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EXECUTIVE SUMMARY

The Campbell Creek research project supports the retrofit residential housing goals of the Tennessee
Valley Authority (TVA) and the U.S. Department of Energy. Data from the first year of the project,
which was initiated by TVA in March 2008, were collected from three houses of similar size, design, and
solar and wind exposure, all with simulated occupancy and all located in the Campbell Creek community
of Farragut in west Knox County, Tennessee. All of the houses have simulated occupancy—automated
mechanisms replicate the occupancy of a family of three, including regularly opening and closing the
refrigerator, using the oven, running the clothes dryer, or taking a shower. The three study houses can be
characterized as follows.

e The “Builder House” (baseline house, or CC1), representative of a standard, IECC 2006 code-
certified, all-electric house built by the builder to sell around 2005-2008.

e The “retrofit house” (or CC2), which included modifications that could be made to existing
houses to improve energy efficiency. The data collected from CC2 will be used to evaluate the
impact of energy-efficient upgrades to the envelope, mechanical equipment, or demand-response
options. Each retrofit will be evaluated incrementally by both short-term measurements and using
a calibrated computer model.

e The third house (or CC3) was designed as a transformation of the CC1 (builder house) with the
most advanced energy-efficiency features, including solar electricity and hot water, that market
conditions are likely to permit within the 2012—-2015 period.

This report covers data collected from CC1, CC2, and CC3 during the performance period from July 1,
2009, to August 31, 2010. TVA will use these data to determine the benefits of retrofit packages and high
performance new home packages. The data will also help builders and homeowners make smart decisions
about products and technologies when retrofitting existing houses and building new high performance
houses.

The annual peak loads of conventional all-electric homes with heat pumps occur on very cold winter
mornings. The average 1 h peak demand for the CC1 was 14 kW. . As demonstrated by CC2, cost
effective 30%-40% whole house energy savings retrofits can cut this peak demand by a third. Well
designed, built-new, all-electric homes in the valley can cut this peak in half as shown by CC3. The
annual load factor for all three test houses is 0.165. This means that the return on the electric power
infrastructure investment for all three homes could be the same. (Annual load factor is defined as the
average hourly electric demand for the whole house divided by the peak hourly demand across the entire

year.)

In the future customers that will be first to “deep” retrofit or build high performance new homes will also
likely have plug-in hybrid electric vehicles (PHEVS). During the 1 year study period, it was shown that at
least one PHEV available in 2009 doing a 32-mile round trip commute, 5 days a week, can deliver load
factors greater than typical all-electric homes in the TVA region during both peak winter and peak
summer months.

As the residential market moves toward much more energy-efficient houses, all-electric homes will gain
market share in the TVA region. This market transformation will also result in the electric dryer

becoming a much more important contributor toward peak monthly load demand. This study has shown
that as houses become more efficient, the dryer tends to dominate the peak load profile not only in the
cooling months but also the winter. Heat pump dryers appear to be an attractive technology for TVA to
encourage; TVA can use time-of-day pricing to encourage off-peak usage of those appliances. Several
heat pump dryers are available internationally; this report recommends one be installed in CC2 or CC3 for
the next test period.
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Energy costs for CC3, the most energy efficient of the three houses, totaled less than $450 for the entire
year, which was a year of temperature extremes for the region. This averages out to about $37 per month

for a three-bedroom, two-and-a-half-bath house.

CC2, the retrofit house, demonstrated that good insulation, efficient appliances, and air ducts routed
through conditioned space produce very good results for a moderate investment. The incremental costs of

the advanced house features making up the retrofit upgrade added about $10,000.

A typical all-electric 2400 ft* home built in the 2000-2010 time frame (like CC1) in the TVA service
territory, with an average energy usage pattern, has daily energy costs of around $5. Installing a well-
integrated energy package in new Tennessee homes can reduce that cost to less than $1/day. The $30,000
incremental cost of the energy package could be financed in a 30-year mortgage (at 5.23%), which would
have neutral cash flow (i.e., break even) for the homeowner after TVA, federal, and state incentives are

factored in.
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Figure ES.1. CC1, CC2, and CC3 annual energy breakdown, August 2009-July 2010.
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Figure ES.2. Monthly energy cost for each house, August 2009-July 2010 (including Generation Partners

credit); nZEH = CC3.

Working with General Electric and statistics showing the average number of clothes washings per week
to be 7 loads for our simulated occupancy of three, we determined a hot water savings of 13.4 gal/day in
CC2 and CC3 with an Energy Star—rated clothes washer compared to the conventional washer in CCL1.
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The number of people using hot water for clothes washing today is somewhere between 20% and 50%.
Because detergents designed for cold water washing are readily available, plumbing only cold water to
the clothes washing machine could result in additional energy savings.

Before determining paybacks of advanced water heating systems, an important variable is calculating hot
water usage, which on a national average for an occupancy of three can vary from 66 to 54 gal of hot
water per day, depending on clothes washing technology and homeowner operating practices.

The incremental cost of low-emissivity (low-E), gas-filled windows was only $0.85 higher per square foot
of window area than “builder installed” regular two pane windows in 2008.

When a thermostat is replaced, the entire heat pump system should be recommissioned to make sure the
sequence of operation is optimized for the particular installation. For example, when does the unit go into
high-speed indoor fan mode or high-capacity compressor mode or resistance heating? What levels of
fresh air are provided at the different modes of operation? Homeowners need information about real
energy savings available from proper heat pump thermostat operation in wintertime, setback at night and
during hours of no occupancy, and setup during the summer for their specific installations. General rules
of thumb are insufficient. This information could be made available by some simple homeowner set of
diagnostics that could be run on the thermostat. Real-time heating, ventilation, and air conditioning
energy consumption available at the thermostat for both homeowner feedback and equipment adaptive
learning would lead to substantial retrofit energy savings.

By far the largest retrofit energy savings found in houses with ducts outside the conditioned envelope are
obtained by moving the ducts inside the conditioned space and simultaneously tightening the envelope.
Converting the attic to a conditioned mechanical room with spray foam costs around $5-6K. For
homeowners in Tennessee’s mixed humid climate, finding the optimum installed cost of sufficient foam
to avoid moisture problems and the remaining needed R-value of lower cost fiberglass or cellulose is
needed.

The solar photovoltaic (PV) system in CC3 was problem free after 2 years of operation. Oak Ridge
National Laboratory and TVA have been testing these TVA generation-partner compliant systems since
2002, and all properly installed and commissioned systems were problem free as well.

The solar drain back water heater equipment on CC3 was problem free after the first year of operation.
With durability issues still an occasional concern, it was determined to continue testing this equipment for
at least another test period.

This report describes a 75% energy savings compared to the Building America (BA) Benchmark.
Compared to the benchmark house with a Home Energy Rating System (HERS) score of 136, CC3 has a
HERS rating of 34. Without the PV system, CC3 maintains a 65% energy savings over the benchmark.
The solar electric fraction for this house was measured at 30%. The cost to build CC3, including all
market-valued donations and labor, is $353,570, or $141/ft?, including the installed cost of the 2.5 kWp
solar PV system and solar water heater.

One of the uses of this report is to aid builders and homeowners in making the “right” decisions in
building a high performance house. The detailed drawings, specifications, and lessons learned from the
construction process are presented, as well as the results of the analysis of the 121 sensors monitoring the
performance of CC3. This information is specifically helpful for those considering 2 x 6 optimum-value
framing, solar water heating, and solar PV systems. The 90 sensors in CC2 have also provided useful
information for those designing deep energy-efficiency retrofits for their homes.
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The precommercial heat pump water heater in CC2 was taken out of service and replaced on March 22,
2010, with a commercial unit with a more efficient compressor; this resulted in higher field performance
coefficient of performance (COP) than the precommercial prototype we had been testing at about 2.2
compared to about 2.4.

In January 2010, CC1’s two heat pumps made up the largest fraction of energy usage, 66% of the total, or
1998 kWh. The resistance backup heaters accounted for 43% of the space heating energy or 862 kWh; the
resistance heaters accounted for 28% of the whole house energy demand. In February, the two heat pumps
used a total of 1608 kWh; the resistance backup heaters, 438 kWh or 27%; and the resistance heaters,
16% of the whole house energy demand.

In CC2 in January 2010, the single-heat-pump two-zoned system accounted for the largest fraction of
energy used, 65% of the total, or 1486 kWh; the resistance backup heaters required 41%, or 615 kWh, of
the space heating energy; and the resistance heaters required 27% of the whole house energy demand in
January 2010. In February, the single heat pump required 1216 kWh; the resistance backup heaters
required 394 kWh or 32% of the space heating energy; and the resistance heaters required 21% of the
whole house energy demand. It was discovered after the first year of operation that the 3-ton Amana heat
pump that was specified to be a two-speed capacity compressor system was only a single speed. The
indoor fan, which had an electronically commutated motor, always delivered the same cubic feet per
minute of indoor air even when one of the zones was not calling for conditioning. This error resulted in a
larger indoor fan power consumption in CC2 than necessary, which would have been avoided if the two
speed compressor machine had been installed as specified.

In January 2010, CC3’s 2-ton heat pump used the largest fraction of energy, 88%, or 1089 kWh. The
resistance backup heaters required 455 kWh, or 42%, of the space heating energy. In February, the single
heat pump accounted for a total of 809 kWh. The resistance backup heaters required 234 kWh or 29% of
the space heating energy. These resistance heat fractions were larger than they would have been if the
2-ton heat pump compressor had been allowed to go into the high-capacity mode. A thermostat change-
out to provide remote control prevented the unit from optimum performance for most of the 2009-2010
winter.

An analysis of the CC3 heat pump demand finds that the heating balance point is 54°F. In general, the
house needs no heating until the outdoor temperature is 17°F below the thermostat setting of 71°F. The
balance point found for CC2 was 61°F.

CC1’s heating season months from October through April cost $713, compared to CC3’s net cost of $219
(an energy cost savings of 69%). The costs are based on the Lenoir City Utility Board’s actual monthly
residential rates.

For CC3, the AC solar generation from the 2.5 kW, solar system generated 9 kWh/day for the test period.
The energy cost savings from the builder to CC3 is $844 due to energy efficiency and $666 from the solar
credits.

TVA hit an all-time daily-energy-generation record on January 8, 2009: 701,387 MWh. The average daily
use per hour for the day was 29,224 MWh. On January 8, CC1 used 152 kWh; CC2, 113 kWh; and CC3,
76 kWh. The peak hour for CC1 and CC2 was 7:00 to 8:00 AM. The peak on January 8 for CC1 was

11 kWh; CC2, 8.64 kWh; and CC3, 7.42 kWh.

CC2 and CC3 will continue to have different retrofits until 2012 to get ever closer to maximum affordable
energy efficiency in the TVA mixed humid climate.
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In Tennessee, a homeowner can install a cost-effective retrofit package for a typical new home like CC1
(3 bedroom, 2.5 bath, 2400 ft*) that has a predicted 42% energy savings and achieves neutral cash flow
based on electricity rates of $0.093/kWh, a 10-year mortgage at 6% interest, and available 2010 federal,
state, and utility incentives.

Based on measured data from almost 100 sensors and a computer simulation of the CC2 with typical
occupancy patterns and energy services for three occupants, energy for this all-electric house is predicted
to cost only $3.76/day. By contrast, CC1 would require $6.46/day. Based on a full year of measured data
with the houses operated under simulated occupancy, CC2 used an average of 39.5 kWh/day. The
$10,000 incremental cost of the retrofit package described in this report, assuming that windows, heat
pump, water heater, and major appliances must be replaced and this replacement cost is not considered in
the cash flow analysis, has a positive cash flow to the homeowner. With the base house being an average
new home built in 2008 and local electricity rates more than $0.02/kWh lower than the national average,
the 42% whole house savings should be exceeded in most other homes originally built before 1990 with a
more positive cash flow.

This report describes a cost-effective retrofit package for a typical new home that has a predicted 42%
energy savings and achieves neutral cash flow based on electricity rates of $0.093/kWh, a 10-year
mortgage at 6% interest, and available federal, Tennessee state, and utility incentives in 2010. This three-
bedroom two-and-a-half-bath, 2400-ft* house has a HERS rating of 68 after retrofit and 101 before
retrofit.
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1. PROJECT OVERVIEW

1.1 BACKGROUND

This research project was initiated by TVA in March 2008 and encompasses three houses that are of
similar size, design and located within the same community—Campbell Creek, Farragut TN—with
simulated occupancy. Situated in a valley in west Knox County, these Houses are a typical example of the
developments in the TVA service territory. The design is a prime example of a marketable house in the
area based on the sales of other homes of similar size and design. The southern orientation of the house is
ideal for providing natural day lighting and minimizing harsh direct sunlight in the east and west, where
canopies are not as effective as on southern exposures. This report covers the performance period from
July 1, 2009, to August 31, 2010. It is the intent of TVA that this “Valley Data” will inform electric
utilities future residential retrofit incentive program.

The first house is the “builder house” (baseline house), which is a standard all-electric house as would be
built in 2005-2008 as a “builder spec.” This house is identified by “CC1” in this document.

The second house is the “retrofit house,” which used modifications that could be made to existing houses
to improve the performance. The data collected from CC2 will be used to evaluate the impact of energy
efficient upgrades to the envelope, mechanical equipment, or demand response options. Each retrofit will
be evaluated incrementally by both short term measurements and computer modeling using a calibrated
model. This house will be designated by “CC2.”

The third house was designed to take the “builder house” and transform it to maximum energy efficiency
as market conditions are likely to permit within the 2012—-2015 time period. This house is referred to
throughout this report as “CC3.”

The energy data collected will be used to determine the benefits of retrofit packages and high
performance new home packages. There are over 300 channels of continuous energy performance and
thermal comfort data collection in the houses. (100 for each house)

This Research Supports TVA and DOE’s Retrofit Residential Housing Goals

DOE Building Technologies Program strategic goal is to create technologies and design approaches that
lead to maximum affordable energy efficient homes by 2020. These future houses are expected to have
efficiency gains of 60%-70% with the balance supplied by renewable technologies. This research project
supports the national goals of energy efficiency retrofits on existing homes. The 2010 DOE retrofit goals
are to find retrofit packages that attain 30% whole house energy savings as documented by pre and post
HERS evaluations or equivalent.

HERS Index

HERS Index is a rating system based on the International Energy Conservation Code (IECC) for houses.
This is similar to a fuel mileage rating for a car.

A HERS rating of 100 is close to a new home meeting the 2006 International Energy Conservation Code.
A HERS Index of 0 is a house that produces as much energy as it uses annually. Each of these houses has
a HERS rating as outlined below. Part of the evaluation includes a blower door test—rated in air-changes-
per hour (ACH) at 50 Pascal differential pressures. HERS ratings for the three houses are CC1, 101; CC2,
68; and CC3, 34.



1.2 ENVELOPE AND TECHNOLOGY SUMMARY

1.2.1 CC1 (“builder house”; same as third-party-certified model house built and audited in 2008
in the subdivision)

e This house has the “all-electric” upgrade. This entails heat pump servicing the main level instead
of gas furnace and air-conditioner

e Two SEER 13 single speed heat pumps with a total capacity of 4.0 tons (upstairs capacity =
2.5 tons, downstairs capacity = 1.5 tons)

¢ Slab construction—with 1 in. x 24 in. perimeter XPS horizontal insulation except for along the
garage wall

e Blower Door 5.7 ACH at 50 Pascal

e HERS index equals 101

1.2.2 CC2 (“retrofit house”)

Envelope

e Slab construction—with 1 in. x 24 in. perimeter XPS horizontal insulation except for along the
garage wall

¢ High performance windows U-value of 0.34 and SHGF of 0.33

e Sealed and insulated Attic with spray foam and sprayed fiberglass (attic space within the
insulation and air barrier layer)

e Backing and sealing the insulated knee walls in the bonus room

e Blower Door 3.4 ACH at 50 Pascal

¢ HERS index equals 68

e One 3ton SEER 16 heat pump with two speed high-efficiency (ECM) indoor fan motor, single
capacity compressor and 2 zone dampers one responding to the thermostat on the first floor the
other for the second floor.

e Automated whole house mechanical balanced ventilation with synchronized bath exhaust to meet
ASHRAE 62.2 standards.

e Ducts 100% inside the conditioned space.

Electrical
e Energy efficient lights, 100% fluorescent
e Energy Star appliances

Plumbing

e 50 gal heat pump water heater including a heat trap
123 CC3

Envelope

e 2 X 6 advanced framing air tight construction using flash (foam) and Spider sprayed (fiberglass
with adhesive) and structural insulating sheathing with taped seams. This wall is 2 in. thicker than
those in CC1 and CC2 with twice the R value!



¢ High performance triple pane windows U-value of 0.15 and SHGF of 0.26,

e Slab perimeter vertical insulated with 2 in. XPS foam, R-10

e R-50 spray fiberglass ceiling insulation (conventional vented attic) and radiant barrier on
underside of roof deck.

e Blower Door 2.4 ACH at 50 Pascal

e HERS index equals 34.

¢ Single HVAC system (2 ton) SEER 16 heat pump with ECM fan motor and two speed
compressor. System has zone dampers serving both floors.

¢ Ducts and indoor coil inside the conditioned space

e Jump ducts installed from each bedroom to central hall where the central upstairs return register
is located.

e Mechanical ventilation with an Energy Recovery Ventilator exhausting three baths, laundry and
kitchen, and supplying the three bedrooms and great room upstairs and the living room and dining
room downstairs.

Electrical and Appliances

o Electric circuit kill switches are located at room exits, servicing power to the entertainment
system in the great room and home office in the bonus room

e Energy Star, energy efficient lighting fixtures with 100% fluorescent.

e Energy Star GE appliances

e Solar Photovoltaic—2.5 kW . installed on south facing roof. The system is grid connected
through TVA’s Green Power Switch Generation Partners program.

Plumbing

o Drain back solar domestic water heating system with 85 gal storage tank

e PEX (cross-linked polyethylene) homerun plumbing

o Grey water (waste water from non-plumbing systems like washing machines, showers, and
baths) plumbing separate from black water (water contaminated with toilet waste) coming
from the second floor”

e Waste heat recovery piping run from the refrigerator, dishwasher and dryer duct”

1.3 OCCUPANCY SIMULATION OVERVIEW

Two computer systems work together at the Campbell Creek research houses to simulate occupancy. All
three houses have the same capabilities and the goal is to have the simulations run simultaneously in all
three houses. A LabVIEW® controlled occupancy simulation system opens and closes the refrigerator
and freezer doors, starts clothes washer cycle, mists clothes in dryer and starts dryer cycle, turns on and
off the shower, dishwasher, and range. A custom Simple Control (http://www.simplecontrol.com/) system
turns on and off lights, plug loads (miscellaneous sensible loads in the house that are not otherwise
simulated), and the sensible heat from occupants.

An ftp server run from CC1 serves both the LabVIEW® and Simple Control system with schedules every
night. This feature makes it very simple to populate both systems in all three houses with a new schedule.

“Not installed in first year of evaluation.



An alarm system was set up in March 2010; this system sends emails to ORNL researchers if values from
the data are out of expected defined ranges. This has reduced the amount of lost data enormously. Most of
the faults are a result of lights not turning on or off as programmed. Compared to occupant differences in
real houses these faults are trivial in the big picture of comparing three houses to each other and having to
account for occupant variations.

1.4 DASHBOARDS
1.4.1 Full Year with Cleaned Up Raw Data

Figure 1 shows the dashboard for a full year of performance from August 1, 2009, until July 31, 2010.
The annual energy savings of CC2 compared to the Builder is 33%. The CC3 net energy savings
compared to Builder using the actual consumption is 65%. The peak hourly demand occurred during a
cold snap in January 2010. CC2 had a 33% lower absolute peak and CC3 had a 49% lower peak. The load
factors for the entire year are about the same 0.17. The pie charts in Figure 1 show the full year energy
demands for all the loads in each of the houses. Bar charts are provided to quickly compare energy uses in
all three houses of the heat pumps, lights, plug loads, water heating, washer/dryer combo, refrigerator,
dishwasher and the range. In the bar chart labeled Heat Pump, “up” is referring to upstairs unit in the attic
and “down” is the unit servicing the main level with the indoor coil located in the garage.

Table 1 shows the actual monthly residential rates at the time these measurements were made and used to
generate the costs shown in Figure 1 and the monthly dashboards presented in this report. The monthly
cost also take into account a hook up fee of $7.25 per month.

This data comes from correcting the raw monthly data bases to reflect identified simulated occupancy
control and measurement problems identified throughout the testing period. There were considerably less
problems later in the year, once an alarm system was set up to quickly identify data interruptions caused
by events such as power outages and delayed controller restarts. The monthly heat pump, PV, water
heater, lights, and plug loads for all three houses are shown in Table 2. Values shown in red are monthly
kilowatt-hours adjusted due to various identified issues described in Sect. 3, Energy Use Breakdowns, for
each month.

The last row in Table 2 shows the annual percentage energy savings with reference to CC1 of each major
energy user. The heat pump in CC2 used 27% less energy than CC1 over the entire one year period. The
CC3 heat pump used 54% less than CC1. The energy savings for water heating reflect not only the more
efficient heat pump water heater in CC2 and the solar water heater in CC3, they also reflect the measured
reduction of 14 gal less of hot water needed to wash clothes and dishes with the Energy Star appliances in
CC2 and CC3 that are not in CC1. The more efficient lighting in CC2 and CC3 saved 64% and 74%
respectively compared to the 100% incandescent lighting installed by the builder in CC1. The plug load
differences reflect the energy needed to run the CC1 master bath exhaust fan 24/7 for ventilation
compared to the master bath fan in CC2, which runs a bit less often compared to no fan energy in the plug
load for CC3. The ERV fans, that take care of ventilation air in CC3 is included in the HP column.



Dashboard Report
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Figure 1. Dashboard for a full year from August 1, 2009, until July 31, 2010; blue bar = CC1, red = CC2,
and green = CC3, units are kWh unless noted otherwise.
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Table 1. Actual monthly
residential rates

Month Rate ($/kWh)
January 09 0.0921
February 0.0921
March 0.0921
April 0.08665
May 0.08665
June 0.08665
July 0.08366
August 0.08366
September 0.08366
October 0.08187
November 0.08083
December 0.07713
January 10 0.07569
February 10 0.07504
March 10 0.07828
April 10 0.08205
May 10 0.08270
June 10 0.08616
July 10 0.08831

Table 2. Monthly kWh for the heat pumps, PV in CC3, water heating, lights, and plug loads

Heat pump PV Water heater Lights Plugs

CC1 cC2 CC3 cc3 CC1 cC2 CcC3 CcC1 cc2 CcC3 CC1 cC2 CcC3
9-Aug 669 479 354 360 207 57 24 202 69 48 261 251 252
9-Sep 437 241 216 253 200 58 105 202 69 48 257 249 262
9-Oct 152 206 46 221 238 129 85 202 69 48 252 241 235
9-Nov 404 616 150 251 252 129 73 163 66 49 243 211 209
9-Dec 1182 1136 644 156 286 161 117 160 74 53 240 215 117
10-Jan 1999 1486 1099 194 333 170 157 162 67 59 236 215 128
10-Feb 1608 1216 809 167 331 120 136 171 59 46 259 190 187
10-Mar 812 630 358 242 391 129 178 202 66 51 243 211 209
10-Apr 196 84 53 380 324 94 57 193 64 46 232 208 215
10-May 864 233 197 360 307 85 52 207 70 49 236 213 208
10-Jun 982 533 357 353 281 77 39 191 69 48 230 203 194
10-Jul 942 645 425 356 273 77 31 205 69 48 237 206 200
Sum 10245 7505 4708 3292 3424 1285 1054 2259 812 594 2925 2614 2414
Ysavings 26.8% 54.0% 62.5%  69.2% 64.1%  73.7% 10.6%  17.5%

The last row in Table 3 shows the annual percentage energy savings resulting from refrigerator,
dishwasher range, clothes washer and dryer in CC2 and CC3 compared to the builder spec models in
CC1. The refrigerator in CC2 and CC3 use about 16% less energy than the refrigerator in CC1 over the
one year period. The Energy Star dishwasher in CC2 and CC3 saves most of its energy by using less hot
water, which is not reflected in the fact that those units with the same washing load consume about 30%



Table 3. Monthly kilowatt-hour loads for the refrigerator, dishwasher, range, and
clothes washer and dryer in all three houses

Refrigerator Dishwasher Range Washer Dryer
CCl1 cC2 CcC3 800 | cCc2 CC3 cCC1 cC2 CC3 cCc1 cC2 CC3 CcC1 cC2 CC3
9-Aug 51 42 40 19 26 23 48 45 45 5 8 8 66 40 40
9-Sep 47 38 34 19 26 20 48 42 45 5 8 7 60 40 40
9-Oct 42 33 35 19 27 27 48 45 45 5 8 8 69 43 43
9-Nov 39 30 32 20 28 27 44 42 41 4 " 7 87 72 65
9-Dec 38 31 32 22 29 29 48 45 45 4 6 6 87 72 66
10-Jan 36 30 32 23 28 29 49 45 45 4 8 9 87 72 66
10-Feb 33 29 29 22 24 27 43 41 41 ) U 7 83 65 61
10-Mar 33 31 31 24 29 27 49 47 44 5 8 7 91 67 68
10-Apr 35 33 33 19 27 25 47 40 40 - 7 7 85 62 58
10-May 43 37 35 19 26 26 48 45 45 5 8 8 97 62 70
10-Jun 45 39 36 19 26 25 46 45 45 5 7 8 85 62 62
10-Jul 46 39 37 19 26 25 47 36 41 5 8 8 94 65 65
Sum 489 412 406 243 322 308 565 516 524 57 89 90 991 721 705
%savings 15.8 17.1 =325 -26.6 8.6 72 -56.1 -58.0 272 28.8

more kWh operating energy than the builder spec model in CC1. The electric ranges in CC2 and CC3 use
the smaller of the two ovens available in the installed models, which lead to about an 8% electric energy
savings compared to the single larger oven in CC1 under the same simulated cooking load in all three
houses. The Energy Star washer with a much higher revolutions per minute in the dry cycle uses a bit
more energy than the conventional clothes washer. The big savings is in the amount of hot water savings
needed and the fact that the higher spin rate forces more of the water out of the washed clothes, which
results in dryer energy savings. The Energy Star washer and dryer combination in CC2 and CC3 saves
24% electric energy compared to the builder spec models in CC1. The actual hot water savings show up
in the water heating columns in Table 2. Hot water is used to wash all the clothes in these houses. The
base hot water demand scheduled in CC1 is 66 gal/day. The measured hot water savings from the Energy
Star dishwasher and clothes washer and dryer lead to a demand of 54 gal/day.

Table 4 is the sum of the sub metered data shown in Table 4. Monthly kilowatt-hour totals from
Tables 2 and 3. With all the known raw data cleansing August 2009 until July 2010
the annual whole house energy savings of CC2 Total
compargd to CClis 33%. The energy savi_ngs after _ cc1 cc2 cC3
accounting for the onsite sqlar PV generation results in 9-Aug 1528 1016 474
an annual whqle h_ouse savings of 65%. The 2.5 kW eax 9-Sep 1975 770 596
solar PV fraction is about 31% of the total KWh usage 9-Oct 1027 802 351
of CC3. 9-Nov 1256 1201 402
9-Dec 2065 1768 952
1.4.2 Monthly Dashboards 10-Jan 2929 2101 1430
Figure 2 shows the monthly Dashboard for January 10-Feb 2554 1749 1175
2010, the coldest Month of the test period. This 10-Mar 1850 1219 731
display is used to help maintain a high quality data 10-Apr 1137 620 156
collection system in all three test houses. The most 10-May 1826 79 331
important information from the three house 10-Jun 1884 1059 461
comparison can be ascertained in a quick scan of this 10-Jul 1866 1170 522
one page concentration of performance data. Figure 3 Sum 21197 14274 7511
shows the dashboard for August 2010 the hottest %savings 327 64.6

month of the data collection period. The full set of
Dashboards from July 2009—August 2010 are displayed in Appendix A.



HousoName Tot' PV’ Net'  Cost | Peaktr’ A
cc1 3,027 0.00 3,027 $236.36| 14.65 4.09

cc2 2,262 000 2262 $17845| 988 306 031
cc3 1,661 19399 1,467 $95.04] 742 210 028
House Name _ Total __ PeakHr ___ Net Cost _|Peak Day|  Peak Hour

CcC1 100.00% 100.00% 100.00% 100.00%| 1/9
cc2 74.73% 67.43% 74.73%  7550%| 173
cc3 5489% 50.62% 48.48%  4021%| 1/9
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Figure 2. January 2010 dashboard; blue bar = CC1, red = CC2, and green = CC3; units

are kWh .
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Figure 3. August 2010 Dashboard; blue bar = CC1, red = CC2, and green = CC3; units are
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2. OVERALL PERFORMANCE OF HOUSES FROM OCTOBER 1, 2009, TO APRIL 30, 2010

2.1 ENERGY USE FROM CLEANED UP RAW DATA SETS

The weather for July 2009 through July 2010 was normal for the total heating season but considerably
warmer than normal for the cooling season, by Table 5. The test period had 36% more cooling degree
days (CDDs) at 65°F than long term normal. July and August 2010 had 45% more CDDs than July and
August 2009.

Table 5. Heating degree days (HDDs) at 65°F and departure from normal

HDDs at Normal | Departure decg:?ge“ggys Normal | Departure
65°F H55D°T:at Nfrom (CDDs) CDDos at from
ormal o 65°F normal
at 65°F

July 2009 0 0 0 318 380 -62
August 2009 0 0 0 361 347 +14
September 2009 14 30 -16 223 180 +43
October 2009 261 230 +31 8 23 -15
November 2009 475 518 -43 0 1 -1
December 2009 767 787 -20 0 0
January 2010 948 882 +66 0 0
February 2010 839 696 +143 0 0
March 2010 520 510 +10 0 2 2
April 2010 128 254 -126 43 19 +24
May 2010 25 80 -55 195 95 +100
June 2010 0 6 -6 435 254 +181
July 2010 0 0 0 501 380 +121
August 2010 0 481 347
Sum Sept 09— 3977 3993 +16 1929 1301 +465
August 10

The whole house energy usage for each house is shown in Figure 4. CC3 is shown without and with the
solar PV system. The pre-commercial HPWH in CC2 was taken out of service and replaced on March 22,
2010, with a commercial unit, which has a more efficient compressor and has resulted in higher field
performance COP than the pre-commercial prototype, which had been installed in CC2, 2.4 compared to
2.2. This chart uses the values shown in Tables 2—4 above.

Figure 5 shows a pie chart of the pieces that make up the total annual kWh used in CC1, CC2, and CC3.
In CC1, the space heating load makes up the largest fraction of energy usage, 30% of the total. The
cooling load 18% and water heating energy required 16% of the total. The annual plug loads represent
14% followed closely by the lights representing 11%. In CC2, heating is the largest piece at 38%,
followed by plug loads, 18%, then cooling, 15%, water heating 9%, lights, 6% and the dryer, 5%. In CC3,
heating also is the largest piece at 29%, plug loads 22%; cooling 14%, water heating 9%, and the electric
dryer 7%.

2.2 ENERGY COSTS

The monthly energy costs for each house are shown in Figure 6. All three houses have simulated
occupancy energy demands embedded in the costs as well as exterior lighting. The energy to run the
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Figure 4.  Whole house monthly kilowatt-hour comparisons from August 2009 through July
2010 (nZEH = CC3).
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Figure 5. CC1, CC2, and CC3 annual energy breakdown from August 2009 to July 2010.

compressors located in each garage to power the pneumatic refrigerator and freezer door openers are not
included in the energy costs. The costs shown are based on the LCUB actual monthly residential rates
shown in Table 1. The full year energy cost for CC1 was $1800 compared to the net cost for CC3 of
$300. The annual energy cost for CC2 was $1200, which is a 33% whole house energy cost savings
compared to the builder.

2.3 SOLAR AND GENERATION PARTNER CREDIT

The AC Solar generation from the 2.5 kW solar system on CC3 generated 9 kWh/day average for this
one complete year test period. The total annual energy cost savings from the builder to the CC3 is $1510;
$844 (or 56%) of the savings are due to energy efficiency and $666 (or 44%) from the solar credits.
Figure 7 shows that an average 274 kWh/month was generated from the PV system. Figure 8 show that

this solar energy production yields an average $55 monthly solar credit. This is an average daily solar
credit of $1.82.
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Figure 6. Monthly energy cost for each house, August 2009-July 2010 (including Generation
Partners credit); nZEH = CC3.
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Figure 7. Solar generation under TVA’s Generation Partners, from August 2009 until July 2010.
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Figure 8. Monthly generation partner credit for AC solar generation in
CC3, from August 2009 until July 2010.
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2.4 PEAK DEMAND PROFILES

Monitoring data is scanned continuously and integrated into 15 minute intervals. The energy sub metering
is collecting watt-hours. By summing the four 15 minute intervals the average wattage for that hour is
what is used to identify the peak wattage each month. The 24- hourly demand for the day in which this
peak hour occurs during January, February, March and July 2010 are shown in Figures 9 and 12. The
houses may peak at different times. These peak demand profiles show the sum of the 15 minute intervals
and represent the average wattage for each hour. The 15 minute data is also available for additional

analysis.

CC1 Peak Hour Day (watts) CC2 Peak Hour Day (watts) CC3 Peak Hour Day (watts)
16000 s plugs | 12000 s Plugs | 8000 s Plugs
14000 Lights 10000 Lights | 7000 Lights
12000 - ] e Range | 6000 e Range
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8000 6000 m—DishW | 400 m— DishW
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6000 4000 Dryer 3000 s Dryer
4000 2000 WH 2000 S WH
2000 P2 1000 — P2
L L HP1 [ P —ip1
135 7 911131517192123 PV 135 7 911131517192123 PV 135 7 911131517192123 PV
Figure 9. 24 h kW profile on the day that contains the peak hour in January 2010
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Figure 10. 24 h kW profile on the day that contains the peak hour in February 2010
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Figure 11. 24 h kW profile on the day that contains the peak hour in March 2010
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Figure 12. 24 h kW profile on the day that contains the peak hour in July 2010
2.4.1 January 2010

TVA hit an all-time daily energy generation record on January 8, 2009, of 701,387 megawatt-hours. The
average daily use per hour for the day was 29,224 megawatt-hours. On January 8, CC1 used 152 kWh,
CC2 113 kWh, and CC3 76 kWh. The peak hour for CC1 and CC2 was 7:00 to 8:00 AM. The peak on
January 8 for CC1 was 11 kWh, 8.64 for CC2 and 7.42 for CC3.

2.4.2 February 2010

The peak kW in CC1 for the entire month of February was 11.12, for CC2 7.51 and for CC3 7.05. The
peak occurs in the evening at the same time the electric dryer is running in CC2 and CC3. Figure 10
shows that the peak in CC1 occurs in the morning when the first floor heat pump is running hard and the
electric water heat is recharging at the same time right after the morning showers between 7:00 and

8:00 AM.

2.4.3 March 2010

Figure 11 shows that the peak for March in all 3 houses occurs between 7:00 and 8:00 PM. In all three
houses the dominate load is the electric dryer. The more efficient the house the more dominate the dryer
becomes to creating the monthly hourly peak. The peak load reduction benefits of having the heat pump
water heater in CC2 and the solar water heater in CC3 are very apparent in the data displayed in

Figure 11.

2.4.4  July 2010

Figure 12 shows the day in which the peak hour occurs during the summer season. In all three houses it is
all about when the dryer is run. The peak in CC1 and CC2 occur in the late afternoon, generally
coinciding with the TVA system peak in the summer. In CC3 the peak occurs in late morning in

July 2010. The peak is around 10 kW in CC1, 8 kW in CC2 and 6.5 kW in CC3. Note that at this time the
solar PV system was generating about 1kW so this peak as seen by the grid was really only 5.5 kW,
almost half that of CC1. The profiles for each month are shown in the monthly dashboards displayed in
the Appendix.

2.5 AVERAGE DAILY PROFILES
Figures 13-15 show average daily usage profiles for all three houses for January, February, and March
2010, three winter months. On the average February and March day CC3 average day hourly peak is less

than 50% of CC1. CC2 on the average February and March day has an hourly peak between 34%-50%
less than CCL1.
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Figure 13. Average daily usage profiles for January 2010.
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Figure 14. Average daily usage profiles for February 2010.
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Figure 15. Average daily usage profiles for March 2010.

Figurel6 shows the average daily usage profiles for all three houses for July 2010, which is generally the
month in which TVA hits all time summer system peak capacity. On the average July day CC3 average
day hourly peak is around 2 kW, about 60% less than average peak found in CC1. CC2 on the average
July day has an hourly peak between 6:00 to 8:00 PM of around 3 kW 40% less than CCL1.
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Figure 16. Average daily usage profiles for July 2010.

26 LOAD FACTORS

The load factors are calculated monthly for each house and displayed at the top of the dashboards. The
load factor is the ratio of average hourly kilowatts over peak hourly kilowatts. Figure 17 shows the
running monthly load factors for each house from September 2009 until August 2010. The most
interesting months (January and August) have the extreme weather. The CC1 has the highest load factor
in August and the lowest in January. Load factors improve for CC3 if one assumes that the same family
that buys a high performance house also will commute to work 5 days a week, about 16 miles one way, in
a plug-in hybrid electric vehicle (PHEV) and recharge at night (always off peak). After commuting in a
2008 PRIUS with an after-market Hymotion 123—5 kWh battery for 2 months, the average recharge
consumed 6.2 kWh. Adding that amount to the monthly total electric demand and then calculating the
load factor for CC3 is shown on the graph as the “CC3-PV+PHEV.” This shows a higher load factor for
CC3 than CC1 in both the peak cooling and heating months of the year. This is perceived by electric
utilities as a very good finding because it saves peak capacity but does not erode utility revenue,
permitting the utility providers to continue offering low cost energy services to the residential market.
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Figure 17.

Load factors.
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3. ENERGY USE BREAKDOWNS

This section provides the comparative energy performance of each of the major systems in all three
houses for each month from July 2009 until August 2010. The systems covered are heat pump, lights,
plug loads, water heater, washer and dryer, refrigerator, dishwasher, and range. The discussion below
addresses how the raw data were cleaned up for the 12-month totals shown in Figure 1 of this report.

3.1 JULY 2009

Figure 18 shows a series of bar charts that compare the major energy systems total usage for all three
houses in July. The heat pump in CC2 is about a third less than CC1 and CC3 uses about half the energy
of CC1. Most of the cooling energy in CC1 is used by the upstairs heat pump, which is located in the hot
attic. All zones of these houses are kept at 76°F.

Heat Pump Lights Plugs Water Heater
600 r— 272
1 271
500 J/ 70 1//
PV 400 1 Up 269
+ — / 267 |,
222 ¥ — igg 266 1,
4 / \ 265 1/
200 ﬁ/ 0 J'% 264
150 | — . .
100 J(i - Washer+Dryer Refrigerator Dishwasher Range
50 j: —— B 80 g 60 1 25 -
0 \/ r Wash Wash 50 T T |
60 % = w0 T/ 20 B
/ 15
40 ‘l/ 30 ‘l’/ - / B
Dry / 10 ¥ |
20 J/ 20 1// B J{/
10 I 7 S |/" .
0 0 / 0

Figure 18. Systems comparisons for July 2009; blue bar = CCL1, red = CC2, and green = CC3; units are kWh.

The lights in CC2 save about a third. Since this house has 100% CFL and the builder has 0% CFL a 75%
savings was expected. CC3 lights are higher than CC1. This illustrates a lighting simulation control
problem. This month was not used in the annual analysis because of this type of startup problem.

The plug loads as expected are all the same. The CC3 values are a bit higher since the strip heater
simulating plug loads had stuck on from July 10 through the 13".

The water heating savings are very large thanks to the hybrid water heater in CC2 and the solar water
heater in CC3. The water heating load is the same in the retrofit and CC3. With July high solar isolation,
one expects the solar water heater to perform better than the hybrid water heater. A closer look at the data
and the log book shows that on July 8, 2009, repairs to the solar water heater instrumentation caused
excessive recorded energy consumption.

The washer and dryer in CC2 have a 24% savings to the laundry equipment in CC1. This savings does not
reflect hot water energy savings that is picked up in the water heater comparison. The CC3 laundry
equipment bar reflects the excessive dryer energy problem caused by the occupant simulation controls.

The Energy Star refrigerator in CC2 shows a savings of 42% compared to the standard builder unit in
CC1. All of the refrigerators have the same food loading and have the same schedule of simulated door
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openings. The two identical refrigerators in the retrofit and CC3 eventually do prove to have similar
energy usage.

The dishwasher in CC1 used 16 kWh, retro 19 kWh, and CC3 23 kWh. The two units in the retro and
CC3 are the same model and loaded with the same set of dishes and scheduled the same. All these
simulated occupancy start up problems were eventually cleaned up.

3.2 AUGUST 2009
Figure 19 shows a series of bar charts that compare the major energy systems August KWh consumption

for all three houses. The heat pump consumption in CC2 is 29% less than that of CC1, and CC3 uses 47%
less energy than CC1. The upstairs heat pump uses 69% of the cooling energy in CC1.
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Figure 19. Systems comparisons for August 2009; blue bar = CC1, red = CC2, and green = CC3; units are

kwh.

The lights in CC2 show 37% less than CC1. The CC3 lights show 28% less than CC1. Based on
observations in following months the lighting kWh values have been corrected as follows. CC1 lighting
load was reduced by 99 kWh to 202, CC2 lighting was reduced 121 kWh to 69 and CC3 reduced 169
kWh to 48 kWh. These are values consistent with the measurements made during the summer months of
2010.

The plug loads for CC3 was 14% higher than the other two houses. For 30 hours starting on August 8"
the strip heater in CC3 was stuck in the on position and for this same time period the down stairs strip
heater was stuck in the off position in CC2. The only correction made to the plug load data was that the
CC3 plugs were reduced 14% to be no higher than that measured in CC2. The change was from 293 kWh
to 252 kWh.

The water heating savings are very large thanks to the hybrid water heater in CC2 and the solar water
heater in CC3. The water heating energy savings for August in the retrofit is 72% and in CC3 88% over
CC1. In August the solar water heater used only 24 kwh compared the hybrid water heater, which used
57 kWh, a 58% savings.

The washer and dryer in CC2 have a 23% savings to the laundry equipment in CC1, same as measured in
July. The CC3 dryer was still using excessive energy in August, due to over wetting the load prior to each
dry cycle. The monthly total kWh for the CC3 dryer was adjusted down from 67 kwWh to 40 kWh
consistent with the more accurate measurement of the dryer energy demand in CC2.
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The Energy Star refrigerator in both the retro and CC3 saved 20% compared to the standard builder unit
in CC1. The problem discovered in July data had been resolved. These measurements are in line with
expectations.

The dishwasher in CC1 used 19 kWh, retro 26 kWh, and CC3 23 kWh. The two units in the retro and
CC3 are the same Energy Star model and loaded with the same set of dishes and scheduled the same.
Discussions with GE confirmed that the Energy Star appliance does use more internal energy but saves in

hot water energy compared to the builder spec model in CC1. This water savings for these houses results
in 0.6gal/day.

The range controls had not been operational in August 2009 so the monthly data was changed to be
consistent with the measurements made in the summer of 2010. CC1 was increased from 0 to 48 kWh,
CC2 from 3 to 45 kWh and CC3 from 2 to 45 kWh.

3.3 SEPTEMBER 2009

Figure 20 shows a series of bar charts that compare the major energy systems September kWh usage for
all three houses. The heat pump in CC2 uses 45% (compared to 29% in August) less than CC1 and CC3
uses 51% (compared to 47% savings in August) less energy than CC1. In CC1, 72% (consistent with the
69% found in August) of the cooling energy in CC1 is used by the upstairs heat pump.
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Figure 20. Systems comparisons for September 2009; blue bar = CC1, red = CC2, and green = CC3, units

are kwh.

The lights in CC2 showed 35% less than CC1. CC3 lights used 39% less than CC1. Expectations are that
the lighting savings in the retro and CC3 should be similar. However a savings due to CFL compared to
incandescence is typically reported to be a 75% savings. CC1 lighting load was reduced by 93 kWh to
202, CC2 lighting was reduced 123 kWh to 69 and CC3 reduced 133 kWh to 48 kWh. These are values
consistent with the measurements made during the summer months of 2010.
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The plug loads for all three houses, as expected, are all about the same. This is consistent with what was
measured in July 2009. In August the CC3 was 14% higher than the other two houses. A closer look at
the hourly data shows that on three days it appears as if the lights were stuck in the “on” position for a
couple of hours when the other houses were only using about 25% of the lighting energy. This did not
have a significant impact on monthly total lighting load in CC3 so no corrections to the light load data
was made to any of the houses.

The water heating savings are very large thanks to the hybrid water heater in CC2 and the solar water
heater in CC3. The water heating load savings for August in the retrofit is 71% (dead on compared to
August findings of 72%) and in CC3 48% compared to 88% in August and 66% in July. In September the
solar water heater used only 105 kWh compared to the hybrid water heater, which used 58 kWh. As
expected with less solar isolation in September the performance of the solar water heater will fall off
compared to the other water heaters in this study. September almost set a record for rainfall. A very rainy
cloudy period from 16" to the 22™ resulted in some significant call for back up resistance heat. It rained
every day an average of 0.4 in.

The washer and dryer in CC2 have a 21%, consistent with the 23% savings in July and August, to the
laundry equipment in CC1. The CC3 dryer was still using excessive energy in September due to the load
being overly wet prior to each dry cycle. This led to a data base reduction in the monthly kilowatt-hour
dryer load of 18 kWh to 40 kwh.

The Energy Star refrigerator in the retro saved 19%, consistent with the August measurements and CC3
saved 34% compared to the standard builder unit in CC1. These measurements are in line with
expectations.

The dishwasher in CC1 used 19 kWh same as in August, retro 26 kwWh same as in August, and CC3 20
compared to 23 kWh in August. The two units in the retro and CC3 are the same Energy Star model and
loaded with the same set of dishes and scheduled the same. This month the lower CC3 dishwasher energy
usage is surprising since this was 6 kWh lower than CC2s dishwasher.

The range controls had not been operational in September 2009 so the monthly data was changed to be
consistent with the measurements made in the summer of 2010. CC1 was increased from 0 to 48 kWh,
CC2 from 2 to 45 kWh and CC3 from 2 to 45 kWh.

3.4 OCTOBER 2009

Figure 21 shows a series of bar charts that compare the major energy systems October kWh usage for all
three houses. The heat pump in CC2 was not being controlled properly by a miswired thermostat so the
energy consumption is not representative of the attainable performance. Despite this problem the
measured numbers were used in the final analysis. The CC3 heat pump only used 45 kWh compared to
CC1 of 152 kWh, a 70% savings.

The lights in CC2 and CC3 save about 60% compared to CC1. Since CC2 and CC3 have 100% CFL and
the builder has 0% CFL this is close to the 75% savings expected. Yet the lighting load in all three houses
was later found to be too high so adjustments were made as follows; CC1 lighting load was reduced by
137 kWh to 202, CC2 lighting was reduced 85 kWh to 69 and CC3 reduced 91 kWh to 48 kwh. These
are values consistent with the measurements made during the summer months of 2010.

The plug loads are all very similar as expected, using between 234 and 250 kWh.
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Figure 21. Systems comparisons October 2009; blue bar = CC1, red = CC2, and green = CC3; units are
kWh.

The water heating energy consumption for CC1 and CC3 are accurate. The solar water heater compared
to the conventional electric water heater in the garage of CC1 results in a savings of 74%. The solar
fraction for the month of October was 0.41. At least some solar water heater back up electric was needed
2 out of every 3 days in October. The simulated occupancy controls were not operating correctly in CC2
and as a result an average of only 20 gal per day of hot water was being called for compared to 52 in CC1
and CC3. The monthly kWh for CC2 water heating was increased 53 kWh to total 129 kWh for the final
analysis.

The washer and dryer in CC2 have a 26% savings to the laundry equipment in CC1. This is consistent to
that reported in previous months. However the dryer in CC3 used 81% more energy than the same dryer
doing the same service as that in CC2. On October 20 Tony Gehl discovered the dryer exhaust duct had
disconnected itself in the laundry room from the vent pipe through the wall. He reattached it and on
October 28 discovered that the dryer exhaust flow sensor had caused the dryer duct to plug with lint. A
major finding is that if you do not keep your dryer exhaust duct clean it has been measured over a month
period to almost double the amount of dryer energy. This also can result in a fire hazard. This issue
resulted in decreasing the dryer energy in CC3 35 kWh to a total of 43 kWh for the month, the same as
measured in CC2.

The Energy Star refrigerator in CC2 saves 21% compared to the standard builder unit in CC1. The
refrigerator in CC3 saved 16% compared to the builder unit. These savings are consistent with those
reported in previous months.

The dishwasher in CC1 used 19 kWh, retro 27 kWh, and CC3 27 kWh. The two units in the retro and
CC3 are the same model and loaded with the same set of dishes and scheduled the same. The absolute
numbers are a bit higher than those reported in September.

The range controls had still not been operational in October 2009 so the monthly data was changed to be

consistent with the measurements made in the summer of 2010. CC1 was increased from 9 to 48 kWh,
CC2 from 12 to 45 kWh and CC3 from 13 to 45 kWh.
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3.5 NOVEMBER 2009

Figure 24 shows a series of bar charts that compare the November major energy systems usage for all
three houses. The single 2 ton heat pump in CC3 conditioning 2512 ft* used 63% less kWh than the two
heat pumps with a total of 4.0 tons in CC1. CC2 is showing excessive energy consumption because of a
faulty thermostat installation by Simple Controls. To make the monthly data adjustment all the winter
months HP totals were plotted against heating degree days (HDDs) at 65°F as shown in Figure 22. The
HDD at 65°F for November 2009 was 475, when plugged into the linear curve fit with an R? of 0.99 the
monthly total is 616 kWh. So that value replaced the 825 kWh recorded for November 2009 for the final
analysis. The curve fit equation in Figure 22 can be used to estimate the heating balance point temperature
in CC2, which comes out to 61°F.

Space Heating kWh retro
2000
1500 y=1.7296x-20531 4
R?2=0.9916
1000 Space Heating kWh
kWh retro
200 —— Linear (Space Heating
0 : . : . . kWh retro )
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Figure 22. Monthly total HDDs at 65°F vs kilowatt-hours for CC2.

The lights in CC2 summed to a total kWh 59% less than CC1. CC3 lights used 70% less than CC1. This
represents a savings of 3.5 kWh/day as a result of switching from 100% incandescent to 100% CFL.
Improvements to the lighting controls have kept the same on lighting times, in all three houses. These
comparisons are in line with the expectations of a house full of incandescent lights compared to CFLs.

The plug loads for all three houses are expected to be about the same. Figure 23 shows the November
plug loads did not synchronize until November 22. Looking at the plug loads from later months with
consistent behavior results in data corrections for the monthly plug loads for CC1 of 243 up 135 kWh
from that recorded, CC2 211 up 59 kWh from that recorded and CC3 209 up 126 kWh from that
recorded.

The solar water heating savings in November is 71% compared to the conventional electric unit in the
garage of CC1. That is an average savings of 6 kWh/day. The hybrid water heater began malfunctioning
in November. This was the second pre-commercial unit to fail in CC2. GE shipped two commercial units
to the site on February 11, 2010. The unit was replaced on Feb. 12, 2010. This lead to a water heating
increase of 36 kWh to 129 kWh, which is the same as that found in March 2010 a month with similar cold
water delivery temperatures as those found in November.

The washer and dryer simulation was off for some of the days this month so no credible data collected.

Being consistent with the monthly dryer totals from other months, CC1 was increased 34 kWh to 87, CC2
44 kWh to 72 kWh and CC3 11 kWh to 65 kWh.

24



S00 Plugs 1

o
id
o

U

N
o
o
/4
EYALRK:
-

4./
/¢4
1/
L/

1-/la 1

L/
] o

1/

1/
L7

17

id

|

1q

o

[

/1

1
1/
/L

17

/
/1
/10
/10 ]
712
/10 |
/L
/1.4 ]
/L4
/47 C]
/I
/110-C]
/L
Vio
/91
72112
Inn
/4P L]
/94
/& L]
/oy
/4P L]
/3¢
/£P L]
/50
[ &=
/9
/4P L]
/50|
YA
Vi) J}
/oY L]

D
N
~

/1
/L
/1
/L

r}
~

N
<

11/22

1
1
1
1
1
1
1
1

—

1

i

1
1
1
1
1
1
1
1
1

Figure 23. Shows that the plugs are the same in all three houses starting on November 22, 2009.

The Energy Star refrigerator in the retro saved 22%, consistent with the October measurements and the

refrigerator in CC3 saved 18% compared to the standard builder unit in CC1. These measurements are in
line with expectations.

The dishwasher in CC1 used 20 kWh same as in November, retro 28 kWh same as in August, and CC3
27, very similar pattern as October.

The ranges in all three houses are using about the same amount of energy. The single large oven is
running in CC1 and the smaller muffin oven is turned on in CC2 and CC3.
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Figure 24. Systems comparisons for November 2009; blue bar = CC1, red = CC2, and green = CC3; units
are kWh.

3.6 DECEMBER 2009

Figure 26 shows a series of bar charts that compare the December major energy systems usage for all
three houses. The single 2 ton heat pump in CC3 conditioning 2512 ft* used 46% less kWh than the two
heat pumps with a total of 4 tons in CC1. CC2 is showing excessive energy consumption because of a
faulty thermostat installation by Simple Controls. Carroll Heat and Air were called to the site twice in
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December and concluded the unit was operating correctly on December 17, 2009. The total HP kWh is
felt to be too high but was not changed for the final analysis.

The lights in CC2 used 54% less energy than CC1 very similar to the savings found in November of 59%.
CC3 lights used 67% less energy than CC1, which was very consistent with the 70% found in November.

The plug loads for all three houses as expected are all about the same. The plugs for CC2 totaled

210 kWh. The CC1 plug loads were 277 kWh, caused by 2 days that had electric heaters stuck in the on
position as shown in Figure 25. The plug loads were adjusted to 217 kwWh (down 60 kWh). The plug loads
for CC3 measured up to only 117 kWh, so this was increased to the same average daily plug load of

6.7 kWh, which brought the total up 91 kwWh to 208 kWh.
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Figure 25. Hourly plug loads for all three houses for December 2009.

The solar water heater back up electric circuit was accidently cut off on December 1 and therefore the
“occupants” had been provided cold showers much of the month. The solar system was operating
properly but with no back up electric so the same hot showers being delivered in CC1 were not happening
in CC3. The electric backup for the solar water heater was adjusted for the final analysis by adding

107 kWh to bring the summation for the month to 117 kWh. This value was derived by using the same
ratios found in the PV generation on CC3 from month to month. The hybrid water heater saved 44%
compared to the standard water heater in CC1. GE shipped two commercial units to the site on

February 11, 2010. The unit was replaced on Feb. 12, 2010.

The washer and dryer were not providing the same simulated service in all three houses this month. The
data was adjusted to reflect values measured during months in which the simulated occupancy loads were
accurate. CC1 was increased by 61 to 87 kWh, CC2 increased 29 to 72 kWh and CC3 increased 31 to

66 kWh.

The Energy Star refrigerator in the retro and CC3 saved about 16%, consistent with the October and
November. The Energy Star refrigerators use 1 kWh/day.

The dishwasher in CC1 used 22 kWh similar to November, retro 28 kWh same as in November and
August, and CC3 35 kWh a bit higher than found in November so this value was reduced 6 kWh bring its
total to 29 kWh.

The range in CC2 and CC3 were clearly not doing as much cooking so for the final analysis the range
kWh was increased 32 kWh to 45 making it the same as measured in CC1.
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Figure 26. Systems comparisons for December 2009; blue bar = CC1, red = CC2, and green = CC3; units are
kWh.

3.7 JANUARY 2010

Figure 27 shows a series of bar charts that compare the January 2010 major energy systems usage for all
three houses. The single 2 ton heat pump in CC3 conditioning 2512 ft* used 46% less kWh than the two
heat pumps with a total of 4.0 tons and HSPF of 7.6 in CC1. This is the exact same percentage savings as
found in December 2009. CC2 single 9.5 HSPF heat pump saved 26% compared to CC1. The average
temperature in all three houses and on both floors was 71°F +1°F.

The lights in CC2 use 59% less than the lights in CC1, very similar to the savings found in November
54% and December of 59%. The CC3 lights used 64% less than CC1, which was very consistent with the
67% found in December and 70% found in November.

The plug loads for all three houses as expected are all about the same, with CC1 using 236 kwh and CC2
215 kWh. CC3 was lower than expected so it was adjusted in a similar manner as for December. The plug
loads for CC3 measured up to only 128 kWh so this was increased to the same average daily plug load of
6.7 kWh, which brought the total up 80 kWh to 208 kWh.

The solar water heating back up electric circuit was still cut off for the entire month of January and the
hybrid water heater problems worsened. The Hybrid water heater unit was replaced on February 12, 2010,
in CC2. The unit may have used more resistance back up heat than if it was 100% healthy but it was no
fault of our simulated control, nor data acquisition system that caused the poor performance so the
measured kWh in CC2 is unaltered for the final analysis. However since the backup solar water heating
resistance coil was accidentally cut off it was reasonable to estimate the increased water heating energy
for the solar water heater system in CC3, which was increased 145 kWh to 157 kWh. The resistance
energy used in CC1 was used to help estimate this correction to the database.

The washer and dryer comparisons were considered good in January. Working with GE a door latch
switch that needed to be shorted to insure continuous simulated control was identified as the problem and
was worked around in late December. The measured data stands unaltered.

In January the Energy Star refrigerator in the retro and CC3 saved 16% and 12% respectively, consistent
with the October, November, and December performance measurements.

27



The dishwasher in CC1 used 23 kWh similar to November and December, retro 28 kWh same as in
November, December and August, and CC3 35 the exact same as found in December so this value was
reduced 6 kWh bring its total to 29 kWh as done for the December dishwasher total kWh.

The small oven in CC2 and CC3 for December and for January was found to use between 9-13
kWh/month compared to the regular large oven in CC1 of 48 kWh. The oven in CC2 and CC3 were
clearly not doing as much cooking so for the final analysis the range kWh was increased 32 kWh to 45 for
CC2 and for CC3 increased 35 kWh for a revised kitchen range total of 45 kWh. These are monthly
values consistent with measurements made in the summer of 2010.
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Figure 27. Systems comparisons for January 2010; blue bar = CC1, red = CC2, and green = CC3; units are
kWh.

3.8 FEBRUARY 2010

Figure 28 shows series of bar charts that compare the major energy systems February total kWh usage for
all three houses. The heat pump in CC2 used 1217 kWh compared to the builder of 1609 kWh, a savings
of 24%. CC3 heat pump only used 810 kWh a 50% savings. It is believed that if the CC3 heat pump was
allowed to operate at high speed that this energy savings during these heating months would be even
higher.

The lights in CC2 and CC3 save about 70% compared to CC1. Since CC2 and CC3 have 100% CFL and
the builder has 0% CFL this is close to the 75% savings expected.

The plug loads in CC1 are 259 kWh, which includes the 24/7 operation of the master bathroom fan that

exhausts 30 CFM. The ventilation power was about 189 kWh in both the Retrofit and the CC3 houses—
as expected, very similar to each other. The plug loads in CC3 and CC2 are also a bit smaller than CC1

because the plug-in lighting included in this load is CFLs in CC2 and CC3 compared to incandescent in

CCL

The water heating use in CC2 was 120 kwWh compared to the resistance water heater consumption of
332 kWh, in CCL. That represents a 74% savings. The water heating energy in CC3 compared to CC1
results in a savings of 59%. The solar fraction for the month of February was 0.25. At least some solar
water heater back up electric was needed on 68% of the days in February.
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The Energy Star refrigerator in the retro and CC3 houses saved 12% compared to the standard builder

unitin CC1.

The dishwasher in CC1 used 22 kWh, retro 24 kWh, and CC3 27 kWh. The two units in the retro and
CC3 are the same model and loaded with the same set of dishes and scheduled the same. The dishwashers
in CC2 and CC3 have from the beginning of these tests consumed 2-5 kWh/month more than the

dishwasher in CC1.

The kitchen range kWh totals for February looked pretty good except for the oven in CC2, which had
stuck in the on position for a few days resulting in the need to reduce this measured value 10 kWh

resulting in a new total of 41 the same as measured in CC3.
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Figure 28. Systems comparisons February 2010; blue bar = CC1, red = CC2, and green = CC3; units are

kwh.

3.9 MARCH 2010

Figure 29 shows a series of bar charts that compare the March major energy systems kWh usage for all
three houses. The single 2 ton heat pump in CC3 conditioning 2512 ft* used 56% less kWh than the two

heat pumps with a total of 4.0 tons in CC1. CC2 used 22% less kWh to heat than CCL1.

The lights in CC2 used 67% less than CC1. CC3 lights used 75% less than CC1.

CC3 water heating savings in March is 54% compared to CC1. The new commercial hybrid water heater
was installed on February 12, 2010. The March water heating savings in CC2 is 67% compared to CC1.
The Energy Star clothes washers are all programmed to use hot water. The horizontal axis units in the
retro and CC3 and the more efficient dishwashers in these houses result in 14 gal less per day of hot
water. So, the water heater savings in part is due to the lower hot water demand, 52 gal/day compared to

66 in CC1.

The washer and dryer in the retro and CC3 continue to save about 22% of the kwWh required in CC1.

Because the horizontal axis units in the retro and CC3 pre-dry the wet clothes, the drier needs less energy
to dry the clothes.

The Energy Star refrigerator in the retro and CC3 saved 6%, which is about half the savings observed in

previous months. It appears as if the refrigerator in CC1 used about 2 kWh less this month, which is in the
noise.
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The dishwasher in CC1 used 24 kWh in March, retro 29 kWh, and CC3 27, very similar pattern as seen in

previous months. The Energy Star units save hot water but use more energy themselves cleaning the

dishes.

The ranges in all three houses are using about the same amount of energy. The single large oven is
running in CC1 and the smaller muffin oven is turned on in CC2 and CC3.
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Figure 29. Systems comparisons for March 2010; blue bar = CC1, red = CC2, and green = CC3; units are
kwh.

3.10 APRIL 2010

Figure 30 shows a series of bar charts that compare the April 2010 major energy systems kWh usage for
all three houses. The single 2 ton heat pump in CC3 conditioning 2512 ft* used 73% less kWh than the
two heat pumps with a total of 4 tons and HSPF of 7.6 in CC1. CC2 single 9.5 HSPF heat pump saved
57% compared to CC1. The month of April required several manual thermostat changes from heating to
cooling and back to heating. So the energy savings this month are from a mixture of heating and cooling
periods within the month.

The lights in CC2 use 67% less energy than the lights in CC1, the same percentage savings as found in
March. CC3 lights used 76% less energy than CC1, which was very consistent with the 75% found in
March.

The water heating in CC3 saved 82% compared to the builder. The water heating in CC2 saved 71%
compared to CCL.

The washer and dryers in the retro and CC3 this month saved 28% compared to these appliances in CC1.

The Energy Star refrigerator in the retro and CC3 saved 6%, consistent with March 2010 performance
measurements.

The dishwasher in CC1 used 19 kWh, retro 27 kWh, and CC3 25kWh. These are consistent with much of
the trend observed for both summer and winter months.

The small ovens in CC2 and CC3 for April are found to use 40 kwWh/month compared to the regular large
oven in CC1 of 47 kWh. This is a 15% cooking energy savings.
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Figure 30. Systems comparisons for April 2010; blue bar = CC1, red = CC2, and green = CC3; units are
kwh.

3.11 MAY 2010

Figure 31 shows a series of bar charts that compare the May 2010 major energy systems kWh usage for
all three houses. The single 2 ton SEER 13 two speed compressor heat pump in CC3 used 77% less kWh
than the two heat pumps with a total of 4 tons and SEER 13 in CC1. CC2 3-ton, single speed compressor
with SEER 16 saved 73% compared to CC1. The month of May had the heat pumps in cooling mode.

The lights in CC2 use 64% less than the lights in CC1, this percentage savings is similar to what was
found in April and March. CC3 lights used 76% less than CC1, which was very consistent with the
savings measured in March and April.

The water heating in CC3 saved 83% compared to the Builder. The water heating in CC2 saved 72%
compared to CCL. These are the same level of savings reported in April.

The washer and dryers in the retro saved 32% and CC3 this month saved 25% compared to these
appliances in CC1. A few dryer runs were missed in CC2 this month but data was not adjusted since this
was only about 8 kwh.

The Energy Star refrigerator in CC2 and CC3 saved 14% and 19% respectively.

The dishwasher in CC1 used 19 kWh, retro 26 kWh, and CC3 26kWh. These are consistent with the trend
observed for both summer and winter months.

The small ovens in CC2 and CC3 for May used 45 kWh compared to the regular large oven in CC1 of
48 kKWh. This is a 6% cooking energy savings.
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Figure 31. Systems comparisons for May 2010; blue bar = CC1, red = CC2, and green = CC3; units are
kwh.

3.12 JUNE 2010
Figure 32 shows a series of bar charts that compare the June 2010 major energy systems kWh usage. The

heat pump in CC3 used 64% less kWh than the two heat pumps in CC1. CC2 heat pump saved 46%
compared to CCL.

The lights in CC2 use 64% less than the lights in CC1. CC3 lights used 75% less than CC1, which was
very consistent with the savings measured in March, April, and May.

The water heating in CC3 saved 86% compared to the Builder. The water heating in CC2 saved 73%
compared to CC1. These are the same level of savings reported in April and May.

The dryer in CC2 missed a few drying cycles so the monthly total was increased 14 kWh totaling 70 kWh
for the final analysis to be consistent with what the same dryer in CC3 was using. The dryer in CC1 used
90 kWh.

The Energy Star refrigerator in the retro and CC3 saved 14% and 20% respectively, a similar pattern as
measured in May.

The dishwasher in CC1 used 19 kWh, retro 26 kWh, and CC3 25kWh. These are consistent with the trend
observed for both summer and winter months.

The small ovens in CC2 and CC3 for June used 45 kWh compared to the regular large oven in CC1 of
48 KWh. This is a 6% cooking energy savings. Same as measured in May.
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Figure 32. Systems comparisons for June 2010; blue bar = CC1, red = CC2, and green = CC3; units are
kwh.

3.13 JULY 2010

Figure 33 shows a series of bar charts that compare the July 2010 major energy systems kWh usage. The
heat pump in CC3 used 55% less kWh than the two heat pumps in CC1. CC2 heat pump saved 32%
compared to CCL1.

The lights in CC2 use 64% less than the lights in CC1, very similar percentage savings as found in March,
April, May, and June. CC3 lights used 77% less than CC1, which was very consistent with the savings
measured in March, April, May, and June.

The water heating in CC3 saved 89% compared to the Builder. The water heating in CC2 saved 72%
compared to CC1. These are similar levels of savings reported in April, May, and June.

The dryer in CC2 missed a few drying cycles so the monthly total was increased 13 kWh totaling 70 kWh
for the final analysis to be consistent with what the same dryer in CC3 was using. The dryer in CC1 used
90 kWh.

The Energy Star refrigerator in CC2 and CC3 saved 15% and 20% respectively.

The dishwasher in CC1 used 19 kWh, retro 26 kWh, and CC3 25kWh. These are consistent with the trend
observed for both summer and winter months.

The small ovens in CC2 and CC3 for July used 36 and 41 kWh respectively compared to the regular large

oven in CC1 of 47 kWh. The summation of the CC2 and CC3is a bit lower than it has been but the data
was not altered.

33



Heat Pump Lights Plugs Water Heater

1000 250 240 T
300 1 230 +°
PV J/ Up 220
600
400 1 210 1,
Ti 200 I } |
300 1/ 190 7, —
o Jr \
200 y 180
J( Dishwasher Range
100
[ —
0 4

Figure 33. Systems comparisons for July 2010; blue bar = CC1, red = CC2, and green = CC3; units are kWh.

3.14 AUGUST 2010

Figure 34 shows a series of bar charts that compare the August 2010 major energy systems kWh usage.
The heat pump in CC3 used 53% less kWh than the two heat pumps in CC1. CC2 heat pump saved 34%
compared to CCL.

The lights in CC2 used 66% less energy than the lights in CC1, similar to the percentages for March,
April, May, June, and July. CC3 lights used 76% less than CC1, very consistent with the savings
measured in March, April, May, June, and July.

The water heating in CC3 saved 89% compared to the Builder. The water heating in CC2 saved 70%
compared to CCL. These are similar levels of savings reported in April, May, June, and July.

The washer and dryer in CC2 and CC3 saved about 33% compared to the washer and dryer in CC1.
The Energy Star refrigerator in CC2 and CC3 saved 13% and 17% respectively.

The dishwasher in CC1 used 20 kWh, retro 27 kWh, and CC3 24kWh. These are consistent with the trend
observed for both summer and winter months.

The small ovens in CC2 and CC3 for July used 45 and 43 kWh respectively compared to the regular large
oven in CC1 of 48 kWh.
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4. ENERGY USAGE MEASUREMENTS COMPARED TO ENGINEERING MODEL
PREDICTIONS USING TMY3 WEATHER

41 RETROFIT HOUSE

The monthly energy consumption values in Table 6 show three comparisons of measurements compared
to predictions. The first is a comparison of the space heating energy modeled compared to the adjusted
measurements. The TMY3” weather tape used to generate this estimate has very similar HDDs as
experienced during the measurement period from September 1, 2009, until August 2010. The total heating
season loads are very close. The model predictions use the Building America (BA) Benchmark modeling
procedure (Hendron 2010), which is the same source document used to simulate occupancy in the
Campbell Creek research houses. The second comparison is for the space cooling model predictions
compared to the adjusted measurements. The summation of cooling energy measurements is 22% greater
than the model prediction. Table 5 shows that the CCD at 65°F during the measurement period was 48%
greater than normal. The third model vs measurement comparison is the total house. The prediction is less
than 3% greater than the measured data. CC2 was modeled with the Energy Gauge software (FSEC 2009)
using TMY 3 for Knoxville, Tennessee. April comparisons are showing relatively large measured vs
modeled differences mostly because this is a swing month between heating and cooling. Without using
the same weather data large differences are expected from year to year. Because the values are much
lower compared to the dominant heating and cooling months, the April discrepancy amounts to a small
impact on annual totals.

Table 6. Retrofit model predicted energy use compared to measurements

won | hee | e | hier | Spmee | et | oter | Tow | Tow
modeled | measured | modeled | measured | modeled madeied modeled measusd

(kWh) (kWh) (kWh) (kWh) kWh (kwWh) (kWh) (kWh)

Jan 1405 1486 201 5