.

Second, installers should be cognizant of the relationships between furnace sizing, temperature swing, and staging
control for two-stage furnaces, Long heating cycle lengths due to undersizing or other factors may inlerfere with
staging control algorithms and result in excessive high-fire operation and undesirable variation in indoor
temperature.

Third, when it comes to the perennial issue of furnace sizing, the study indicates that although most are considerably
oversized in terms of meeting design heating loads—even under conservative assumptions for design conditions—
the study does lend credence to the argument that some over-sizing is needed for setback recovery. The majority of
homeownerts in the study practiced thermostat setbacks during the heating season—as do the majerity of Wisconsin
homeowners in general—and recovery periods even under average winter conditions were fairly long for some of
the homes. In this vein, the multi-stage ECM furnaces appear to offer the best of both worlds: reduced cycling,
airflow and eleetricity use to meet the basic heating load of the home, combined with the ability to produce higher
output 1o boost the indoor temperature after a setback.
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Limitations

As with any effort, there are limitations to this study. The more important of these are enumerated below:

1.

Sample size. As with any detailed field study, budget constraints prevented studying a larger sample of
homes. With small samples the probability increases of obtaining a sample that—purely by chance—
deviates substantially from the population from which it was drawn. This so-called sampling uncertainty
can be quantified. For ¢xample, the 90 percent confidence interval for the average difference between ECM
and non-ECM fumaces in heating mode electricity use per therm of gas for the study sample is = 0.1
kWh/therm. With the study finding that ECM furnaces use about 0.5 kWh/therm less than non-ECM
furnaces, one can be 90 percent confident from a sampling ertor standpoint that the average difference in
the population is somewhere between 0.4 and 0.6 kWh/therm. However, non-random sampling ¢rrors
probably dominate in this case {see next item}; hence the report eschews reporting confidence intervals like
the ane above,

Sample representativeness. There are a number of ways in which the study sample might differ from the
population at large in ways that would not be mitigated by a larger sample. Most notably, a variety of
furnaces were deliberately selected for study; the market share for particular brands may therefore be
under- over over-represented. Also, the study is dominated by new homes, many of which participated in
the Wisconsin Energy Star Homes program—though about half the Wisconsin furnace market is thought to
be mzde up of replacement furnaces for older homes, Finally, homeowners willing to participate in the
study might be different than those who are not willing 1o participate—Tfor example, they might be more
inclined to operate in continuous-fan mode,

Mudeling uncertainty. The smdy relies on models of heating and cooling energy use as a function of
cutdoor teraperature to translate variable weather conditions aver part of a season to long-term seasonal
averages, There is uncertainty in this process, arising in the choice of the models used, in the fitting process
for the model coeificients, and in the application of long-term averages in the context of climate change. In
terms of the functional form of the modsls, the data suggest that, for most of the sites in the swdy, the
majority of the variation in heating and cooling-mode hours and cycles is explained by outdoor
temperature. However, other factors such as humidity during the cooling scason that were not included in
the models might change the estimates somewhat. Finally, there is also uncertainty in average values such
as power draw measured during testing. These values can change over time, for example as filters load.
Comparison of results across the two rounds of testing suggests that most values were stable to within
about 10 percent.
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