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The work presented in this report does not represent
performance of any product relative to regulated
minimum efficiency requirements.

The laboratory and/or field sites used for this work are
not certified rating test facilities. The conditions and
methods under which products were characterized for
this work differ from standard rating conditions, as
described.

Because the methods and conditions differ, the reported
results are not comparable to rated product performance
and should only be used to estimate performance under
the measured conditions.
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AC
ACHS0
ASHRAE

BEopt
Btu
CFL
CFM
CMU
cop
Delta T
DHW
DOE
EIFS
FPL
FSEC
ft?

ft?

GE
FL-HES

HPCD
HPWH
HSPF
HVAC
kWh
LED
MSHP
Pa
PDR
Qn,out

R2

RH

R-Value (R-n)
SEER

SHGC

Air conditioning
Air changes per hour at 50 Pa

American Society of Heating, Refrigerating and Air-Conditioning
Engineers, Inc.

Building Energy Optimization software
British thermal unit

Compact fluorescent lamp

cubic feet per minute

Concrete masonry unit

Coefficient of performance

Outdoor temperature minus indoor temperature, in degrees Fahrenheit
Domestic hot water

U.S. Department of Energy

Exterior insulation finish system
Florida Power & Light Company
Florida Solar Energy Center

square foot

cubic foot

General Electric

Florida home energy survey
horsepower

Heat pump clothes dryer

Heat pump water heater

Heating seasonal performance factor
Heating, ventilating, and air conditioning
Kilowatt-hour

Light-emitting diode

Mini-split heat pump

Pascal

Phased deep retrofit

Duct leakage measured at a test pressure of negative 25 Pa with
respect to the outside, divided by the building’s conditioned floor area

Coefficient of determination
Relative humidity

Thermal resistance measure
Seasonal energy efficiency ratio
Solar heat gain coefficient
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Ambient temperature
Interior temperature
Typical metrological year 3
Heat transfer rate
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A Note about the Revision

Originally published in February 2016, this revision contains an added section called “Evaluation
of Complete Central System Replacement with Inverter-Driven Heat Pump,” which presents the
designs and energy savings evaluations of two different schemes wherein inverter-driven
systems replaced a home’s existing central system. Analyses for three additional retrofit
measures were bolstered by longer-term data; these are described in the sections on supplemental
mini-split heat pumps (MSHPs), smart thermostats, and heat pump clothes dryers. The sections
on supplemental MSHPs and smart thermostats were also enhanced with larger sample sizes and
projections of weather-normalized annual energy savings. Finally, peak system hour energy
demand-reduction predictions are provided for all retrofit measures where meaningful impacts
could be drawn.
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Executive Summary

The U.S. Department of Energy Building America team Partnership for Improved Residential
Construction is collaborating with Florida Power & Light Company (FPL) to conduct a phased
residential energy-efficiency retrofit program. This research seeks to determine the impacts on
annual energy reductions from the installation of advanced residential technologies. Earlier
project work involving the application of two levels of retrofit—shallow and deep—found
average savings of 9% and 38%, respectively. Whole-house demand reduction among the deep
retrofit homes averaged 39% during FPL’s peak summer hour. These savings levels approach the
Building America program goals of reducing whole-house energy use of existing homes by 40%.

Phase II of the phased deep retrofit (PDR) project includes single retrofit measures applied to
shallow retrofitted homes that could be used to refine the deep retrofit package and identify
technologies less well proven. This process is also known as “shallow-plus” retrofitting. Phase II
involves the installation of eight energy-efficiency retrofit measures among a subsample of 41 of
the larger study’s 53 existing all-electric homes. This report summarizes end-use energy savings,
economic evaluation results, and fundamental findings from the individual measures.

The Central Florida and South Florida homes were built between 1955 and 2006, average
approximately 1,700 ft? in conditioned area, and have an average occupancy of 2.4 persons.
Total house power as well as very detailed energy end-use data are collected to evaluate energy
reductions and the economics of each retrofit. All of the studied homes were audited and
instrumented during the second half of 2012, and shallow retrofits were conducted from March—
June 2013. The retrofit energy-reduction measures for the shallow installed measures included
those for lighting (compact fluorescent and light-emitting diode lamps), domestic hot water
(water heater tank wraps and low-flow showerheads), refrigeration (cleaning coils), pool pumps
(reducing operating hours), and using “smart plugs” for home entertainment centers.

To assess new technology and energy-saving techniques not previously tested, the following
retrofit measures were applied to homes that received the shallow retrofit only:

e Supplemental mini-split heat pump (MSHP) (10 homes)
e Complete central system replacement with inverter-driven heat pump (2 homes)
¢ Ducted and space-coupled heat pump water heater (HPWH) (8 homes)
e Exterior insulation finish system (EIFS) (1 home)
e  Window retrofit (3 homes)
e Smart thermostat (27 homes: 25 Nests, 2 Lyrics)
e Heat pump clothes dryer (HPCD) (8 homes)
e Variable-speed pool pump (VSPP) (5 homes).
Supplemental Mini-Split Heat Pump

Ductless MSHPs have no duct system and often have high efficiency levels that may allow for
substantial savings. One-ton, high-efficiency, 25.5 seasonal energy efficiency ratio (SEER), 12
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heating seasonal performance factor, ductless MSHPs were installed in the main living area of 10
Central Florida homes. This specific unit was chosen for the testing because it was from the
largest volume residential MSHP manufacturer that also had the highest efficiency units in the 1-
ton size. One ton was chosen as a reasonable size for a supplemental system and because SEER
is reduced with larger systems. Good support from the manufacturer relative to installation and
setup practices was also obtained. The supplemental MSHPs were installed with the goal of
reducing space-heating and space-cooling energy by reducing the run time of the less-efficient
existing central system. Figure ES-1 is an example installation at Site 5.

=
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Figure ES-1. Installation of supplemental MSHP at Site 5

Results suggest cooling energy use savings of 32.7% (2,007 kWh/year or 7.0 kWh/day) and
heating energy use savings of 58.8% (390 kWh/year or 6.8 kWh/day), for a total annual savings
of 34.2%. The average percent heating energy reductions were considerably greater than cooling
for the six homes with electric resistance central heating. The cost-benefit analysis for this
measure appears attractive with a payback of 14 years and an annual rate of return of 7.3%.
Improved economics are expected as the MSHP market continues to mature because a large part
of costs were associated with installation. A large added benefit to the consumer is a redundant
heating and cooling system—highly desirable given the failure rate of central systems, which
tend to be replaced every 12 years and serviced even more often. Electrical demand reductions
during peak system hour were 0.50 kW (16%) for summer and 2.06 kW (56%) for winter.

Complete Central System Replacement with Inverter-Driven Heat Pump

Two different schemes using inverter-driven heat pumps for complete replacement of a home’s
existing central system were evaluated to provide insight into contrasting solutions. One was a
multi-split design that showed cooling energy use savings of 37.4% (2,250 kWh/year or 7.8
kWh/day). Heating energy use showed negative savings of 1.0% (5 kWh/year). However, there
was considerably large take-back on interior temperature, that is a “taking back” of some of the
post-retrofit energy efficiency gains for improved comfort. Nevertheless, this installation proved
challenging for the installation contractor and highlighted unresolved comfort issues that should
be considered before wide-market adoption in the hot-humid climate.
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The second installation involved a ducted mini-split design. Space-conditioning energy use
reduction was large, totaling 38.3% (1,548 kWh/year), comprising 29.2% (948 kWh/year or 3.5
kWh/day) for cooling and 76.0% (601 kWh/year or 6.7 kWh/day) for heating. Most significant
are the improvements to the interior conditions—with large reductions in RH (5.3%) during the
cooling season and with higher summertime and lower wintertime thermostat set points. With an
installation price of approximately $9,100, measure economics are attractive if installed upon the
expiration of the existing system. Electrical demand reductions during peak summer system hour
for the two installations were 0.24 kW (11%) and 0.70 kW (41%), respectively.

Ducted and Space-Coupled Heat Pump Water Heater

In the Phase I project, results showed that HPWHs saved approximately 66% of the energy
needed to heat water with an electric resistance system. HPWHs create a quantity of cooled and
dehumidified air from the compressor section of the unit as a by-product of their operation. Eight
Central Florida homes were retrofitted with an HPWH coupled to the conditioned living space to
determine its effect on space-conditioning and water-heating energy in a cooling-dominated
climate. Two different HPWH configurations were evaluated: interior-located (three homes) and
attached garage-located with ducting to conditioned space (five homes).

Results for the eight Central Florida homes retrofitted with an HPWH coupled to the conditioned
living space show median space-cooling energy savings of 8.2% (1.1 kWh/day). Meanwhile,
space-heating energy use increased by 8.9% —although with considerable variation among
homes. Among the six homes in which an electric resistance-type tank was replaced with an
HPWH coupled to the conditioned space, median domestic hot water (DHW) energy savings
were 53.3% (3.2 kWh/day). Data collected from the two sites at which the effect of the coupling
on DHW energy use was isolated show that the coupling reduced potential DHW energy savings
from a garage-located HPWH by 0.4 kWh/day or 10.6%. Annual cooling energy savings for the
ducted sites yielded a simple payback of approximately 13 years. An average heating energy
penalty that extends payback to nearly the expected 20-year life span of the ducting exhibits
fairly poor economics for the ducted proposition. This penalty could be reduced or eliminated
with a damper system that enables cold HPWH exhaust air to be diverted from the conditioned
space during winter. Aside from the premium for the HPWH itself, there is no cost associated
with locating an HPWH inside the conditioned space (unless plumbing needs to be rerouted). In
this case, net savings on space conditioning and water heating are immediately realized, but the
noise level of the operating HPWH may exact another hurdle to acceptance. Electrical demand
reductions during peak system hours were 0.23 kW (7%) for summer and 0.18 kW (5%) for
winter.

Exterior Insulation Finish System

The idea of heavily insulating walls in the many existing Florida homes of concrete block
construction is a very commonly envisioned energy-savings measure, but what are the actual
savings? During Phase II, an EIFS was evaluated in which insulation with an R-value of 7.7 hr-
ft2-°F/Btu was added to the exterior walls of a Central Florida home. Space-cooling evaluation
results predict energy use savings of 18.2% (5.0 kWh/day at 80°F). Heating energy use was also
evaluated and showed slightly negative savings. Little significance can be attached to the results,
however, given very poor statistical models resulting from Florida’s short and highly variable
heating season. At a cost of nearly $20,000, the EIFS retrofit is not a cost-effective proposition
for Florida’s climate. However, other benefits associated with the measure—such as better
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interior comfort and a stable interior temperature—might justify this measure. Given the poor
statistical modeling, the EIFS evaluation was bolstered with a simulation analysis to see how
occupancy behavior and integral gains influence results. That evaluation also showed marginal
economics for Florida’s climate.

Advanced Window Retrofit

Many Florida homes have standard single-glazed windows with no solar-control characteristics.
Modern high-performance windows are widely available but not often used. To evaluate
potential energy savings, high-efficiency window retrofits were conducted on three Central
Florida homes with single-pane, metal-framed windows. The replacement windows had solar
heat gain coefficients ranging from 0.19-0.24 and window thermal conductivity (U-values)
ranging from 0.27-0.30 Btu/ft>-°F. Cooling season energy savings ranged from negative 4.8% to
positive 27.0% (-0.7-6.9 kWh/day at 80°F). Heating energy savings of 6.8% (4.2 kWh/day at
50°F) were found at the single home evaluated during a winter. Limited observations for many
of these evaluations, however, yield low confidence in the heating results. Moreover, the cost of
the windows retrofits ($8,000—$10,000) does not make this measure a cost-effective energy-
efficiency proposition in Florida. However, consumers find the retrofit attractive because of the
improvements to house appearance, thermal comfort, and acoustic qualities. Given statistical
modeling difficulty, simulation analysis was conducted to help improve understanding of the
results, and it showed typical predicted savings levels of approximately 8.6% annually but still
with marginal economics.

Smart Thermostat

Cooling and heating in Florida are the largest energy end uses: nearly 6,000 kWh/year and
heating, ventilating, and air-conditioning (HVAC); thus system control is always important to
reducing annual energy use. “Smart” thermostats regulate the home temperature by self-
programming depending on heuristic evaluation of user control habits as well as sensed
homeowner occupancy. Evaluations of 22 of the Nest installations showed that average savings
for space cooling was 9.6% (498 kWh/year or 2.1 kWh/day)—but with a very high degree of
variation. The median savings were 6.3% (219 kWh/year or 1.0 kWh/day). Six of the 22 sites
experienced negative savings, which was largely an artifact of pre-retrofit thermostat habits.
However, on average the positive savings were larger in magnitude than the absolute difference
in sites experiencing negative savings. Space-heating savings from the Nests were also highly
variable—particularly given the very short Florida winter heating season. Average savings were
9.5% (39 kWh/year or 1.1 kWh/day), although the median was higher at 18.5% (35kWh/year or
1.9 kWh/day). Simple payback based on median savings for the Nest is estimated to be
approximately 4 years with an annual rate of return of 24%. Electrical demand reductions during
peak system hours were 0.18 kW (7%) for summer and 0.25 kW (14%) for winter.

On a site-by-site basis, the study found that preinstallation thermostat behavior and consumers’
willingness to use available Nest features made a difference. In particular, defeating the
occupancy-sensing “away” function appeared to affect savings adversely.

Heat Pump Clothes Dryer

Electric clothes dryers represent 5% (790 kWh) of annual energy use in Florida homes. In eight
project test sites, electric resistance clothes dryers were replaced with a new unvented HPCD.
The estimated median energy savings are 33.6% (264 kWh/year or 0.72 kWh/day), and average
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annual savings are 36.4% (308 kWh/year or 0.85 kWh/day). Cost-effectiveness, which is based
on incremental cost compared to standard resistance models, will depend on consumer
preferences; however, currently there is only a minor premium on the HPCD compared to
standard resistance models. Estimated electrical demand reductions during utility coincident
peak summer system hour were 0.09 kW (48%).

Although HPCDs use less electricity than standard resistance dryers, they still release a
significant amount of heat from their operation. The unvented units that were located inside the
home led to very high utility room temperatures and increases in space-cooling energy that may
compromise identified savings; this is an issue the manufacturer is addressing. Given the heat
issues, these unvented appliances are appropriate in Florida only if they will be installed outside
of the conditioned space—typically in the garage. We further speculate, based on observed
findings, that another technology—vented HPCD—may be the most appropriate dryer system
type for Florida conditions.

Variable-Speed Pool Pump

Thirty-three percent of Florida homes have pool pumps, which often use more than 3,500
kWh/year. Replacing standard pool pumps in five Central and South Florida homes with
variable-speed pumps resulted in high energy and demand savings and rapid payback of the
measure. Energy savings averaged 68% (7.3 kWh/day) and ranged from 49%—80% (4.9—-10.3
kWh/day). Average hourly demand, which often occurred at or near the utility peak period, was
typically reduced by approximately 70%. Annual cost savings amounted to $320—assuming
mean savings of 2,665 kWh/year—and allowed for an exceedingly rapid simple payback of 2.7
years. Electrical demand reductions during peak summer system hour were very large: 1.08 kW
(86%).

Summary

Among the retrofit technologies evaluated under Phase 11, several promising measures might be
economically justified as part of a deep retrofit package. The supplemental MSHPs exhibited
very favorable economics, especially given a maturing market; and the Nest thermostat is an
excellent low-cost retrofit measure. A single-ducted MSHP replacement design showed
promising energy use savings and greatly enhanced comfort; a multi-split replacement also
showed high energy use savings, but installation and control issues should be considered before
wide-market adoption. Space-coupled HPWHs demonstrate space-conditioning savings albeit
with a small water-heating energy penalty. The internally-located HPWHs have promising net
effects; however, the ducted proposition may not be economically justifiable.

Neither the EIFS nor the window retrofit can be justified strictly based on economics. Other
benefits may be considered, however, such as increased comfort or improved acoustics in the
case of windows. Given the variation in the results and the savings from both of these building
envelope improvement measures, a simulation evaluation was conducted to see how various
factors such as occupancy behavior and internal gains might be influencing results. The
parametric simulation shows that installations in Florida will differ considerably depending on
interior temperature, internal and external shading, and the magnitude of internal gains.

HPCDs can offer good energy savings depending on the consumer’s other options and relative
intensity of clothes dryer use. A more mature HPCD market will likely bring more promising
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economics. These unvented appliances, however, are not recommended in Florida unless they
are installed outside of conditioned space. Other vented HPCDs such as those from LG
Electronics may offer more acceptable performance for use in an interior utility room. Last,
strengthening findings from Phase I with five new installations to examine, VSPPs continue to
show very significant savings with exceedingly strong economics. Given Florida’s 33%
saturation of swimming pools, this measure appears quite desirable because consumers are
generally unaware of the large potential savings.

The Phase II PDR (shallow-plus) study energy and peak demand savings are summarized in
Table ES-1; energy savings are graphically represented in Figure ES-2.

Table ES-1. Phase Il PDR Measured Evaluation Savings

Annual Energy Savings (kWh/year) Demand Savings (kW)
Option No. o_f Spaf:e Spaf:e Non- Total Summer Winter
Installations Cooling Heating HVAC Peak Peak
Supplemental MSHP 10 2,007 390 - 2,397 0.50 2.06
Ducted MSHP 2 1,899 298 2,197 0.24&0.70 n/a
Space-coupled HPWH? 8 313 (79) 1,175 1,409 0.23 0.18
EIFS 1 947 (34) - 913 n/a n/a
Advanced windows? 3 (250) 19 - (231) n/a n/a
Nest thermostat 22 498 39 - 537 0.18 0.25
HPCD 8 - - 264 264 0.09 n/a
VSPP 5 = = 2,846 2,846 1.08 -0.27

2 Non-HVAC savings for the HPWH measure are the average DHW energy savings for the six sites at which electric
resistance tank types were replaced with heat pump types—three of which were located inside the home and
three of which were located in the garage and coupled to the interior space.

b Predicted space-cooling savings for the window retrofits ranged from negative 0.7 to positive 6.9 kWh/day; the
median was negative 0.5 kWh/day. Different sites are used for space-cooling and space-heating savings
estimates.
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1 Introduction

The U.S. Department of Energy (DOE), with the Building America Partnership for Improved
Residential Construction team and Florida Power & Light Company (FPL), pursued a pilot
phased energy-efficiency retrofit program in Florida by creating detailed data on the energy and
economic performance of two levels of retrofits: shallow and deep. For this phased deep retrofit
(PDR) project (Phase I), a total of 56 homes spread across the utility partner’s territory in east
Central Florida, southeast Florida, and southwest Florida were instrumented between August
2012 and January 2013, and they received simple pass-through retrofit measures between March
2013 and June 2013. The energy-reduction measures for the shallow retrofit included those for
lighting (compact fluorescent and light-emitting diode lamps), domestic hot water (water heater
tank wraps and low-flow showerheads), refrigeration (cleaning coils), pool pumps (reduction of
operating hours), and use of “smart plugs” for home entertainment centers. Ten of these homes
received a deeper package of retrofits between August 2013 and December 2013. The measures
associated with the deep retrofits included replacement of air-source heat pumps, duct repair, and
substitution of conventional thermostats with learning thermostats. Heat pump water heaters
were installed to reduce water-heating energy. Pool pumps were changed to variable-speed units,
and ceiling insulation was augmented where deficient. Old and inefficient major appliances such
as refrigerators and dishwashers were replaced with more efficient units. The shallow retrofits
are applicable to all homes and provided critical data to the design of “deep retrofits,” which
make a major impact on whole-house energy use, averaging 39% savings during summer peak
hour demand, 60% savings during winter peak hour demand, and 38% annual energy savings.
For a full account of Phase I of this project, including home details and characterization,
reference Phased Retrofits in Existing Homes in Florida Phase I: Shallow and Deep Retrofits
(Parker et al. 2016).

Phase II of this project, which is the focus of this report, applied additional retrofit measures to
select homes that received a shallow retrofit in Phase I, referred to as “shallow-plus” retrofits.
The shallow-plus measures included the following:

e Supplemental mini-split heat pump (MSHP) (10 homes)

e Complete central system replacement with inverter-driven heat pump (2 homes)

¢ Ducted and space-coupled heat pump water heater (HPWH) (8 homes)

e [Exterior insulation finish system (EIFS) (1 home)

e  Window retrofit (3 homes)

e Smart thermostat (21 homes: 19 Nests, 2 Lyrics)

e Heat pump clothes dryer (HPCD) (8 homes)

e Variable-speed pool pump (VSPP) (5 homes).

Although some of these retrofit technologies, such as windows and EIFS, have been studied in
Florida in the past (Barkaszi and Parker 1995), a detailed evaluation with more modern
equipment and costs has not been identified and was of interest to the utility partner.
Technologies such as supplementing an existing central heating and cooling system with an
MSHP, and taking advantage of cooling provided by an HPWH with ducting, had not been done



in Florida. This report identifies measured energy savings and installation costs of the different
technologies, adding to the body of knowledge and enabling the industry to further the Building
America goal of 40% savings in existing housing. Findings also provide utilities with data that
facilitates the further optimization and expansion of the shallow and deep retrofit packages
piloted in Phase L.

The PDR study sites are all-electric, single-family homes located in Central and South Florida.
Selected characteristics for all of the homes evaluated in this report are summarized within each
section, including location, year built, occupancy, conditioned floor area, heating, ventilating,
and air-conditioning (HVAC) duct and whole-house airtightness test results, and measures
included in the Phase II retrofit.



2 Measurements and Equipment

In Phase I, detailed audit data were obtained from all homes, including house size and geometry,
insulation levels, materials, finishes, and equipment. Blower door and duct leakage tests were
completed on each home. Detailed photographs were also taken of each home’s exterior,
appliances and equipment, and thermostat. Showerhead flow rate was measured.

Monitoring of house power and the various end uses is accomplished by a 24-channel data
logger (SiteSage). This is supplemented by portable loggers (Point Six and HOBO) to take
temperature and relative humidity (RH) readings. Data are retrieved daily from the Internet via
broadband connection. Data are collected on a 1-hour time step. Ambient temperature and RH
are obtained from nearby weather stations. Table 1 summarizes the measurements and equipment
used to conduct field tests and data acquisition for the project. A dedicated website! has been set
up to host the monitored energy data from the project.

Table 1. Equipment Used for Field Tests

Measurement Equipment Used
HOBO temp. and RH logger
Point Six temp. and humidity logger

Temperature and RH

Detailed house power (total, HVAC, water heating,

SiteSage by P h D i
cooking, clothes drying, refrigeration, pool pump) te>age by Fowerhouse Lynamics

2.1 Experimental Instrument Accuracies

National Weather Service measurements were used for the outdoor temperature, matched to the
nearest available weather data, which was typically less than 20 miles away. The stated accuracy
of the outdoor temperature measurements by the National Weather Service is +1°F higher than
the range of interest (National Weather Service 2014).

Interior temperatures in the project are measured near the thermostat using Onset HOBO U-10-
003 portable loggers> with a stated accuracy of £0.95°F for temperature and +3.5% RH for
relative humidities up to 85%. Power was measured for the air conditioners, heat pump
compressors and air handling units, and strip heat circuits by SiteSage loggers® (formerly
eMonitor), generally using 50-amp current transformers. These have a stated accuracy of +1%
between 10% and 130% of their rated output. The relative error becomes an artifact of the load
itself. For a 3,000-watt (W) compressor at a given point, this would result in approximately +30
W in measurement uncertainty for evaluating absolute measurements (kilowatt-hours [kWh] for
one site compared to another). For retrofit measurements (before/after), the measurement
equipment-related variation is much lower, such that measurements should be +0.5% or better.
For example, if the air conditioning (AC) in a home was using 25 kWh/day, the average load
would be 1,042 W with an absolute uncertainty of 0.5 kWh/day. If the estimate was between pre-
and post-retrofit periods (the situation in this evaluation), the uncertainty would be 0.12
kWh/day, although this can be computed for individual cases if the results are in doubt.

I www.infomonitors.com/pdr/

2 www.onsetcomp.com
3 http://powerhousedynamics.com
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3 Representativeness of the Phased Deep Retrofit Sample

Given the unique findings of the PDR study, a question often arises as to how representative the
sample is to the general population of Florida homes. The 56, all-electric, field-tested homes are
located in Central and South Florida and were an opportunity sample. Outreach by the utility was
used for recruitment, and participants were largely self-selected within program limits.
Originally, the sample was to be weighted equally between Central and South Florida; however,
difficulty with recruitment made it necessary to locate most of the residential sites in Central
Florida to meet the project schedule.

Note that no homes more recent than 2006 or larger than 3,000 square feet (ft?) were accepted for
the study. This was done to make results more appropriate to retrofit programs targeting older
and less efficient homes. Table 2 provides selected fundamental characteristics of the homes,
including their location, year built, occupancy, conditioned floor area, and whether there is a
pool. First, it is useful to understand that the intent of the PDR sample was to:

e Be a statistically meaningful sample representing all-electric homes in Florida

e Include only homes that were to be occupied year-round and not seasonal

e Include only homes typical of existing housing with construction from 2006 or earlier
e Incorporate geographic variation

e Include similar saturation of in-ground swimming pools, which are known to be a major
electricity end use.

With these selection guidelines, it was hoped that the measured electricity use would be typical
of all electric nonseasonal single-family homes in the FPL service territory (Florida’s largest
utility).

Periodically, Florida utilities are required to perform a home energy survey (HES) of the housing
characteristics in their service territory for submission to the Public Service Commission. The
most recent is the 2010 survey, which provides a convenient method to compare the
characteristics of the homes in the PDR opportunity sample to the larger statistically drawn
survey evaluated by FPL.

Among the 56 PDR sites with varied construction characteristics, the average vintage is 1984,
ranging from 1942 to 2006. Average vintage in the FL-HES survey was 1980. Conditioned floor
area in the PDR sample averaged 1,777 ft; the average size of the FPL HES-sampled single-
family homes (n = 424) was 1,822 ft2,

The average occupancy was identical in both samples: 2.6 persons per household in both the
PDR and samples. Nineteen PDR sites (34%) had pools and associated pool pumping compared
to 33% in the FL-HES sample.

The average wall insulation level was negligible in both samples, largely reflecting concrete
masonry unit (CMU) construction—with 77% of FL-HES homes showing no insulation, and



only the four frame-walled PDR homes showing visible insulation.* The FL-HES data do not
lend themselves to exact comparisons to ceiling insulation levels. The typical PDR home had a
ceiling insulation R-value (audited and measured) of R-22. The FL-HES sampling reported 4%
of homes with no ceiling insulation, 20% with R-1 to R-18, and 74% with R-19 or more. Using
the same classification scheme as the Public Service Commission’s FL-HES survey, we found a
single home (2%) without ceiling insulation in the PDR project, but 15% of homes had R-1 to R-
18, and 83% had R19 or greater.

Relative to heating and cooling equipment, the PDR sample showed an average audited air-
conditioner seasonal energy efficiency ratio (SEER) of 12.5 Btu/Wh compared to 12.0 Btu/Wh
in the FL-HES survey. The average air-conditioner or heat pump vintage was 2003 in the PDR
study—systems averaged 9 years in age. Perhaps the only apparent difference in the two samples
was in the heating system type: the PDR homes with more buildings in the Central Florida region
showed 49% with heat pump heating systems; the FL-HES sample was dominated by resistance
heat systems in South Florida and with only 15% heat pump heating systems. Note that the PDR
sample has many other characteristics—including glazing number and type, building air change
rate (avg. = 8.5 ACHS50 pressure, duct leakage Q, = 0.08)—and many other data for which no
comparable contrasting value exists in the FL-HES.

Although the foregoing description shows that the Public Service Commission’s survey data and
that for the Florida PDR sample are quite comparable, there remains a critical difference in the
comparison of the average electricity use for the larger population of homes in the FPL service
territory to that of the PDR sample. Here we had a large advantage because the FPL agreed to
provide masked data to the DOE project that would allow us to see how the larger system
averages compared for the identical time periods measured in the PDR project. For the PDR
project, we obtained monthly utility records for all participating homes on a condition of
participation. The average consumption for the PDR home sample was 16,963 kWh for all of
2011 (n = 56).

We then requested averages for the FPL single-family detached home accounts for all averages
for all nonseasonal accounts. This comprises /.35 million accounts across the FPL service
territory. The total average 2011 electricity consumption was 17,843 kWh, ranging from an
average use of 1,074 kWh in February to 1,941 kWh in August of the same year. The FPL
single-family home averages are likely higher due to a preponderance of homes in South Florida
that have greater cooling use, as shown in Figure 1, from April-November.

4 Often in Florida with CMU construction since the mid-1990s, foil products (e.g., AL-FOIL) that are stretched
between the drywall and block walls on the interior face provide approximately the equivalent of R-4 hr-ft>-F/Btu;
however, these could not be audited.
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Figure 1. Comparison of South Florida homes in FPL’s service territory to PDR sample

In any case, the averages for all of FPL’s single-family, nonseasonal occupants agree reasonably
well with the PDR sample (within 5%) prior to any intervention. Although this does not ensure
that the PDR sample is representative of the FPL single-family home population, it does improve
confidence that it has a high degree of relevance to the intended evaluation.

Table 2. Selected Site Characteristics of PDR Sample

Site Town Ye_ar Occupants Conditioned Floor Pool?
Built Area (ft?) (1=Y,0=N)
1 Merritt Island 1961 4 2,459 0
3 Merritt Island 1993 1 1,856 1
4 Melbourne 1971 2 1,166 0
5 Rockledge 2006 2 2,328 0
6 Palm Bay 1981 2 1,542 0
7 Merritt Island 1989 2 2,650 1
8 Grant-Valkaria 1997 4 2,134 0
9 Melbourne 1984 2 1,013 0
10 West Melbourne 2003 2 1,627 0
11 Cocoa Beach 1958 3 1,672 0
12 Port Orange 1984 3 1,594 1
13 Merritt Island 1963 2 1,052 1
14 Melbourne 1942 2 2,016 0
15 Melbourne Beach 1975 2 1,359 1
16 Indialantic 1982 3 2,231 1
17 Indialantic 1964 2 1,456 1
18 Cocoa 1995 2 1,802 1
19 Melbourne 1988 3 2,554 0
21 Cocoa Beach 1981 2 2,096 1
22 Cocoa Beach 1955 2 1,743 0




— >
Site Town Year Occupants Conditioned Floor Pool?

Built Area (ft2) (1=Y,0=N)
23 Palm Bay 1980 3 1,946 0
24 Cocoa 1986 3 1,978 0
25 Melbourne 2000 2 1,940 1
26 Palm Bay 1999 5 1,502 0
27 Palm Bay 1995 2 2,050 0
28 Merritt Island 1966 2 2,622 1
29 Cocoa 1985 2 1,215 0
30 Merritt Island 1976 3 1,819 0
31 Cocoa 1989 2 1,474 0
33 Hollywood 1969 3 1,752 0
34 Pembroke Pines 1978 2 1,910 0
35 Plantation 1993 2 1,637 0
37 Cocoa 1993 6 1,654 1
38 Palm Bay 2006 3 1,665 0
39 Palm Bay 1981 4 1,559 0
40 Titusville 1993 3 1,983 0
41 Bonita Springs 1998 2 2,471 1
42 Naples 2001 3 1,666 0
43 Fort Myers 2000 2 1,383 0
44 Naples 1998 2 1,808 1
45 Davie 1987 2 1,500 1
46 Naples 1989 2 2,172 1
47 Fort Myers 1990 4 1,088 0
48 Naples 1973 4 1,436 0
49 Fort Myers 1979 2 1,701 0
50 Melbourne 1958 4 2,168 1
51 Cocoa 1994 2 2,233 0
52 Cocoa 2000 2 1,540 0
53 Melbourne 1980 1 1,677 0
54 Palm Bay 1999 2 1,390 0
55 Melbourne 1976 4 1,980 1
56 Merritt Island 1963 3 1,000 0
57 Melbourne 1993 1 1,406 0
58 Rockledge 1979 2 2,020 0
59 Melbourne Beach 1985 2 2,300 1
60 Palm Bay 1987 3 1,520 0
Averages 1984 2.6 1,777 34%

The end-use load averages of all 45 shallow retrofit PDR homes monitored for the entirety of
2013 were used to estimate Florida residential end uses. This end-use evaluation, including pie
charts, is in Appendix A.



4 Evaluation Method

Linear regression analysis was used to project savings for the measures that influence space-
cooling and space-heating energy use—the MSHP, space-coupled HPWH, EIFS, window
retrofit, and smart thermostat. The same general model, using the measured cooling and heating
electrical power and then modeling this against outdoor weather conditions, was applied for each
of these evaluations as described below.

From statistical evaluation, the study shows that the average daily AC and space-heating energy
had the strongest statistical power to evaluate against weather—much stronger than hourly data
because of the time lag posed by temperature on building elements. Averaging the hourly
temperatures into daily averages was actually a better statistical predictor of space-conditioning
energy than estimating heating degree days and cooling degree days at a 65°F base for the same
periods. The coefficients of determination tended to be much superior, mainly because heating
degree days and cooling degree day periods with zero or negative numbers that were truncated
by the degree-day procedure actually influence daily space-conditioning needs. For example,
predawn periods with temperatures below 65°F actually reduce the required cooling, whereas the
degree day calculations assume that these hours have a cooling degree day value of zero; as a
result, daily average temperatures were used for the analysis. Space-conditioning energy was
then plotted against average outdoor temperature, and the daily average balance temperature for
heating and cooling was determined. In some homes with very tight temperature control, these
were often the same. The typical daily balance point was approximately 65°F, although this
sometimes varied (60°—~70°F for cooling and 60°—70°F for heating).

During the process of establishing the most robust statistical formulation to predict space heating
and cooling depending on weather, this study found that the same method had been
independently identified by Haberl et al. (2005). This is currently recommended in the American
Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (ASHRAE) “tool kit”
recommendations on the methods to estimate savings from retrofit measures applied to buildings.
This increases confidence in the methods used for this analysis.

The following theoretical model based on suggested ASHRAE protocols (ASHRAE 2002) was
applied for predicting energy use:

kWh = A + B(Tamb — Tint) + C(Qint) + D(Solar)
Where:
A = regression error or intercept term

B = coefficient for house heat gain (UA)/coefficient of performance (COP) of cooling
system (outdoor temperature — indoor temperature; Delta T)

C = 1/COP of cooling system assuming all Qint (internal gains) must be removed

D = fraction of horizontal solar transmitted through windows and exposed building
exterior components/COP.



An alternative model with a substitute B term was also used, where:
B = outdoor temperature.

In keeping with the statistical analytical concept of parsimony, this study generally used the
simplest model that showed stable and reliable results with strong explanatory power.> Outdoor
temperature was used rather than the outdoor temperature minus indoor temperature, in °F (Delta
T) unless the interior temperature profile was altered between the pre- and post-retrofit
observation periods. This was the case for some of the window, EIFS, and space-coupled HPWH
evaluations in which the thermostat position was clearly moved. For the evaluation of the
supplemental MSHP and multi-split heat pump system replacement, Delta T was not used
because of expected behavioral changes. Differences in interior temperature are likely with the
MSHP because uniform interior room temperatures do not typically yield the greatest comfort.
Brand (1987) found that space-conditioning systems that facilitate zoning have significantly
lower energy use. When supplemental MSHP or mulit-split systems are added, it becomes
easy—and even likely—that occupants maintain different heating and cooling conditions in
different rooms of the home.

The C term Qint and D term Solar are included only when significant or needed in models that
exhibited poor explanatory power or exhibited contrary results. In a perfectly behaved model, the
term for C (internal gains) would be around 0.4, which indicates that the COP of the cooling
system would be 1/0.4 =2.5 * 3.412 W = 8.5 British thermal units per watt-hour (Btu/Wh) for
the SEER (including duct losses).

In the cases of the window and EIFS retrofits, even the best models were often still weak, so
these evaluations were bolstered with parametric simulations using the Building Energy
Optimization software (BEopt).

Model parameters were collected and compiled in the following ways:

e Hourly energy and interior temperature data were obtained from the PDR database for
each particular site and were summarized by day.

e Daily average outdoor temperatures are approximated using ambient temperatures from
each site’s nearest National Weather Service station.

e The internal heat gains (Qint) parameter represents the energy use of the kitchen range,
dishwasher, lighting, fans and entertainment centers, and other appliances located inside
the home that is released to the house interior. If the clothes dryer is indoors, the internal
gains parameter includes 20% of its energy use.

e Daily average horizontal solar insolation (W per square meter) data measured at the
Florida Solar Energy Center (FSEC) meteorological station in Cocoa, Florida, were used
to represent changing sun conditions (Solar).

To estimate pre- and post-retrofit annual heating and cooling energy use, the regressions were
used to normalize daily average temperatures against monitored daily HVAC energy use; then

5 https://theartofmodelling.wordpress.com/2012/03/14/why-parsimony/
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we assumed that outside temperatures were applied to the resulting site-specific, pre- and post-
retrofit regression results. The period after the measure installation was then compared to the
preinstallation period. This allowed for an evaluation of how energy use changed after the
retrofit.

For each site, the relevant typical meteorological year 3 (TMY3) weather data were used to
extrapolate the savings.® This allows the savings estimates to be extended to the various climate
zones that FPL typically uses for forecasting purposes. The pre- and post-retrofit regression
results from the weather-normalization evaluation described above were applied to TMY3
weather data to predict space-heating and space-cooling energy use for the pre- and post-retrofit
periods. Table 3 provides the weights applied to TMY 3 weather for four of FPL’s service areas:
Miami, West Palm Beach, Fort Myers, and Daytona.

Table 3. TMY3 Weather FPL Service Area Weights

Service Area Weight
Miami 0.4319
West Palm Beach 0.2243
Fort Myers 0.1921
Daytona 0.1517

For some measure, savings predictions also include cooling energy estimates in kWh/day for an
80°F day for cooling and 50°F day for heating. For reference, note that in Florida’s mild winter,
the average daily temperature during winter when temperatures are lower than 65°F was 58.2°F
(2014-2015 winter). Similarly, the average daily temperature in summer from June—September
(inclusive) was 80.5°F in 2014. The climatic normal using Orlando, Florida, TMY?3 data are
79.6°F for summer and 60.8°F for January and February. This indicates that the evaluated values
would be appropriate for typical summer conditions and for “colder days” during winter.

6 http://rredc.nrel.gov/solar/old_data/nsrdb/1991-2005/tmy3/
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5 Evaluation of Supplemental Mini-Split Heat Pumps

5.1 Site Characteristics and Supplemental Mini-Split Heat Pumps Measure

A major facet of the Phase Il segment of the PDR project was to determine energy savings and
indoor comfort improvement from the installation of high-efficiency, supplemental MSHPs. Ten
such systems were installed in Central Florida locations from August 27, 2014—July 23, 2015.
The systems were 1-ton ductless Panasonic XE12PKUA, SEER 25.5 Btu/Wh, 12 heating
seasonal performance factor (HSPF), which has a variable-speed compressor. The single indoor
head was located at a central location in the home. The units have a cooling capacity of 11,580
Btu at the 95/80/67 rating condition and a heating capacity of 13,800 Btu/hour at an outdoor
temperature of 47°F.

The homes receiving the supplemental mini-splits spanned a range of vintages and included
central AC systems of various ages and efficiencies. Duct systems for the existing central system
were all flex duct and located in the attic space of each home. Site characteristics for each home
are summarized in Table 4. Table 5 provides existing HVAC characteristics.

Table 4. Supplemental MSHP Site Characteristics

Site No. City ::I: A:;‘;Ir(‘fgtz) I:';:c::f Stories
3 Merritt Island 1993 1,856 1 1
5 Rockledge 2006 2328 2 1
12 Port Orange 1984 1,594 2 1
16 Indialantic 1982 2,231 3 1
21 Cocoa Beach 1981 1628 2 1
23 Palm Bay 1980 1946 3 1
24 Cocoa 1986 1,978 3 2
27 Palm Bay 1995 2,050 2 1
54 Palm bay 1999 1390 2 1
60 Palm Bay 1987 1,520 3 1

11



Table 5. Supplemental MSHP Site Existing HVAC Characteristics

Site . Year Of. Year of AC Size AC Heat Pump or Duct
No. Air Han.dllng Compressor (ton) SEER? Electric Resistance HSPF® Leakageb
Unit (Qn,out)
3 1993 2010 35 13.0 Heat Pump 75 0.05
2006 2006 5.0 13.0 Heat Pump 75 0.10
12 2000 2000 3 12.0 Heat Pump 7.8 0.63
16 2002 2014 4 13.0 Resistance 0.07
21 2013 2013 35 13.0 Resistance 0.12¢
23 2001 2002 3.5 14.0 Resistance 0.05
24 2010 2010 35 15.0 Resistance 0.09
27 2008 Packaged Unit 5 12.0 Resistance 0.05
54 1999 1999 2.5 10.0 Heat Pump 75 0.03
60 2006 2006 3 15.5 Resistance 0.04

2Some systems were apparently unmatched; stated are manufactuer listed compressor efficiencies.

bDuct leakage measured at a test pressure of negative 25 Pa with respect to the outside, divided by the building’s
conditioned floor area.

¢Duct leakage test conducted prior to system change out in 2013.

The supplemental MSHPs were expected to reduce space cooling and heating energy by
reducing the run time of less efficient existing central systems subject to duct losses; however,
the configuration with two different systems with potentially competing thermostats serving a
single zone added speculation for how this would work out. Moreover, no existing simulation
model can provide savings estimates because having two HVAC systems serve the same zone
violates limits for hourly calculations.

In most cases, the indoor unit was located as close as possible to the central return grille of the
existing system to help with room-to-room distribution of MSHP air when that unit was
operating. In each house, the cooling set point of the MSHP was set either 2°F or 4°F lower than
the central system temperature. This was done based on post-retrofit communication with the
homeowner because there was no way in advance of the experiments to know how the systems
would interact with two independent thermostats. Indoor temperature and RH were measured
near the central system thermostat. Although duct leakage was measured, there was no attempt to
improve the central system prior to installing the MSHPs. Figure 2 shows examples of the MSHP
installation.

12
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Figure 2. Wall-mounted MSHP fan coil at Site 3 and Site 24

5.2 Supplemental Mini-Split Heat Pump Annual Savings Evaluation

To examine how the supplemental MSHP influenced space cooling and heating, the evaluation
method described in Section 4 was applied to the pre- and post-retrofit data for the six 2014 and
four 2015 installations. Evaluation periods for each installation varied necessarily to avoid dates
that would have confounded results because of competing energy retrofit measures or to avoid
dates with other significant changes, such as a change in occupancy coinciding with a large
difference in interior thermostat set points. The pre- and post-retrofit periods are clearly
delineated. The evaluation periods and MSHP installation dates for each site are as follows:

e 2014 installations

o Site 3 evaluation: September 1, 2013—December 31, 2014; installation September
2,2014

o Site 12 evaluation: January 1, 2014—July 9, 2015; installation September 12, 2014

o Site 16 evaluation: September 1, 2013—July 28, 2015; installation September 4,
2014

o Site 24 evaluation: January 1, 2014-July 19, 2015; installation August 27, 2014

o Site 27 evaluation: January 1, 2014—June 25, 2015; installation September 22,
2014

o Site 60 evaluation: January 1, 2014—July 7, 2015; installation September 9, 2014

13



e 2015 installations

o Site 5 evaluation: September 25, 2014—January 11,2016; installation June 30,
2015

o Site 21 evaluation: July 25, 2014—January 13, 2016; installation July 15, 2015

o Site 23 evaluation: October 31, 2014—January 14, 2016; installation July 23, 2015
(The post-retrofit period excludes first six months of 2015 when occupancy
increased and interior set point was noticeably altered.)

o Site 54 evaluation: May 1, 2015-January 17, 2016; installation July 16-18, 2015.

Tables 6 and 7 show the cooling and heating results from the regressions along with the interior
temperature (Tint) and RH (for cooling) before and after the MSHP retrofit. Annual savings are
summarized in Table 8.

Table 6. TMY3-Normalized Cooling Energy Use and Savings from the Supplemental MSHP Sites

Pre- Post-

' Cooling  Cooling Savings Savings Cool Tint Tint RH RH
Site No. (kWh/ (kWh/ (kwWh/ (%) Bal.T  pre- post- AT pre- post- ARH
year) year) year) (°F) (°F) (°F) (%) (%)
8,049 5,419 2,631 32.7% 65 75.0 75.0 (0.0) 51.2 54.1 2.9
15,586 10,006 5,580 35.8% 64 75.7 76.0 0.3 494 50.1 0.6
12 7,571 6,024 1,547 20.4% 65
16 7,014 5,344 1,670 23.8% 70 76.9 76.2 (0.7) 56.7 553 (1.5)
21 4,970 2,700 2,270 45.7% 68 79.5 80.2 0.7 58.5 60.1 1.7
23 9,820 6,379 3,441 35.0% 69 74.8 72.4 (2.4) 453 45.0 (0.3)
242 7,321 7,196 125 1.7% 64 74.8 73.1 (1.7) 54.8 483 (6.5)
27 13,037 8,018 5,019 38.5% 69 75.2 75.0 (0.2) 454 46.2 0.8
54 8,112 6,426 1,686 20.8% 65 76.4 75.6 (0.9) 46.4 51.6 5.2
60 5,321 3,577 1,745 32.8% 64 76.1 76.7 0.6 524 50.7 (1.6)

Average 8,680 6,109 2,571 29.6% 66.3 76.1 75.6 (0.5) 510 50.9 0.2
Std. Dev. 3,327 1,674

Median 2,007 32.7% (0.2) 0.6

aSite 24 had significant temperature-related take-back (1.7°F; 6.5% RH) relative to the other supplemental MSHP
sites, and this had much lower savings than did the other sites. Aside from the initial setup, the project did not
direct users on how to use the supplemental mini-split, which meant that some sites could use the mini-split more
than the main system or vice versa. For instance, Site 24 used the mini-split in conjunction with continuously
running the fan of main air handling unit, which severely reduced HVAC savings. Meanwhile, other sites, such as
Site 21, used the MSHP very aggressively to reduce operation of the main HVAC system. This produced widely
varying but still valid results that would likely be experienced in a larger supplemental mini-split program.
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Table 7. TMY3-Normalized Heating Energy Use and Savings from the Supplemental MSHP Sites

. H:;tei-ng Pos't- Savings Savings Cool Tint Tint
Site No. (kWh/ Heating (kwh/ (%) Baol. T p:e- post- (°F) AT
vear) (kWh/year) year) (°F) (°F)
3 115 94 22 18.7% 65 68.7 70.6 2.0
5 734 309 424 57.8% 64 73.2 73.0 (0.3)
12° 235 218 18 7.6% 65
16 476 86 390 82.0% 63 68.4 70.5 2.1
21 585 103 482 82.4% 68 73.8 73.2 (0.6)
23 1,516 592 925 61.0% 69 73.9 72.9 (1.0)
24 361 206 155 43.0% 64 68.9 68.3 (0.6)
27 2,627 1,082 1,544 58.8% 69 73.8 75.1 1.3
54b
60 427 111 316 74.1% 64 73.0 73.1 0.1
Average 786 311 475 60.4% 65.7 71.7 72.1 0.4
Std. Dev. 800 487
Median 390 58.8% (0.1)

aTemperature and RH were measured with different devices pre- and post-retrofit.
bThis site had no pre-retrofit heating to measure.

Table 8. TMY3-Normalized Annual Cooling and Heating Energy Use and Savings from the
Supplemental MSHP Sites

Pre- Post- Savings

site No. HVAC HVAC (KWh/ savings
(kWh/year) (kWh/year) year) (%)

8,165 5,513 2,652 32.5%

16,320 10,315 6,004 36.8%

12 7,807 6,242 1,565 20.0%

16 7,490 5,430 2,060 27.5%

21 5,555 2,803 2,752 49.5%

23 11,337 6,971 4,366 38.5%
24 7,682 7,402 280 3.6%

27 15,664 9,100 6,563 41.9%

54 8,112 6,426 1,686 20.8%

60 5,748 3,687 2,061 35.9%

Average 9,388 6,389 2,999 31.9%

std. Dev. 3,820 2,020
Median 2,357 34.2%
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Examining the sites as a group, cooling season interior temperature and RH were relatively
similar between pre- and post- periods, on average, with dew points averaging 68.3°F pre- and
69.2°F post-retrofit. On average, no moisture removal advantage of the supplemental MSHP was
apparent; however, there were significant variations for some homes. For instance, the novel
configuration showed a large improvement to RH at Site 24—a reduction of 6.5%, where the
average dew point exceeded 69°F both pre-and post-retrofit. Meanwhile, some take-back, a
“taking back” of some of the post-retrofit energy efficiency gains for improved comfort, is
apparent with this site, having had among the largest reductions in the average cooling season
interior temperature—74.8°F (pre) 73.1°F (post)— and experienced the smallest cooling energy
savings (1.7%). Among all 10 evaluation sites, the average heating season interior temperature is
also essentially unchanged between periods; however there were some increases. Cooling season
ambient temperature was typically slightly cooler, averaging 0.4°F lower post-retrofit: 76.9°F
compared to 76.5°F.

Figure 3 shows the times series data in which electric resistance strip heat is highly visible, as is
the reduction to the space cooling in summer and the very low power of the mini-split systems
for Site 60.

Site 60 HVAC Energy Use Pre- and Post-
Supplemental MSHP Installation
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Figure 3. Time series data showing HVAC energy use by air-conditioner compressor (blue), air
handling unit and strip heat (orange), and supplemental mini-split (green) for Site 60

Figures 4 and 5 show examples of the analysis methods used for Site 60 to illustrate how savings
estimates were obtained. Figure 4 shows the regression lines for space cooling, indicating the
pronounced impact on daily electricity use. The data show average cooling energy savings of
32.8% or 1,745 kWh/year. Interior temperature was unchanged between periods; however, RH
was 1.6% lower post-retrofit.
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Figure 4. Regression lines for measured daily cooling before and after
supplemental mini-split retrofit at Site 60

Figure 5 gives a similar presentation for space heating with large differences shown in the switch
from electric resistance heat to primarily MSHP heating.

40
[e]
= RN o Pre kWh = 110.83- 1.73(T)
RS o Post kWh = 33.57-0.53(T)
\\
30 ~o©
~
~
~ - o]
25 A ov
& h °
- No°
= 20 <
E e ~ o
2 15 o \\‘ O Og o]
= ~ o
T - \\\
10 A S~ o)
- A ~
S~ - N A A OS J ] o
<. N
5 AT~ . ~.
= ¢ a
“‘A 2 Ay~ & <o
0 o Mo BT Ral - o o8 b
40 45 50 55 60 65
Outdoor Air Temperature (°F)

Figure 5. Regression lines for measured daily space heating before and after
supplemental mini-split retrofit at Site 60
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The typical percent heating energy reductions achieved by the supplemental mini-splits were
considerably greater than they were for cooling. This takes place because sites 16, 21, 23, 24, 27,
and 60 had electric resistance heating, whereas the mini-split uses only its much more efficient
heat pump. The median daily space-heating savings were 58.8%, 390 kWh/year, or
approximately 7.0 kWh/day. Space-cooling energy saving were large, with a median of 32.7%,
2,007 kWh/year, or approximately 6.8 kWh/day. Total annual heating and cooling savings were
2,397 kWh or 34%. Regressions from the analysis of the supplemental mini-split installations are
provided in Appendix B.

The projected HVAC annual energy savings from the supplemental MSHP measure for all 10
sites are impressive, with a total of 34.2% or 2,357 kWh/year. The average full retail cost for
equipment, materials, and labor for the 10 supplemental MSHP installations was $3,886. The
median annual HVAC energy savings translates into approximately $283 saved per year (2,357
kWh/year * 0.12/kWh), which yields a simple payback in approximately 14 years and an annual
rate of return of 7.3%. In a mature market, economics are likely to improve with equipment and
labor cost reductions—particularly as crews become more familiar with the relatively simple job
of installing MSHPs and there is more competition in the HVAC industry. This cost analysis
does not consider one notable benefit to the consumer: the redundant heating and cooling system
for the home, which is highly desirable given the failure rate of central AC systems. In Florida’s
cooling-dominated climate, where systems are often used continuously, AC systems typically
last only 10—15 years, and maintenance needs can often take them off-line temporarily.

5.3 Supplemental Mini-Split Heat Pump Peak Reductions

In an investigation of the supplemental MSHP’s influence during peak summer and winter hours,
HVAC power demand at the seasonal peak hours in 2014 were compared to those of 2015;
however, a surrogate summertime peak was necessary because not all 10 installations were
complete before the summer 2015 peak of June 22. The slightly milder August 20 was used
instead.

Figure 6 compares the average HVAC demand of the 10 supplemental MSHP sites during the
summer peak of July 28, 2014 (pre-retrofit) to the surrogate peak day on August 20, 2015 (post-
retrofit), which shows a large demand of 0.50 kWh or 16%.”-® The HVAC energy use reduction
for the day was 32%: 50.6 kWh pre-retrofit and 34.1 kWh post-retrofit.

7 Demand reduction is 0.88 kW or 28% between the typical peak hour from 4 p.m. to 5 p.m.

8 Although pre-retrofit peak hour had higher ambient temperatures midday, this is not the only factor involved in
utility coincident peak hour. Other factors include temperature distribution, population, and service territory
weights; preceding few days’ temperature and rainfall; day of the week; and solar irradiance.
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Figure 6. Comparative analysis between pre- and post-retrofit demand on FPL’s system peak

Because four of the MSHPs were installed between June and July 2015, a post-retrofit winter

summer day in 2014 and surrogate peak summer day in 2015

peak for comparison has not yet been determined for these sites; therefore, the winter peak

evaluation is limited to the six supplemental MSHPs installed in 2014. Figure 7 compares the
average HVAC demand at these sites during the winter peak of January 23, 2014 (pre-retrofit) to
the winter peak of February 20, 2015 (post-retrofit), which shows a very large demand reduction
0f 2.06 kW or 56% between 7 a.m. and 8 a.m. The HVAC energy use reduction for the day was

25%: 37.4 kWh pre-retrofit and 28.2 kWh post-retrofit.
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Figure 7. Comparative analysis between pre- and post-retrofit demand on
FPL’s system peak winter days

In summary, the median annual HVAC energy reductions for the supplemental MSHP were
impressive: 34%, with good utility demand reductions of the supplemental mini-split also very
large in both summer and winter for our small sample of 10 and 6 sites, respectively. Reductions
to long-term average interior RH were sometimes observed, albeit inconsistently.
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6 Evaluation of Complete Central System Replacement with
Inverter-Driven Heat Pumps

An important facet of the shallow-plus phase of the project was to install high-efficiency,
inverter-driven heat pumps as a full replacement to existing central systems. This was conducted
at two sites to investigate possible space-cooling and space-heating energy use reductions when a
traditional-type central system is replaced. Testing before and after change provides detailed
information on impacts on energy use and comfort. Two different replacement schemes were
tested to provide insight into contrasting solutions. The first such design involved a multi-split
with a single condenser and two fan coils: a ductless unit to condition the main living area and a
ducted component to condition the rooms isolated from the main living space, referred to herein
as a “multi-split heat pump.”

The design for the second site consisted of one MSHP ducted to condition the whole house,
referred to herein as a “ducted MSHP.” This research is to investigate the expected space-cooling
and space-heating energy use reductions when replacing a traditional-type central system with a
complete MSHP design. Each system and evaluation will be discussed in turn. Lessons learned
and likely advantages for the two approaches are highlighted.

6.1 Evaluation of Multi-Split Heat Pump

6.1.1 Site Characteristics

The subject Site 11 is a three-person occupancy, single-story, ranch-style, three-bedroom, two-
bathroom home with 1,672 ft* of living space located in Cocoa Beach, Florida. This home, built
in 1958, has uninsulated CMU walls and a concrete slab foundation. The windows are single-
pane, clear glass, with metal frames. The shallow (2/12 pitch), gravel-covered, single-assembly
roof has a combination of insulation applications—primarily R-6 mineral wool insulation at the
roof deck. On October 7, 2015, the existing roof was replaced with a highly-reflective white
metal roof. The home has only a small semi-conditioned attic buffer space, an area
approximately 15' x 3" above the bedroom hallway, which is lined with R-13 fiberglass batts at
the roof deck. This unvented attic is cooler than typical due to the location of the insulation at the
roof deck. The airtightness test results for the houses were poor: 10.9 ACH50; however, this is
characteristic of a 1950’s house.

The existing air conditioner is a 12.0 SEER, 7.5 HSPF-rated, 3-ton heat pump. A single,
centrally-located return feeds into the interior-located fan coil. Supply air is distributed via ducts
to the bedrooms and bathrooms through the semi-conditioned attic and to the remainder of the
building inside a chase. The flex ducts are of unknown thermal value, but they are suspected to
have a thermal resistance of R-4 hrft?>-F/Btu, and they are poorly sealed (Qn,out = 0.13).

6.1.2 Measure Description

A single 3-ton compressor was tied to both a 1.5-ton wall-mounted fan coil installed in the main
living area and a 1-ton ceiling-mounted fan coil in the hallway of the home. The ceiling-mounted
unit was ducted to condition the home’s bedrooms, office, and the second bathroom. A Carrier
model set was chosen: the 38MGQF36 variable-speed condensing unit, the 40MAQB18B wall-
mount, and the 40MBQB 12D ceiling-mount. The performance rating on the system varies from a
high of 18 SEER, 10 HSPF, with non-ducted units; to 15 SEER, 9.3 HSPF, with ducted units.
The rating for the use of a combination of ducted and non-ducted units is 16.5 SEER, 9.7 HSPF.
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The system has a rated cooling capacity of 35,000 Btu/hour at an outdoor temperature of 95°F
and heating capacity of 36,000 Btu/hour at an outdoor temperature of 47°F. In this case, the
chosen indoor units’ combined capacity ratings are approximately 30,000 Btu/hour for cooling
and heating, leaving some capacity to spare. Specifications allow for a maximum of four indoor
units, so the homeowners are able to add another indoor unit ranging from 0.75—1 ton in the
future.

The installation of the multi-split heat pump began on July 1, and it was operational on July 8,
2015. Figure 8 provides the locations chosen for the wall-mounted air handling unit in the main
living area and the ducted ceiling-mounted air handling unit to service the bedrooms, office, and
second bathroom.

Figure 8. Chosen locations for the wall-mounted fan coil (left) and the ceiling-mounted
fan coil and knee wall for supply into bedroom (right)

The installation of the wall-mounted fan coil to service the main living area was straightforward.
The dining area exterior wall on the north side of the house provided an ideal location for the
system to service the kitchen, living room, and Florida room. The slight pitch of the single-
assembly gable provided the requisite space for the unit to be mounted between the top of the
window frame and the ceiling for proper airflow. Placing the fan coil on an exterior wall enables
a gravity-draining condensate line, avoiding the need for a condensate pump. The electrical panel
is only a few feet away, requiring only short runs for both the condenser electrical wiring and the
fan coil line set, as illustrated in Figure 9 and in the design sketch in Figure 10.
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Figure 9. Condenser location, nearby electrical panel, and short exterior line set runs (left);
centrally-located, wall-mounted fan coil (right)
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Figure 10. Design sketch of Site 11 multi-split heat pump retrofit
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The short refrigerant lines and electrical wiring lengths are significant because the building has
no peripheral attic space in which to pull and hide the indoor equipment service lines. Installing
the compressor nearby the electrical panel works well for the wall-mounted air handling, also in
close proximity; however, a creative solution was needed to run the service lines to the ducted
fan coil at the south end of the house.

The ceiling-mounted fan coil was installed at the far end of the hallway, as indicated in Figure 9,
to service the bedrooms, office, and second bathroom. The dropped ceiling above the hallway
provided an ideal location to house the fan coil and run very short supply ducts through the knee
walls to the adjacent bedrooms with single-assembly ceilings. A longer run was used to supply
air to the second bathroom. Ducting supply air to the master bathroom would have required the
construction of a chase given the house’s singe-assembly ceiling/roof architecture and was
dismissed on poor aesthetics and presumed expense. The central system’s fan coil is located at
the opposite (north) end of the corridor from the bedrooms. The fan coil’s condensate line was
fed into the nearby existing condensate drain; thus, no pump was required.

In preparation for the ceiling-mount installation, a junction box was fabricated from R-4.3 duct
board. Junction box penetrations with dampered collars and the supply vent boots were sealed
with mastic, as shown in Figure 11. Pictures of the attic space with the central system supply
ducts and the fan coil ceiling penetration are provided in Figure 12. The installed fabricated
junction box and fan coil with return plenum are displayed in Figure 13.

Figure 11. Dampered collars for four supply ducts attached and sealed to fabricated junction
box (left); supply register boots sealed with mastic (right)
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Figure 12. Pre-retrofit attic space used for the ceiling-mounted fan coil and supply air ducting
(left); penetration into attic to mount the air handling unit (right)

Figure 13. Fabricated junction box installed above attic hatch (left); return plenum and mini-split
fan coil installed above ceiling penetration with seams sealed (right)

The existing central system ductwork was left intact for the time being, and the new supply
register penetrations were installed adjacent to or above the existing ones. Figure 14 provides
images of the finished work, including a view of the return for the ceiling-mounted air handling
unit from the hallway and of the old and new opposable blade supply grilles from one of the
bedrooms.
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Figure 14. Ceiling-mounted fan coil return grille (left); existing and new supply registers (right)

The central system ductwork passes through a chase with recessed shelving dropped from the
central line of the ceiling along the long axis of the home. The discrete shelving provides an
aesthetically acceptable place to tuck in the line set, entering the north side of the building and
running south to the attic section above the hallway to the bedrooms. The line set run required
small holes to be cut in three interior walls. Although the original plan including building an
encasement around the line set inside the shelf, the homeowners found that the line set was well
hidden and preferred no encasement, except where the wall penetrations were made. Figure 15
shows the line set barely observable from a high vantage point as it passes inside the recessed
duct chase shelf from the north side of the house into the attic space where it is attached to the
ceiling-mounted fan coil.

Attic space
penetration

Figure 15. Line set tucked into the existing central system duct chase shelf

The total cost for the multi-split heat pump installation was approximately $8,000. Installation
costs, delineated by the various trades, involved are provide in Table 9.
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Table 9. Multi-Split Heat Pump Installation Costs

Installation Element Cost
Mechanical system and materials $2,596
Mechanical labor $4,696
Electrical materials and labor $179
Finish carpentry materials a labor: $475
System tax $156
Total multi-split installation cost $8,102

6.1.3 Multi-Split Heat Pump Installation Evaluation

To confirm air distribution of the newly installed ducted system, the Energy Conservatory
FlowBlaster was used to measure the airflow coming from the ceiling-mounted fan coil at each
supply grille. A total of 258 cubic feet per minute (CFM) at 25 Pa was measured flowing out of
the 1-ton unit, approximately 100 CFM less than expected. Duct leakage results of Qn,out = 0.14
similarly point to a less than ideal installation. Upon visual observation of the supply plenum
site, researcher staff discovered two issues with the installation:

1. The return plenum was sealed from the inside only, not from the outside, at the air
barrier.

2. Ducts were not properly attached and sealed to their supply plenum collars, which was
apparently the source of the condensation around one junction.

The contractor addressed the first issue by creating a complete air barrier with a layer of mastic
applied to the inside of the return plenum, as shown in Figure 16.

Figure 16. Air barrier applied to inside of return plenum

The second issue was addressed by removing and reattaching the supply ducts from the supply
plenum collars and at the supply boot attachment sites for the office and bathroom. The limited
work space prevented the contractor from reaching the master and second bedroom boots for
reattachment. The effort improved the installation sealing moderately—upon retesting, the
airflow from all supplies totaled 313 CFM, and Qn,out was reduced to 0.10. Results from the
initial and second FlowBlaster tests are presented in Table 10.
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Table 10. FlowBlaster Supply Grille Results

Initial FlowBlaster Final FlowBlaster

Room Results Results
(CFM @ 25 Pa) (CFM @ 25 Pa)
Master 66 115
Second bedroom 79 81
Office 88 97
Bathroom 25 20
Total 258 313

Despite this improvement to system airflow, the occupants expressed discomfort issues from the
completed system. Temperature imbalances across rooms were experienced during the height of
the cooling season, with the office becoming too cool, whereas the master bedroom was often
too warm.

Plotting data from sensors located in rooms throughout the house, researchers evaluated
temperature and RH in each of the bedrooms compared to the conditions in the main living
space. Figure 17 shows the hourly average daily temperature profile for four rooms during two
summer weeks. The dining room is shown in green is serviced by the un-ducted, 1.5-ton, wall
mounted fan coil. Temperatures for the bedrooms and office serviced by the ceiling mount are
shown in red, orange, and blue.

Site 11 Avg. Hourly Temperature Profile by Room
Aug 26 - Sept 8, 2015

—— laster Bedroom
Second Bedroom

—8— Office

= = Dining Room

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour of Day

Figure 17. Average hourly temperature profile of four interior locations: bedrooms and office
serviced by the ducted ceiling mount unit; dining room serviced by wall-mounted unit

The plot further displays that although the dining area maintains a constant temperature between
79°F-80°F throughout the day, the temperatures in the three rooms serviced by the ducted
ceiling-mounted fan coil fluctuate considerably, with as much as 2°F differences among rooms.
The homeowner reported that they frequently altered the ceiling-mounted unit’s thermostat set
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point and restricted airflow to the office (which was often too cold) in attempt to achieve comfort
in all rooms. At times, he said it gets too cold, in response to which he turns the system off.

An investigation of the RH in the rooms serviced by the ducted, ceiling-mounted unit revealed
higher and more variable RH post-retrofit. Figure 18 provides a graphic display of the change in
RH in the second bedroom; post-retrofit, the RH frequently exceeds 60%, with variability a
magnitude larger than it was pre-retrofit. Given the very high air leakage of the house, indoor RH
may have exceeded 60% more frequently pre-retrofit than is indicated in Figure 5. This is
suggested because although no pre-retrofit RH data were available during the mid- to late-
summer period, outdoor conditions are generally moister than cooling season conditions prior to
June.

Site 11 Hourly %RH In Second Bedroom
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Figure 18. Hourly RH in the second bedroom pre- and post-retrofit

After learning about the interior temperature and humidity issues, FSEC researcher staff
arranged for a site visit with Carrier technicians who identified two possible contributing
problems.

1. Sensing location issue

A. As found during the site visit, the thermostat settings for the ceiling-mounted fan
coil were set to sense temperature at the fan coil, which is located in the attic. The
air temperature in the attic is often warmer than it is in the living space. This
could prevent the system from sensing that the proper temperature was achieved,
thereby keeping the system running. The representatives identified a “follow-me”
setting that would force the system to sense temperature at the thermostat instead
of the fan coil.
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B. The homeowner, who had tried various settings to try to achieve comfort,
believed he had tried the follow-me setting, which didn’t appear to solve the
comfort issue. This pointed to the question of why the thermostat was located in
the hall. The hall is served by the wall-mounted unit rather than the ceiling-
mounted unit (i.e., the ceiling mount has no supply into the hallway). A potential
solution is to move the thermostat into the master bedroom.

2. Temperature-response lag

A. The delta between the set point and the temperature that will trigger the fan coil
system to cycle off is approximately 4°F. This could be why the homeowner was
feeling too cold and then shutting the system off, making rooms too warm after
extended downtimes. The steady rise and fall of the bedroom temperatures plotted
in Figure 16 reflect this behavior.

Scarce monitored data exists regarding the ability of multi-split systems to effectively
dehumidify homes in humid climates.’ The room temperature and RH specifically examined
before and after the duct repair indicated that this was not the likely source of the performance
issue.

Although the additional run time of an inverter-driven system may be able to provide enhanced
latent removal, it is further restricted in the multi-split case by the maximum turndown ratio—the
width of the operational range, defined as the ratio from maximum to minimum capacity. For
example, a 3-ton single-unit can typically provide approximately 1 ton (33%) of the maximum
outdoor compressor capacity, whereas a multiunit design consisting of a 2-ton and a 1-ton unit is
capable of turning down to 4,000 Btu/hour (33% of the smallest unit). This renders a multi-split
system with a single outdoor unit less capable of operating during low-sensible-load conditions
compared to if zoning were accomplished by two independent mini-split systems delivering the
same total capacity. This is a known issue that the industry is working to solve.

Although these points may be related to the comfort issues at Site 11, RH appeared to be a
problem only in the rooms serviced by the ceiling mount, not the main living area. (See Table 9
for the post-retrofit change in the main living area RH.) This again points to a specific limitation
in the multi-split arrangement where the sizing of the single outdoor compressor may be critical
to the potential degree of control at low cooling loads.

Finally, proper system layout—including control location—and homeowner operation appear to
be challenges of the multi split heat pump design.

6.1.4 Multi-Split Heat Pump Annual Savings Evaluation

Graphical displays of the average daily space-cooling energy, interior and exterior temperature,
and interior RH spanning pre- and post-retrofit periods are provided in Figure 19. The central
system (central system in red) operated until July 10, 2015, and the multi-split system (green)
was operational on July 8, 2015. Contractor work began on July 1 and was essentially completed
on July 10. Exterior temperature is in orange, interior temperature is in blue, and RH is in purple.
Note that the RH in this plot was taken from the main living area sensor.

9 http://www.pnnl.gov/main/publications/external/technical reports/PNNL-23017.pdf
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Figure 19. Daily average HVAC energy, indoor and outdoor conditions from May 1, 2015, through
August 31, 2015, for Site 11

The sharp decline in HVAC energy use is obvious, whereas the interior temperature appears
slightly elevated post-retrofit. There is large variation in RH during both periods. A partial
reason may be that the owners have two dogs for which they often leave a sliding glass door
slightly ajar for periods during the day. The short run time of the central system on August 4
(post mechanical system switch) was explained by the owner as a temporary loss of the multi-
split remote control. The humidity spike coincident with the precipitous drop in multi-split
operation preceding this post-retrofit central system event is evidence of a comfort issue that
triggered the owner to run the still-available central system.

Because the homeowners had installed a highly reflective white metal roof a few months after
the multi-split, a limited evaluation period was necessary to avoid this confounding retrofit
measure. The pre-retrofit period was also bound to exclude data after the installation of a smart
thermostat. With the reduced evaluation period, pre- and post-weather conditions were closely
matched. Each period consisted of approximately three months of data. The space-cooling
evaluation period is from June 16, 2014, through September 4, 2014, ending prior to the
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installation of the Nest thermostat (studied in a later section), because this thermostat is not used
to control the multi-split heat pump. The post-retrofit evaluation period spans June 11, 2015
(after the multi-split heat pump installation was complete) through October 7, 2015, just prior to
the white metal roof installation. The ambient conditions were similar between periods—the
average exterior temperature was slightly cooler post-retrofit (80.5°F pre- compared to 79.9°F
post-retrofit), and the average dew point was slightly higher post-retrofit (73.1°F pre- compared
to 73.7°F post-retrofit).

The pre-retrofit space-heating period similarly avoids the period after the Nest was installed;
however, the post-retrofit period falls after the metal roof installation—an unavoidable
confounding measure for the space-heating evaluation. Although the new roof’s impact on
heating energy savings is likely small, the more highly reflective roof may be negatively
impacting the savings projection. Table 11 is a summary of the interior conditions and predicted
cooling and heating energy savings using the evaluation method described in Section 4.

Table 11. Multi-Split Heat Pump Space-Conditioning Energy Savings

Pre- Post- Savings Savings Bal. Tint Tint RH RH

(kwh/ (kwh/  (kWh/ (%) T pre- post- AT pre- post- ARH

year)  year) year) (°F)  (°F) (°F) (%) (%)
Cooling 6,010 3,759 2,250 37.4% 67 80.4 80.9 0.5 51.2 48.8 (2.4)
Heating 459 46 (5) -1.0% 67 72.8 76.9 4.1 n/a n/a n/a
gg:"ﬂlned 6,469 4,224 2245  34.7%

The space-cooling energy savings prediction is 37.4%, 2,250 kWh/year, or 7.8 kWh/day;
whereas the home is being kept slightly warmer post-retrofit, with the main living area interior
temperature averaging 0.5°F higher than pre-retrofit. Meanwhile, the average indoor RH in the
main living area is 2.4% lower post-retrofit than it was pre-retrofit, although it is important not to
dismiss the increased RH in the rooms served by the ceiling-mounted fan coil previously
discussed.

Space-heating energy savings were slightly negative (1% or 5 kWh/year), although it is
noteworthy that the retired central system was also a heat pump, so less savings are expected
than if it had been resistance heating. However, occupant take-back looks to have been a
factor—it is significant that the post-retrofit main living area interior temperature is
approximately 4°F warmer than during the pre-retrofit period, so we see some much greater
sensible heating demand post-retrofit. Changes in RH are not applicable because space heating
does not control the latent load. Regressions from the analysis of the ducted mini-split
installations are provided in Appendix C.

The projected space-conditioning energy savings from the multi-split heat pump are impressive:
34.7% or 2,245 kWh/year. However, with the total cost of $8,100, the economics of this measure
would make sense only if it is performed at the existing system’s end of life. Moreover, the
identified comfort issues arising from this design need to be resolved before broad
recommendation in the hot-humid climate.
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A multiple-compressor design (two smaller compressors) may perhaps solve the comfort issues,
but this would carry a greater cost. Although the industry may be working toward improved
latent control for a system design such as that at Site 11, this single case study presented some
issues. In the meantime, homeowners and contactors need to work together to understand the
best designs and how these systems interact.

6.1.5 Multi-Split Heat Pump Peak Reduction

In an investigation of the multi-split heat pump impact on system peak summer day, HVAC
power demand at the peak hour in 2014 was compared to that of 2015; however, a surrogate
summertime peak was necessary because the installation was completed after the 2015 system
peak day: June 22. The slightly milder day of August 20 was used instead. It must be emphasized
that this is a single site, so the comparison is limited—i.e., this is a single case study.

Figure 20 compares the HVAC demand during the summer peak of July 28, 2014, (pre-retrofit)
to the surrogate peak day on August 20, 2015, (post-retrofit), which shows an energy use
reduction of 0.24 kWh or 11%.!° More impressive is the HVAC energy use reduction for the day
of 49%: 37.2 kWh pre-retrofit and 19.0 kWh post-retrofit. Evaluating the impact of the multi-
split heat pump on system peak winter day was not yet possible as of the writing of this report.

Site 11 Multi-Split Heat Pump Performance on Peak Summer Days:
July 28, 2014 (Before Installation)
August 20, 2015 (After Installation)*
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Figure 20. Comparative analysis between pre- and post-retrofit demand on FPL’s system peak
summer day of 2014 and surrogate peak summer day in 2015

19 Demand reduction is 0.46 kW or 21% between the typical peak hour of 4 p.m. and 5 p.m.
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6.2 Evaluation of Ducted Mini-Split Heat Pump

6.2.1 Site Characteristics

The subject Site 61 for the ducted MSHP is a two-person occupancy, single-story, ranch-style,
three-bedroom, one-bathroom home with 875 ft? of living space located in Cocoa Beach, Florida.
This home was built in 1955 and has uninsulated CMU and a concrete slab foundation. The
windows are double-pane, clear glass with metal frames, and the interior walls are a combination
of drywall and plaster. The shallow-pitched (2/12 pitch) asphalt single roof has no insulation at
all.

The airtightness test results were poor: 12.0 ACHS50, though not surprising for a home of this
vintage. The existing air conditioner is rated at 13.5 SEER, and it is a 2.5-ton system with
electric resistance heat. A single, centrally-located return feeds into the interior-located fan coil.
Supply air is distributed through the vented attic in insulated rigid ducts of likely R-4.2 value and
with poor airtightness (Qn,out = 0.14).

6.2.2 Measure Description

A single 20.0 SEER, 11.5 HSPF, 1-ton, ceiling-mounted MSHP was installed in the hallway of the
subject home, with short duct runs below the ceiling plane distributing conditioned air to the main
rooms of the home. A Fujitsu model set was chosen: the ARU12RLF fan coil fan coil unit and
matching AOU12RLFC, variable-speed condensing unit. The system has a cooling capacity of
12,000 Btu/hour at an outdoor temperature of 95°F and a heating capacity of 13,500 Btu/hour at an
outdoor temperature of 47°F.

The installation of the ducted MSHP began June 18, 2015, and spanned three weeks, including
finish carpentry work. Figure 21 displays the intended location for the new MSHP ductwork and fan
coil in the home’s centrally-located hallway. All three bedroom doors are accessible from the
approximately 12-foot long hallway.

Figure 21. Ducted MSHP installation site. The arrow indicates the new fan coil location.
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A short corridor leading to the bathroom from the hallway had a door between it and the main
hallway. The owners preferred to open this corridor area to the main hallway in favor of having the
fan coil installed inside the bathroom corridor, under the ceiling, for simpler, single-direction supply
airflow design. The alternative fan coil location was the main hallway, which would require ceiling
penetrations into the attic to reverse airflow to supply each of the main rooms. Moreover,
subsequent to the bidding process the contractor acknowledged that the main hall mounted design
would have been exceptionally difficult to complete given the very limited attic space. The fan coil
was installed under the ceiling of the bathroom corridor, adjacent the existing fan coil. Figure 22
provides pictures of the installed ceiling-mounted fan coil.

Figure 22. Looking up at installed fan coil unit unframed (left) and framed (right)

Supply air is distributed to all three bedrooms, the living groom, and the kitchen, with each room
designed to receive between approximately 50—100 CFM. Figure 23 is a sketch for cooling
design conditions of 96°F dry bulb, 78°F wet bulb. The ducts were fabricated from R-8 duct
board and then installed in place with braces to the ceiling. Wall penetrations were required for
four of the five supply vents. Penetrations were made through the plaster wall above each
bedroom door frame and in the wall adjacent the kitchen. The ducts and wall penetrations were
sealed with mastic. The ductwork fabrication is presented in Figure 24. Figure 25 is a view of the
supply duct from both sides of one bedroom.
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Figure 24. Construction of living room and kitchen supply air duct (left); fabricated ducts installed
and sealed with mastic (right)

Figure 25. Bedroom view showing both the MSHP and the original central system supply grilles
(left); sealed wall penetrations (right)

The original mechanical design included a flex duct running into the small 5' x 7'4" bathroom,;
however, it would have required the owners to forfeit some of the home’s limited closet space,
and they preferred to exclude bathroom supply air from the design. Although the contractor
encouraged the owners accept the original bathroom-ducted design, the owners believe their
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habit of leaving the bathroom door typically open will prevent any bathroom comfort or air
quality issue.

The original design involved a finished dropped ceiling to hide the air distribution system;
however, once the ducts were put into place, the homeowners liked the look of the exposed ducts
and also believe the exposed ducts have a more open feeling than the dropped ceiling would
have. The final elements to the ducted MSHP installation included insulating and sealing the air
handling unit and framing, texturing, and painting the duct runs. Figure 26 provides images of
the completed ducted MSHP installation.

Figure 26. Finished ducted MSHP installation: ductwork (left and upper right) and
fan coil (lower right)

The total cost of the ducted MSHP installation was $9,100. Table 12 provides a limited
breakdown of costs.
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Table 12. Ducted MSPH Installation Cost

Installation Element Cost
Mechanical system and materials $3,228
Mechanical labor $3,472
Electrical labor and materials $750
Finish carpentry $1,450
System tax $194
Total installation $9,094

6.2.3 Ducted Mini-Split Heat Pump Installation Evaluation

The contractor used a flow hood to measure the return and supply airflow of the new system.
Results were a total supply airflow of 311 CFM and return of 337 CFM at 25 Pa pressure, as
presented in Table 13.

Table 13. Flow Hood Supply and Return Airflow Results

Flow Hood
Room Results
(CFM @ 25Pa)

Master 81
Second

bedroom 70
Office 30
Kitchen 37
Living room 93
Supply total 311
Return 337

The ducted mini-spit design significantly improved latent control and provided large energy
savings. Much of this improvement was likely due to the abandonment of leaky attic ducts and
use of an interior duct system. Figure 27 plots the RH for all rooms and exterior dew point before
and after the retrofit. Though RH remains variable during pre- and post-retrofit, we see that the
RH in all rooms is sharply reduced. In fact, the average RH for all rooms during this snapshot
was 55% pre-retrofit and 45% post-retrofit, whereas the exterior dew point rose between these
same periods.
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Figure 27. Pre- and post-retrofit room-by-room RH

More importantly, follow-up conversations with the homeowner indicated that they are very
pleased with the new system.

All summer we were able to keep the thermostat set at 78°F—80°F degrees and felt
very cool and comfortable in the house. We used to feel like we had to crank
down the thermostat to 76°F or 74°F to refrain from sweating or running around
in bare minimum clothes in the house! I believe we are able to keep the
thermostat set higher and still feel comfortable due to the mini-split’s ability to
greatly reduce the amount of humidity in our home. This is a big bonus for us
[because] we have always felt like we were battling mold or mildew issues in the
rooms and closets due to moisture issues. With the mini-split cooling system, we
feel cooler and no longer have the humid smell in the house during the summer.
Our wooden cabinets and doors even close more easily [because] they are no
longer swollen with moisture during the hot months! We also really appreciate the
efficiency of the new unit...energy bills seem to consistently stay lower all
summer long.

6.2.4 Ducted Mini-Split Heat Pump Annual Savings Evaluation

Figure 28 graphically displays the daily average space-cooling energy, interior and exterior
temperature, and interior RH. The operational status of each system (central system in red;
ducted MSHP in green) was switched on June 26, 2015; however, contractor work spanned June
18—July. Exterior temperature is in orange, interior temperature in blue, and RH in purple.
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Figure 28. Daily average HVAC energy, indoor and outdoor conditions from
June 1, 2015, through August 31, 2015, for Site 61

Within the graph, post-retrofit space-cooling energy savings are obvious, as is a reduction in
interior RH. Table 14 is a summary of the pre- and post-retrofit conditions and space-cooling
energy use savings of the ducted MSHP using the evaluation method described in Section 4.

The space-conditioning evaluation period is from July 16, 2014, through January 21, 2016. The
post-retrofit space-heating period unavoidably includes a confounding measure: R-value of 30
hr-ft>-°F fiberglass insulation was blown into the attic on January 6, 2016. (The shallow attic did
not likely accommodate R-30 in much of the area.)
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Table 14. Ducted MSHP Space-Conditioning Energy Savings

Pre- Post- Savings Savings Bal. Tint Tint RH RH

(kwh/ (kWwh/  (kWh/ (%) pre- post- AT pre- post- ARH

year)  year) year) () (°F) (°F) (%) (%)
Cooling 3,248 2,300 948 29.2% 70 79.1 78.2 (09) 624 57.1 (5.3)
Heating 791 190 601 76.0% 70 72.0 73.1 1.1 n/a n/a n/a
ggﬁ;‘l"e‘j 4038 2490 1548  38.3%

The space-cooling energy savings prediction is 29.2%, 948 kWh/year, or 3.5 kWh/day; on
average the home was approximately 1°F cooler, and RH was 5.3% lower post-retrofit compared
to the pre-retrofit conditions. Although the post-retrofit average exterior temperature was
similar between evaluation periods (77.9°F pre- compared to 78.3°F post-retrofit), the
reduced post-retrofit RH is not an artifact of dryer post-retrofit ambient conditions. In fact,
the post-retrofit period was moister, with an average dew point 1.6°F higher (69.5°F pre-
compared to 71.1°F post-retrofit). Greater savings would have been achieved without this
apparent take-back behavior; however, it is clear from the homeowners’ comments that the
existing central system was unable to satisfy comfort needs.

Space-heating energy savings is large, which is as expected given that the pre-retrofit heating
was electric resistance. The heating savings of 76.0%, 601 kWh/year, or 6.7 kWh/day also
includes some behavioral take-back because the occupants preferred a warmer post-retrofit
period by approximately 1°F; however, a portion of the post-retrofit heating evaluation period
includes the attic insulation measure, which most certainly contributes to some of these large
savings. Changes in RH are not applicable to the winter period because space heating does not
remove interior moisture.

Unlike the supplemental mini-split and multi-split evaluations, zoning is not an option with the
ducted mini-split design. That occupants cannot maintain different heating and cooling
conditions in different rooms of the home is an argument to use Delta T to project energy
savings; however, the tack-back in interior temperature—for both cooling and heating—and
related reduction in cooling season RH are real. Delta T would increase projected energy savings
compared to a substandard system that could not accommodate the occupant’s needs; thus,
space-conditioning energy savings for this measure were projected using ambient temperature
alone, knowing these savings are a conservative estimate without take-back. Regressions from
the analysis of the ducted mini-split installations are provided in Appendix C.

The projected space-conditioning energy savings from the ducted MSHP is impressive: 8.3% or
1,548 kWh/year. Although space-heating savings are inflated due to confounding measures, we
also see take-back during both the heating and cooling seasons. However, with the total cost of
$9,100, the economics of this measure make sense only if it is performed at the existing system’s
end of life. Assuming incremental costs over a new central system are approximately $3,000, the
savings combined with the markedly improved interior conditions make the ducted MSHP an
attractive option for complete space-conditioning needs in the hot-humid climate. All things
equal, this appears a superior option to the multi-split strategy—at least until the latent removal
issues of that technology are addressed.
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6.2.5 Ducted Mini-Split Heat Pump Peak Reduction

In an investigation of the ducted MSHP’s impact on the system’s peak summer day, HVAC
power demand at the peak hour in 2014 was compared to that of 2015. However, a second
highest summertime peak was necessary because the installation was completed after the 2015
system peak day, June 22. The slightly milder day of August 20 was used instead.

Figure 29 compares the HVAC demand during the summer peak of July 28, 2014, (pre-retrofit)
to the surrogate peak day on August 20, 2015 (post-retrofit), which shows an energy demand
reduction of 0.70 kWh or 41%.!! The HVAC energy use reduction for the day was also
impressive at 36%: 22.4 kWh pre-retrofit and 14.2 kWh post-retrofit. The impact of the multi-
split heat pump on system peak winter day is not possible because of confounding measures
during the post-retrofit period. Note that this peak load comparison, as with the multi-split site, is
a single case study, and many more installations would need to be available to establish any kind
of statistical meaning.

Single Ducted MSHP Performance on Peak Summer Days:
July 28, 2014 (Before MSHP) vs. August 20, 2015 (After MSHP)*
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Figure 29. Comparative analysis between pre- and post-retrofit demand on FPL’s system peak
summer day of 2014 and surrogate peak summer day in 2015

6.3 Lessons Learned from the Complete System Replacements with Inverter-
Driven Heat Pumps

The evaluation conducted within the PDR project of two sites with differing approaches

compares the performance of the standard unitary system to that of the mini- and multi-splits in

homes with long track records with the standard systems. One system was a multi-split system

with a single outdoor compressor and two indoor heads. The other system was also a single

outdoor unit, but it had a single indoor fan coil, which was then ducted to multiple zones.

! Demand reduction is 0.86 kW or 50% between the typical peak hour of 4 p.m. to 5 p.m.
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Both systems showed impressive cooling energy savings compared to unitary air conditioners of
30% or more (the specific saving are influence by post-retrofit temperature take-back as well as
the characteristics of the existing unitary system). However, the multi-split system showed
problems with controlling indoor humidity and also providing zone temperature control
compared to the ducted single indoor head. These problems could be only partially addressed.
On the other hand, the ducted mini-split approach showed significantly lower achieved indoor
RH, which seems to be a large potential advantage in many instances.

In interpreting these results, however, it is important to keep in mind that these are for a limited
number of mini-split and a single multi-split systems, and there are known differences in the
ways in which manufacturers control systems via proprietary software. These differences point
to both the limitations of our case studies as well as the need for further research to more
confidently recommend these as fully reliable substitutions for central unitary systems.

Both retrofits were relatively expensive, but the multi-split approach would be competitive with
replacing a conventional unitary AC system when the standard system needs replacement as a
matter of course. In fairness, to consider the ducted mini-split approach, it must be noted that in a
standard full-sized house, two to three ducted mini-splits would be needed, depending on room
layout, to achieve the same impressive results seen at Site 61. If two such systems could be used
to substitute for a unitary system, there would still be a cost premium given current system
pricing. Still, the potential to provide both energy savings with superior interior RH control for
the ducted MS system concept could be a large factor in their potential attractiveness.

The average annual savings for the ducted mini-split designs were 2,397 kWh or 37%. As
expected, these inverter-driven, full-system replacements (with a SEER 16.5 multi-split and a
SEER 20 single mini-split) were greater than those for the supplemental MSHPs (with a SEER
25.5), even though they have lower SEERs. Although the SEERs may indicate that the
supplemental units are more efficient, the supplemental units are operating only part of the time.
The standard ducted system is often operating more of the time with the supplemental strategy,
and the duct losses and the inefficiencies in the standard systems remain with the supplemental
scheme. Even so, the savings are still quite high for the supplemental mini-split strategy, at 34%;
these savings are nearly as high as they would be if the main heat pump were replaced with a
state-of-the-art, high-efficiency, ducted unit. The SEER 16.5 multi-split achieves higher savings
because it takes over all of the responsibility for cooling and heating the home, and it has much
lower duct losses in contrast to the main system in the supplemental mini-split segment. Further,
the multi-split has no resistance auxiliary heat, unlike several of the supplemental MSHP sites.
These results suggest:

e Supplemental MSHPs are capable of reducing space-conditioning needs by 34% in
Florida homes when added to supplement the main HVAC system.

e Ducted MSHPs are capable of reducing space-conditioning needs by nearly 40% in
Florida homes when used to eliminate the main ducted HVAC system, although more
research and field-testing is needed.
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7 Evaluation of Ducted and Space-Coupled Heat Pump Water
Heaters

7.1 Site Characteristics and Space-Coupled Heat Pump Water Heater Measure
As a by-product of their operation, HPWHs create a quantity of cooled and dehumidified air
from inlet to the outlet compressor section of the unit. The effect on space-conditioning and
water-heating energy of coupling an HPWH to the conditioned living space is of particular
interest in a cooling-dominated climate such as Florida’s. This was investigated in eight homes
in the PDR project. Site characteristics for these homes are provided in Table 15.

Table 15. HPWH Retrofit Site Characteristics

i::,e City ;‘::I: I::\‘:‘:‘ag Air:;:::ess S::R Heating Lezr(:tge
’ (ft?) (ACH50) (Qn,out)
1 Merritt Island 1961 2,028 13.7 13.0 Heat pump 0.04
Rockledge 2006 2,328 5.6 13.0 Heat pump 0.10
9 Melbourne 1984 1,013 12.9 <13 Resistance 0.11
13 Merritt Island 1963 1,052 16.4 15.5 Heat pump 0.10
26 Palm Bay 1999 1,502 4.7 17.0 Heat pump 0.04
50 Melbourne 1958 2,168 5.5 17.0 Resistance 0.03
51 Cocoa 1994 2,233 8.3 16.0 Heat pump 0.06
56 Merritt Island 1963 1,000 13.5 10.0 Resistance 0.16

Three different HPWHs were evaluated: the General Electric (GE) 50-gallon GeoSpring, Air
Generate 66-gallon model ATI66DV, and A.O. Smith Voltex model PHPT-60. The FSEC has
previously reported on the performance of these units in a laboratory setting at its Hot Water
Systems Laboratory (Colon and Parker 2013; Colon forthcoming).

Three homes received a GeoSpring unit as a replacement for an electric resistance tank; two
were the newer model GEHS0DFEJSR, and one was the original model GEHS0DNSRSA. The
GE units were located in interior utility rooms in each home. Three additional homes each
received an Air Generate unit as a replacement for an electric resistance tank. This unit comes
equipped for ducting air to and from the unit, and each unit was installed in an attached garage.

Two homes had previously received a Voltex as a replacement for an electric resistance tank
during an earlier phase of this research (see Phased-Retrofits in Existing Homes in Florida Phase
I: Shallow and Deep Retrofits by Parker et al. [2016]). These two units, each located in attached
garages, were modified with A.O. Smith’s available ducting kit for the Voltex. The Voltex and
Air Generate units were then ducted such that air used for heat pump operation was pulled from
and returned to the conditioned living environment. A combination of insulated metal and flex
duct was used for ducting, and air was pulled from and supplied to the same general location in
each home. Figure 30 shows examples of water heater installations in the project.
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Figure 30. HPWH configurations: interior GE unit in utility room at Site 13 (left); ducted Air
Generate unit at Site 5 (center); ducted A.O. Smith unit at Site 26 (right)

The Energy Conservatory Flow Blaster duct blaster attachment was used to measure the airflow
entering the conditioned space for all ducted units. Airflow for the GE units was not measured
because there is no ducting option. Ducted airflow was in the range of 113—130 CFM for three of
the five ducted units. One unit had very low airflow (31 CFM) due to a long duct run. One unit
had higher airflow (225 CFM) due to a very short duct run. Table 16 provides an installation and
commissioning summary with these data.

Table 16. Space-Coupled HPWH Installation and Commissioning Summary

Site No. Model Ducted Airflow (CFM) Location Receiving HPWH Air

1 GE n/a Utility room

5 Air Generate 130 Dining room

9 Air Generate 113 Office

13 GE n/a Utility room

26 A.O. Smith 115 Bedroom

50 Air Generate 225 Dining room

51 A.O. Smith 31 Kitchen

56 GE n/a Utility room

7.2 Space-Coupled Heat Pump Water Heater Evaluation

All the HPWHSs were installed and/or ducted between July and October 2014. For most sites,
data for the period from July 2013—July 2015 were analyzed. For sites 1, 13, and 51, the pre-
retrofit period was censured to shorter periods due to other HVAC installation measures
potentially confounding data, and heating analysis was prevented due to lack of pre-retrofit
heating data.
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The statistical evaluation method is generally described in Section 4. To evaluate the impact of
coupled HPWH on space-cooling energy, Delta T was used in the regressions because it
normalized differences in average indoor temperature between pre- and post-retrofit periods,
which exceeded 1°F in some houses. This seemed more appropriate because operation of the
ducted HPWH tended to alter the interior temperature profile. Also, rather than evaluating
performance at 80°F and 50°F, energy use and savings are evaluated seasonally, using data from
the entire pre- and post-retrofit periods evaluated each day to determine a weighted average daily
heating and cooling energy use. Cooling results are provided in Table 17. Regression formulas
for the analysis of the space-coupled HPWH s are provided in Appendix D.

Table 17. Cooling Analysis Results for Conditioned Space-Coupled HPWH Retrofits

HPWH Cooling Cooling Cooling Cooling
. No. of . Energy R .
Site No. Occupants Coupling Post. Energy Pre-  Energy Post- Savings Savings
(KWh/day) (kwh/day) (kwh/day) (kWh/day) (%)
1 4 Interior 2.07 16.26 14.50 1.76 10.8
5 2 Ducted 2.69 44.68 42.99 1.69 3.8
9 2 Ducted 3.20 11.54 10.01 1.53 13.2
13 2 Interior 2.64 6.81 6.08 0.73 10.7
26 5 Ducted 3.53 11.48 10.07 1.41 12.3
50 4 Ducted 2.65 18.50 17.78 0.72 3.9
51 2 Ducted 1.25 14.99 14.16 0.83 5.6
56 3 Interior 3.09 18.86 18.71 0.15 2.7
Average 3 n/a 2.64 17.89 16.79 1.10 7.9
Median 2.5 n/a 2.67 15.63 14.33 1.12 8.2

The median estimated space-cooling energy savings from the ducted HPWH are 1.41 kWh/day
and 412 kWh/year. Median space-cooling energy savings among all sites are 1.12 kWh/day and
313 kWh/year and are similar to those found in a recent side-by-side laboratory study at FSEC’s
Flexible Research Test Facility (Colon, Martin, and Parker forthcoming). The laboratory study
found typical daily cooling energy savings in the summer of 2014 to be approximately 0.86
kWh/day or 3.8% with an average HPWH energy use of 1.88 kWh/day and average cooling
energy of 22 kWh/day.

Figure 31 shows the regression for Site 9, clearly demonstrating reductions in space-cooling
energy after coupling the HPWH to the conditioned space. Similar to Site 9, sites 1, 13, and 26
also exhibit relatively parallel regression lines indicating cooling savings across a wide range of
daily average outdoor temperatures. Each of these sites also exhibits the largest percentage
reductions in cooling energy use. Figure 32 shows the post-retrofit composite average day’s
water-heating power for these sites. Notably, sites 9, 13, and 26 display both a morning and an
evening hot water energy use peak (bimodal), with the evening peak dominating for sites 13 and
26. Site 1 peaks in the middle of the day, with some evening operation. It is possible that this
late-day HPWH operation is providing cooling because the house is recovering from load
imposed during the hottest part of the day (summer peak demand), when it is needed most.
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Figure 32. Post-retrofit composite average day’s water-heating power for sites 1, 9, 13, and 26

Sites 5, 50, 51, and 56 show lower cooling savings. Regression lines for these sites show savings
at low Delta T, but they converge at Delta Ts between 2°— 4°F. Figure 33 shows an example
regression for Site 5. Figure 34 shows the post-retrofit composite average day’s water-heating
power for sites 5, 50, 51, and 56.
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Figure 34. Post-retrofit composite average day’s water-heating power for sites 5, 50, 51, and 56

Notably, sites 5, 50, and 51 exhibit peak HPWH run time in the early morning hours, with little
daytime and evening operation. It is likely that during the early morning, when outdoor
temperatures are cooler and less demand is placed on the cooling system, the extra cooling
provided by a coupled HPWH is less beneficial. This is because the space temperature is further
depressed below the thermostat set point but without immediate energy savings. Although Site
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56 has a regression and cooling savings similar to the other homes in this group, it exhibits an
HPWH run time similar to the previous group, with a similar daily profile that includes an
evening peak.

Heating regressions were conducted using outdoor temperature rather than Delta T, and results
are provided in Table18. The need for heating in Florida is variable and sporadic, and changing
occupant preferences and tolerances result in variable indoor temperature, as opposed to the
relatively consistent thermostat set point used during the cooling season.

Table 18. Heating Analysis Results for Conditioned Space-Coupled HPWH Retrofits

HPWH Heating Heating Heating Heating
. No. of . . .
Site No. Occupants Coupling  Energy Post-  Energy Pre- Energy Post- Savings Savings
(kwh/day) (kWh/day) (kwh/day) (kwh/day) (%)
1 Insufficient data
5 2 Ducted 2.69 6.06 16.56 -10.51 -173.4
9 2 Ducted 3.20 4.85 9.16 -4.31 -88.8
13 Insufficient data
26 5 Ducted 3.53 3.71 4.03 -0.33 -8.9
50 4 Ducted 2.65 14.83 12.85 1.98 13.4
51 Insufficient data
56 3 Interior 3.09 14.42 15.18 -0.76 -5.3
Average 3.2 n/a 2.64 8.77 11.56 -2.89 -24.1
Median 3 n/a 3.09 6.06 12.85 -0.76 -8.9

As expected, coupling the HPWH to the conditioned space increases the heating energy. Median
heating savings are approximately negative 0.76 kWh/day among all sites as well as among those
that are ducted only; therefore, considering cooling and heating impacts collectively, the net
annual space-conditioning savings among the ducted sites is 332 kWh or 8%. The net annual
space-conditioning savings among all sites is approximately 234 kWh or 5%. This general result
matches those found in unoccupied lab homes (Colon, Martin, and Parker forthcoming);
however, the increase in heating energy resulting from coupling the HPWH, with a median of
0.76 kWh/day (8.9%) or 79 kWh/year, is greater than the 0.42 kWh/day (5.9%) increase found in
lab home studies, with a magnitude of increases in heating energy predicted by the model for
sites 5 and 9. Figure 35 shows the regression for Site 5, which has a heat pump. The trend looks
similar to the regression for Site 9, which has strip heat. It is clear that there is more heating in
the post period, but it is likely that other variables in addition to the HPWH contribute to this
trend. The occurrence of some days with relatively low heating energy at average daily outdoor
temperatures lower than 55°F is unexplained.
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Figure 36 shows the regression for Site 56. Site 56 has strip heat, and the trend looks similar to

Figure 35. Heating regression for Site 5

Site 26, which has a heat pump, and it is indicative of more consistent heating behavior.
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Figure 36. Heating regression for Site 56
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In any event, it is clear from these results as well as past research that coupling an HPWH to the
conditioned space has a negative effect on heating. One way to counter this effect for a ducted
HPWH is to install a damper system in the ductwork allowing cold HPWH exhaust air to be
diverted from the conditioned space. Many of the ducted installations described in this report
were installed with such a damper system, allowing the homeowner to take action if the cold
exhaust air became a comfort problem (Figure 37), but findings indicate that none of the
homeowners used the system. It is important to note that without a corresponding damper on the
HPWH intake allowing air to be drawn from outside of the conditioned space—such as that used
in Colon, Martin, and Parker (forthcoming)—some amount of space depressurization could
occur during HPWH operation. The impact of that space depressurization and possible increase
in infiltration on space-conditioning energy is not known.

Figure 37. Y-type ducting arrangement at Site 5 allowing cold exhaust air to be diverted from the
conditioned living environment

The effect of HPWH retrofits on domestic hot water (DHW) energy use was also investigated,
again using data for the period from July 2013—July 2015, inclusive of both heating and cooling
seasons. As shown in Table 19, the six sites receiving coupled HPWH as replacements to electric
resistance tanks had a median savings of 53.3% in DHW energy.

Table 19. HPWH Electrical Energy Savings

DHW Energy DHW Energy

Site No. of DHW Savings  DHW Savings

Case No. Occupants (kV\:,hri day) (kVCE;:Iay) (kWh/day) (%)

Electric resistance 1 4 3.57 2.07 1.50 42.1
replaced with space- 5 2 6.96 2.69 4.27 61.3
coupled HPWH 9 2 6.99 3.20 3.79 54.3
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DHW Energy DHW Energy

Site No. of DHW Savings = DHW Savings

Case No. Occupants Pre- Post- (kWh/day) (%)
(kWh/day) (kWh/day)

13 2 6.20 2.64 3.56 57.4
50 4 5.53 2.65 2.88 52.2
56 3 5.89 3.09 2.80 47.6
Average 2.8 5.86 2.72 3.14 53.6
Median 25 6.05 2.67 3.22 53.3
Existing HPWH 26 5 2.90 3.53 -0.63 -21.7
Ducted 51 2 1.12 1.25 -0.13 -11.7
Average 3.5 2.01 2.39 -0.38 -15.9

As expected, the two sites that had HPWHs for more than 1 year prior to having them ducted
showed slight increases in DHW energy use after the HPWHs were coupled to the conditioned
space (0.38 kWh/day). This study estimates that the coupling reduced potential DHW energy
savings from a garage-located HPWH by 10.6% (0.38/3.60 kWh/day, where 3.60 = 3.22
kWh/day saving for electric resistance replacements + 0.38 kWh/day loss for existing ducting).
This negative water-heating savings of 139 kWh/year reduces the annual savings for space-
coupling HPWH (234 kWh) to 95 kWh or 2%.

Although the lab home results presented in Colon, Martin, and Parker (forthcoming) found a
negligible change in COP when using air from the conditioned space as a heat source instead of
using air from the garage, Colon (forthcoming) found a higher COP when testing unducted
versions of the A.O. Smith unit in a garage environment. In Florida, using garage air as a heat
source is beneficial for HPWH water-heating operation because garage temperatures are high for
much of the year. Changing to a room temperature heat source can be expected to impact water-
heating efficiency. Analysis of the seven Phase I sites at which the HPWHs were not ducted was
conducted to act as a control group for this measure. Although the results varied among sites,
ranging from a 13% reduction in DHW heating energy to a 26% increase, an average of a 6.5%
increase in DHW energy for this control group is less than the 16% found for the ducted sites;
therefore, DHW energy savings when replacing an electric resistance tank with an HPWH is
expected to be greater if the unit is coupled to the garage rather than the conditioned space. In
Phase I of this research (see Phased-Retrofits in Existing Homes in Florida Phase I: Shallow and
Deep Retrofits by Parker et al. [2016]), DHW energy savings from replacing an electric
resistance water heater with an uncoupled HPWH was found to average 68.5% (5.27 kWh/day).
Phase I percent savings for uncoupled HPWH matches well with the Phase II results if the 15.9%
savings loss from coupling is added to the observed 53.3% savings for the coupled units (53.3%
+ 15.9% = 69.2%). Absolute savings from uncoupled units in Phase I (5.27 kWh/day) are greater
than what can be extracted from Phase II (3.22 kWh/day newly installed HPWH + negative 0.38
kWh/day existing HPWH = 3.60 kWh/day) because Phase I targeted households with the highest
DHW energy consumption and had a mix of 60- and 80-gallon HPWH retrofits. Phase Il homes
used less DHW on average, and retrofits included only 60-gallon HPWHs.

The cost to install the ducting to couple the HPWH to the conditioned space, inclusive of
materials and labor, was $620. Although details of each installation varied, the contractor
charged a flat rate for each job. In hindsight, the contractor felt they underbid the jobs, and they
are likely to charge more in the future. Median annual cooling savings for the ducted sites was
$49/year, assuming $0.12/kWh, yielding a simple payback of 12.6 years. A median heating
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energy penalty of $16 cut these savings by one-third, yielding a simple payback of 18.4 years,
nearly the ducting’s 20-year expected life span. Therefore, due to the cost of ducting, it is not
cost-effective to couple an HPWH installed in a garage to the conditioned space. However, there
is a small benefit to installing an HPWH in a location inside the conditioned space instead of a
garage location. One could expect a small (~$17/year) penalty on water-heating energy savings
due to the relatively cooler indoor air versus garage air, but the overall savings on space-
conditioning energy (~$34/year) outweighs this penalty. These savings, however, may not
adequately cover the cost of rerouting plumbing to accommodate an interior location if the water
heater was originally designed to be located somewhere else.

7.2.1 Space-Coupled Heat Pump Water Heater Peak Reductions

In an investigation of the impact of space-coupled HPWHs during peak summer and winter
hours, HVAC power demand at the seasonal peak hours in 2014 were compared to those of
2015. Figure 38 compares the average HVAC demand of six of the retrofits during the summer
peak of July 28, 2014, (pre-retrofit) to peak day on June 22, 2015, (post-retrofit), which shows a
reduction of 0.23 kW or 7% between 4 p.m. and 5 p.m.!> The HVAC energy demand for the day
increased by 16%: 38.89 kWh pre-retrofit and 45.19 kWh post-retrofit.

Space Coupled HPWH Performance on Peak Summer Days:
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Figure 38. Comparative analysis between pre- and post-retrofit demand on FPL’s system peak
summer day of 2014 and surrogate peak summer day in 2015

Figure 39 compares the average HVAC demand at seven of the space-coupled HPWH sites
during the winter peak of January 23, 2014, (pre-retrofit) to the winter peak of February 20,

12 One site was excluded from the summer system peak analysis because the water heater was installed before the
2014 peak; a second site was excluded because the ducting was removed before the post-retrofit peak.
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2015, (post-retrofit), which shows a reduction of 0.18 kW or 5% between 7 a.m. and 8§ a.m.'?
The HVAC energy demand for the day increased by 7%: 44.70 kWh pre-retrofit and 47.74 kWh
post-retrofit.
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Figure 39. Comparative analysis between pre- and post-retrofit demand on FPL’s
system peak winter days

13 One site was excluded from the winter system peak analysis because a new HVAC system was installed between
the pre- and post-retrofit peak days.
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8 Evaluation of Exterior Insulation Finish System

Another measure investigated under the Phase II PDR project was the installation of an EIFS on
a single site. Prior research on energy savings resulting from exterior insulation shows that the
interior thermostat set point in a cooling-dominated climate has a large impact on potential
savings.

A field test conducted by the FSEC and Oak Ridge National Laboratory evaluated changes in
space-cooling energy use associated with EIFS applied to two Central Florida homes (Barkaszi
and Parker 1995). The space-conditioning energy use evaluations showed post-retrofit cooling
energy savings from 9%—14% at one site, with an average daily interior temperature of 73°F, and
-1% at the second home because the occupants maintained a much higher interior temperature of
79°F. A fundamental finding of this study was that the EIFS retrofit generates little cooling
energy savings with higher thermostat settings. The PDR study involved evaluating the impacts
of a home with an EIFS as well as an advanced window retrofit. The EIFS retrofit was the first of
these two measures installed at the subject site and is evaluated in this section in a case-wise
manner. The impact from the window retrofit and combination of measures is discussed in
Section 7.

8.1 Characteristics and Exterior Insulation Finish System Retrofit Measure for
Site 54

The site chosen for this measure, pictured in Figure 40, is a two-person occupancy, single-story

home with 1,390 ft?> of living space located in Palm Bay, Florida. This home, built in 1999, has

CMU walls with a stucco finish, a concrete slab foundation, an asphalt shingle roof, and R-19

fiberglass insulation at the attic floor and knee walls.

i Wi ar L

Figure 40. Site 54 prior to EIFS and window retrofits

The living space adjacent to the garage wall consists of framed 2x4 construction with a drywall
finish. The home has 10 windows and a single sliding glass door. With a pre-retrofit tested 5.38
ACHS50, this home has good airtightness for its vintage. The existing AC system is the original,
manufacturer-rated 10 SEER heat pump. A single, centrally-located return feeds into the interior-
located air handling unit. Supply air is distributed through R-6 insulated flex ducts with limited
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duct leakage (Qn,out = 0.03) running through the vented attic. General characteristics for Site 54
are provided in Table 20. Table 21 provides a detailed description of wall area by fagade.

Table 20. General Characteristics for Site 54

Characteristic

City Palm Bay
Year built 1999
Living area (ft?) 1,390
No. of occupants 2

Stories 1

Wall construction cMuU
Ceiling insulation R-19
House airtightness (ACH50) 5.3

Year of HVAC 1999

AC size (tons) 2.5

AC SEER 10
Heating Heat pump
Duct leakage (Qn,out) 0.03

Table 21. Gross and Net Wall Area by Fagade for Site 54

Site Wall Wall Gross Wall Area Net Wall Area
No. Construction Color (ft?) (ft?)

Total East South West North NE SE
54 CcMuU Off-white 1,347 1,143 285 251 348 230 15 15

An EIFS was applied consisting of 2-in. Type I expanded polystyrene insulation with an R-value
specification of 3.85 per inch. The total added R-value of 7.7 hr-ft>-°F/Btu was installed between
November 1 and December 16, 2014. (For evaluation purposes, the insulation was complete on
November 13, but final finish work was delayed, in part, due to rain.) Before installing the EIFS,
all items attached or close to the exterior wall were moved or removed. The exterior walls were
pressure-washed, and a pull test was conducted to ensure that the fully-cured insulation adhered
to the wall.

The EIFS installation process consisted of the following steps:

e A primer was applied to the exterior wall to support the adhesion of the insulation.

e Adhesive was applied to the 2-in. insulation sheets, and the insulation was adhered to the
exterior wall.

e The installed insulation was rasped to provide a level finish.

¢ A reinforced base coat and final finish textured coat were next applied, as shown in
Figure 41.

¢ In lieu of painting, the chosen wall color (off-white, similar to pre-retrofit) was premixed
with a finish coat, allowing the final texture and color to be applied in one step.
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With no change in exterior finish color, the building has similarly low solar absorptance pre- and
post-retrofit.

Figure 41. Attachment of 2-in. polystyrene insulation (top left), final textured coat application (top
right), and completed EIFS retrofit (bottom) for Site 54

8.2 Exterior Insulation Finish System Space-Cooling Energy Evaluation

The pre-retrofit EIFS space-cooling observations were drawn from November 2013 through May
2014, and post-retrofit observations were drawn from November 2014 through April 2015,
before the window retrofit began. The evaluation method used to predict energy use savings is
presented in Section 4.
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Pre- and post-retrofit average daily exterior and interior temperatures, internal gains, and solar
insolation are provided in Table 22. It is noteworthy that the post-retrofit daily average interior
temperature is cooler by approximately 1.5°F post-retrofit in both of the season evaluations. This
is perhaps an artifact of the better-insulated home causing nighttime float temperature to rise,
inspiring occupants to select a lower temperature setting. Note also that the internal gains are
much higher during the pre-retrofit periods, dropping by 26% between cooling periods and 32%
between heating periods. Regressions from the analysis of the EIFS installation are provided in

Appendix E.

Table 22. Average Daily Interior Temperatures, Internal Gains, and Solar Insolation
Pre- and Post-EIFS Retrofit Evaluation Periods for Site 54

. Pre-T Post-T Pre-T Post-T Pre- Post- Pre- Solar  Post- Solar
Evaluation Outdoor Outdoor Indoor  Indoor Internal Internal Insol. Insol.
Season °F) °F) °F) F) Heat Gains Heat Gains (kWh/m?/  (kWh/m?2/
(kwh/day) (kWh/day) day) day)
Cooling 72.1 72.4 76.4 74.7 14.1 10.4 4.5 4.1
Heating 55.7 56.9 71.9 70.5 14.3 9.7 4.3 4.2

Observations for each period include when the daily average ambient temperature exceeded
63°F, the point at which space-cooling energy is evident at this particular site. The scatterplot in
Figure 42 demonstrates the trend of cooling energy use by outdoor temperature for the pre- and
post-retrofit periods. The pre-retrofit observations and trend line are orange; the post-retrofit
observations are blue. The trend lines portray post-retrofit energy savings as the outdoor
temperature increases.
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Figure 42. Regression lines for space-cooling pre- and post-EIFS retrofit for Site 54

Although the scatter in the data is very large, a general trend of lower cooling consumption in the
post-retrofit period (blue) can be observed. Moreover, the Site 54 occupants maintained a much
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cooler average daily interior temperature during the post-retrofit period (74.7°F) than the pre-
retrofit period (76.4°F). This temperature difference is consistent through the day, as shown in
the daily temperature profile plotted in Figure 43. The hourly interior (solid line labeled “Tint”)
and ambient (dashed line labeled “Tamb”) temperature profiles are red for the pre-retrofit period
and green for the post-retrofit period.
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Figure 43. Pre- and post-EIFS retrofit indoor and outdoor temperature profiles for cooling
season observations for Site 54

With fairly similar ambient temperatures among periods, the interior temperature was
consistently lower post-retrofit. This indicates a change in occupant preferences rather than the
building’s thermal performance as influenced by the added wall insulation. The occupants have
apparently taken back some of the savings for improved comfort. Savings were therefore
evaluated based on the Delta T.

Solar insolation and internal gains, which were both greater during the pre-retrofit period
(internal gains: 14.1 compared to 10.4 kWh; solar insolation 4.3 compared to 4.1 kWh/m?), were
both significant in each model (p <0.01). Both pre- and post-retrofit regression results show
stronger model fits than using outdoor temperature alone (R?> = 0.76 pre-retrofit; 0.72 post-
retrofit). Using these models, and assuming an average outdoor temperature of 80°F, daily
cooling energy needs are likely to be reduced during the warmest summer months from 27.2 to
22.2, a savings of 5.0 kWh/day (18.2%) or 947 kWh/year when applying the percent savings to
the PDR average annual pre-retrofit space-cooling energy use of 5,205 kWh/year (Appendix A)
as a result of the EIFS retrofit. These findings are somewhat higher than expected given the 3—5
kWh/day (9%—14%) savings found for the home with an interior temperature setting of 73°F
(Barkaszi and Parker 1995).

For insight into the impact of internal gains, the savings projection is 25.9% assuming the pre-

retrofit internal gains of 14.1 kWh/day and post-retrofit internal gains of 10.4 kWh/day. To
ignore the change in internal gains inflates the savings projection by 7.7%. Also, if the analysis
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were confined to using the outdoor temperature and did not account for the lower interior
temperatures, the indicated savings drop to approximately 10% or 2.8 kWh/day at an 80°F

outdoor temperature.

8.3 Exterior Insulation Finish System Space-Heating Energy Evaluation

Space heating is limited in Florida’s climate as evidenced by the zero recorded heating energy
uses shown below in Figure 44. However, it is also evident at Site 54 that when the daily average
outdoor temperature falls below 62°F, the occupants begin to heat; thus, days with average
temperatures below 62°F were used as the threshold for model inclusion.

The pre-retrofit observations were drawn from November 1, 2013, through March 2014, and
post-retrofit observations were drawn from November 14, 2014, through March 2015. The
scatterplot in Figure 44 displays pre- and post-retrofit space-heating use compared to outdoor
temperature, and it reveals higher space-heating energy use post-EIFS retrofit.
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Figure 44. Regression lines for space-heating pre- and post-EIFS retrofit for Site 54

The limited and sporadic heating needs in Central Florida limit statistical modeling for space-
heating use predictions. First, there are few observation-days with significant heating loads. For
example, there were only 32 days during the 2013-2014 winter and 51 days during the 2014—
2015 winter when the average daily ambient temperature fell below 62°F. Second, the timing and
duration of the cold fronts that pass through the area impact heating needs greatly. The great
amount of scatter in Figure 44 demonstrates this point. Circled in red is the wide distribution of
temperatures, from 52°-62°F, for which sometimes little or no space heating is used. Other
observations show considerable space-heating energy use (up to 13 kWh/day) at these same

temperatures.

Although neither internal gains nor solar insolation were significant for modeling with the very
limited sample set, each of these parameters was greater during the pre-retrofit period. Internal
heat gains were particularly dissimilar—14.3 kWh/day pre-retrofit, 9.7 kWh/day post-retrofit.
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This is important because the pre-retrofit conditions were more favorable for reducing space-
heating energy needs. On the other hand, the savings model does not consider the change in
interior temperature, which was cooler post-retrofit (71.9°F pre-retrofit compared to 70.5°F post-
retrofit). Figure 45 shows that the post-retrofit interior temperature was consistently lower
throughout the day.
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Figure 45. Pre- and post-EIFS retrofit indoor and outdoor temperature profiles for heating
season observations for Site 54

Given the consistently lower interior temperature, it is arguable that savings should be evaluated
based on the Delta T; however, the poorly-fitting outdoor temperature regression models (pre: R>
= 0.39; post: R? = 0.24) deteriorated further as a whole with Delta T (pre: R?> = 0.28; post: R? =
0.28) and were not suitable for characterizing heating performance. Solar insolation and internal
heat gains parameters were also considered, but they were not significant.

Predicting space-heating energy savings in response to outdoor temperature for a cold day with
an average outdoor temperature of 50°F, the models suggest energy use increases from 8.4 kWh
to 9.4 kWh, suggesting negative savings of 1.0 kWh/day (-12.3%), or negative 34 kWh/year
when applying the percent savings to the PDR average annual pre-retrofit space heating energy
use of 275 kWh/year (Appendix A); however, given the very poor statistical models, which
explain less than 30% of the variation in the post-retrofit heating, not much significance can be
attached to these results.

As noted above, the climate in Central Florida, and particularly the coastal regions, requires
limited annual space heating. Given the limited statistical power of the found relationships, the
heating effects should be reevaluated when more post-retrofit data are available for the site that
may allow better characterization of heating performance.

62



8.4 Exterior Insulation Finish System Retrofit Savings Summary

In the evaluation of the EIFS at Site 54, seasonal space-cooling energy savings was 5.0 kWh/day
(18.2%) for an average day among the warmer summer months; however, space heating
indicated negative savings of 1.0 kWh (-12.3%) on a cold Central Florida day but with unreliable
statistical models from a limited sample of heating days. Estimated annual savings based on the
PDR average annual pre-retrofit space-conditioning energy use of 5,480 kWh (Appendix A) are
913 kWh, or 17%. Table 23 provides a summary of the EIFS energy savings results.

Table 23. EIFS Space-Conditioning Energy Savings Summary for Site 54

: o :

Evaluation Pre- Post- Sla):ilrln‘és Cojirf;gg; oF
Season (kWwh/day) (kWh/day) (kWh) Heating @ 50 °F
Cooling 27.2 22.2 5.0 18.2%
Heating 8.4 9.4 -1.0 -12.3%

Costs incurred for the EIFS retrofit measure, including modifications to electrical outlets and
plumbing fixtures, were $19,438. In terms of a cost benefit alone, the EIFS measure is not an
energy-efficiency measure. If the HVAC energy savings results are applied to the average annual
HVAC energy use of the untreated PDR sample reported in Phase I, the annual savings are $124
with $128/year cooling energy savings (5,880 kWh/year * 0.182 * $0.12/kWh) and -$4/year
heating energy savings (275 kWh/year * -0.123 * $0.12/kWh).With little space-conditioning
impact during the swing seasons and unknown savings for the coldest winter days, it is clear that
the EIFS retrofit at Site 54 is not a cost-effective energy-efficiency proposition for Florida’s
climate. Other benefits associated with the measure, such as better interior comfort and a stable
interior temperature, however, might justify the EIFS measure, but this is beyond the scope of
this evaluation.

The evaluation of the EIFS retrofit is a heavily examined case study. Given the considerable
variance in the regressions, variations in occupancy behavior, and internal gains, the savings
from the EIFS in Florida will differ considerably for individual homes and will likely depend on:

e Average interior temperature maintained (the lower the temperature, the greater the
savings)

e The preexisting shading from outdoor features (buildings, setback shading, vegetation)
and indoor shading (blinds and drapes and insect screening)

e The magnitude of internal gains (the greater the internal gains, the lower the savings from
insulation because internal heat cannot be lost to the outdoors during the evening hours
when it is cooler outside than inside)

e Exterior wall color (with white or light wall color, such as in this case study, solar
radiation is reflected, and the savings are reduced).

The weaknesses in the modeling did not lend this measure for further evaluation under the
TMY3 weather normalization. Peak system hour impacts were also not warranted for the
evaluation of the single site.
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To investigate the sensitivity of these influences on the energy saving results, a detailed
parametric evaluation was conducted using the BEopt hourly energy simulation running
EnergyPlus.

8.5 Parametric Evaluation of Factors Affecting Wall Insulation Savings in Florida
Homes
The single-wall retrofit experiment in the Phase II PDR showed mixed results, with 18% space-
cooling savings and inconclusive heating savings. As described in the narrative, it is likely that
the negative heating energy savings are because the internal gains were higher in the pre-retrofit
heating period than in the post-retrofit period; however, the interior temperature was lower post-
retrofit. Given the single-case study nature of the monitoring effort in Phase II, a simulation
evaluation was conducted to see how various factors might be influencing results.

The expectation coming into the evaluation was that savings would likely be fairly low, as shown
earlier in testing in Cocoa, Florida (Barkaszi and Parker 1995). That study found annual cooling
energy savings of 9%—-14% with a 73°F set point, but negative savings (-1%) at 79°F for a
building with white walls.

The BEopt simulation software running EnergyPlus was used to evaluate the influences. A
prototype 1,790 ft? building, portrayed in Figure 46, was produced with characteristics similar to
what would be found in a typical home in the PDR project but with several specifics similar to
those at Site 54, the home that received the EIFS retrofit. These included insulation (R-4 walls,
R-19 ceiling, uninsulated slab floor, 8 ACH50), AC systems, and heating. For BEopt rendering
for windows, the base case windows were single-glazed with aluminum frames (U-value = 1.16
Btu/hour-ft?>-°F, solar heat gain coefficient [SHGC] = 0.76).'* A SEER 10/ HSPF 6.8 heat pump
was assumed with base thermostat set points of 75°F for cooling and 71°F for heating and R-4
ducts with 15% duct leakage. Site 54 effectively had no neighboring houses, as assumed in the
baseline analysis.

14 According to the 2014 Florida Building Code, the maximum allowed SHGC as a prescriptive requirement for new
homes is 0.25. The SHGC for standard, single-glazed windows with an aluminum frame is approximately 0.96. The
SHGC is the fraction of incident solar radiation admitted through a window, both directly transmitted and absorbed
and subsequently released inward. SHGC is expressed as a number between 0 and 1. The lower a window’s SHGC,
the less solar heat it transmits. The ratio is of the integrated solar irradiance on the exterior of a window unit to that
transmitted to the interior, and it accounts for many factors.
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Figure 46. Prototypical PDR residence rendered in BEopt with no adjacent home as at Site 54

The standard 8-in. hollow-core concrete block wall (medium-density concrete aggregate) was
used as the base case, with a light-colored exterior finish with a solar absorptance of 0.5. The 2-
in. expanded polystyrene insulation had a measured R-value of 7.7 hr- ft>-°F/Btu, and this was
simulated along with the other factors expected to influence space-cooling savings from walls.

The Site 54 savings evaluation assessed cooling and heating energy; however, the focus here was
on the cooling energy savings in particular. High levels of internal and window heat gain lead to
overheating in the spring and fall seasons, and BEopt has the potential to simulate year-round
venting—although in the project natural ventilation was fairly uncommon except during the
Florida winter season. This operational capability was then subjected to evaluation.

Other parameters that can be expected to influence wall savings include wall color, interior
thermostat temperature, and internal heat gain rate. The higher the temperature set point, the
lower the savings from the lower U-factor of walls. Moreover, at some point the lower heat loss
from the walls at night will begin to exert a negative influence on savings.

Similarly, with high levels of internal heat gain from greater appliance and interior plug loads,
the home’s interior temperature will tend to be elevated such that greater heat loss at night from
less-insulated walls and single-glazed windows is actually desirable. For Site 54, this study
found that assuming 50% greater than normal plug loads (1.5) worked fairly well to match pre-
retrofit data.

Figure 47 shows the results for a case similar to Site 54 with 50% greater plug loads and a
cooling set point of 75°F. The predicted cooling energy savings from the exterior wall insulation
amounts to only 349 kWh/year if the building takes advantage of natural ventilation—a 6%
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cooling energy savings. The results are shown in Table 24 below in the form of an analysis result
table from BEopt.

183504 17837
147124
_ Il Hot wWater (E)
ﬁl_‘ B Hesting (E)
%1034— Bl Cocling (E)
2 HWAC Fan/Pump (E)
_%. Lights (E)
5 B Lo Appl ()
LI_G_JI 7356 1278 Bl VentFan (B)
& B Misc. (E)
36784
D_
Paint 5 Point 6

Figure 47. Estimated savings from standard uninsulated block walls (Point 5) compared to the
addition of R-7.7 expanded polystyrene on exterior; 75°F set point with 1.5 times normal plug
loads
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Table 24. Sensitivity of Wall Savings to Parameters
aBolded rows represent the parameter selected for the general model used in the remaining parameters’ sensitivity runs.

No Ventilation With Year-Round Ventilation
Set Point Usr:::?gllztcid R7.7 Exsy;iar:m' dT:cr’ko‘;;/styrene Savings Savings Single-Glazed Double-LowE_Solar  Savings Savings
(°F) (kwh) (kwh) (kwh) % (kwh) (kwWh) (kwh) (kwWh)
72° 7753 7271 482 6.2% 7770 7268 502 6.5%
73° 7151 6720 431 6.0% 7110 6659 451 6.3%
74° 6537 6169 370 5.7% 6454 6052 402 6.2%
75° 5932 5624 308 5.2% 5812 5463 349 6.0%
76° 5340 5088 252 4.7% 5205 4906 299 5.7%
77° 4766 4563 203 4.3% 4625 4379 246 5.3%
78° 4209 4053 156 3.7% 4077 3880 197 4.8%
79° 3678 3567 111 3.0% 3564 3414 150 4.2%
80° 3174 3101 73 2.3% 3077 2972 105 3.4%
81° 2699 2664 35 1.3% 2623 2556 67 2.6%
82° 2260 2254 6 0.3% 2201 2169 32 1.5%
Internal Gains
0.5xPL 5390 5029 361 6.7% 5290 4903 387 7.3%
1xPL 5659 5325 334 5.9% 5548 5182 366 6.6%
1.5xPL 5932 5624 308 5.2% 5812 5463 349 6.0%
2xPL 6208 5923 285 4.6% 6079 5750 329 5.4%
3xPL 6773 6523 250 3.7% 6621 6334 287 4.3%
4 x PL 7345 7145 200 2.7% 7175 6926 249 3.5%
External and Internal Shade
Hvy. Int. shade, w/nhbrs 5604 5322 282 5.0% 5522 5205 317 5.7%
Hvy. Int. shade, no nhbrs 5932 5624 308 5.2% 5812 5463 349 6.0%
Less int. shade, w/nhbrs 6079 5835 244 4.0% 5988 5709 279 4.7%
Less int. shade; no nhors 6468 6202 266 4.1% 6331 6020 311 4.9%
Wall Color and Solar Reflectance
Med./dark stucco (ABS = 0.75) 6401 5832 569 8.9% 6266 5665 601 9.6%
Light stucco (ABS = 0.5) 5932 5624 308 5.2% 5812 5463 349 6.0%
White stucco (ABS =0.3) 5557 5454 103 1.9% 5448 5302 146 2.7%
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Note that the results suggest the following influences to AC savings from wall insulation in a
cooling-dominated climate:

Annual savings from EIFS varies strongly by the interior thermostat setting. For example,
a home maintaining 80°F instead of 75°F would see 77% less savings. At an 82°F set
point (which some project participants did select), with no ventilation used, savings
effectively disappear. On the other hand, a home maintaining 72°F inside would see 56%
greater savings from the added insulation compared to one maintaining a set point of
75°F.

Wall color has a large impact on potential EIFS cooling energy savings. White walls have
savings one-third those of medium-/dark-colored stucco walls.

Preexisting shading from adjacent buildings and porches has some impact on wall
insulation savings, but these are modest with light-colored walls; the influence is greater
with darker walls.

Greater internal heat gains from appliance and plug loads reduce the savings from better
wall insulation, particularly for cooling. For example, a home with low plug loads will
see savings nearly double that of a home with very high internal heat gains.

There was an interaction between window and wall insulation savings. For example, with
less interior blind shading of windows, there is greater window heat gain, reducing the
advantage of wall insulation.

Natural ventilation has only modest influences on savings, but using natural ventilation to
control overheating was shown to boost savings for wall insulation in all cases.

Although not analyzed, the savings from two-story buildings with EIFSs would almost certainly
be greater given the much larger area and the lower likelihood of shading of the second-story
vertical sections.

Although 10%—15% cooling savings are possible with the right combination of factors (darker
walls, low internal gains, low existing shading, and low set points), the opposite is true as well. A
very high set point with high internal gains with light or white walls mostly shaded by other
buildings, vegetation, porches, or blinds would see negligible savings from an EIFS. In
particular, light-colored walls with preexisting shading in existing Florida homes is likely to limit
savings in many applications. Indeed, savings would be unlikely in homes that maintain higher
interior temperature in summer and already have light-colored walls.
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9 Evaluation of Advanced Window Retrofits

Under Phase II of the PDR study, window retrofits were conducted in three occupied homes to
evaluate the impact of advanced windows on space-conditioning energy consumption. One of
these homes received an EIFS installation prior to the window retrofit. In past research, the
FSEC evaluated the impact of energy-efficient windows on HVAC energy use comparing two
identically-constructed Central Florida homes: one with clear, single-pane, aluminum-framed
windows and the other with advanced windows (Anello et al. 2000). Cooling energy
consumption during a 17-day, unoccupied summer period indicated 15% savings for the home
with energy-efficient windows. Space-heating energy savings of 36% were shown in the home
with advanced windows during one very cold day (relative to the Central Florida climate) after
the homes were occupied. Unlike the Anello et al. window study in 2000, however, the current
research is conducted on occupied homes. The current research is also unique in that it looks at
the effects of multiple thermal improvement measures on one home.

The window retrofit homes are single-story homes with approximately 1,400 to 2,000 ft* of
living space. General characteristics for these three homes are provided in Table 25. More
detailed site descriptions are provided within the evaluation sections for each site.

Table 25. General and HVAC Characteristics of the Wind Retrofit Sites

Site No. 23 25 54
City Palm Bay Melbourne Palm Bay
Year built 1980 2000 1999
Living area (ft?) 1,946 1,788 1,390
No. of occupants 3 2 2

Stories 1 1 1

Wall construction cMU cMU cMU
Ceiling insulation R-19 R-30 R-19
House airtightness 8.4 4.6 5.3
(ACH50)

Year of HVAC 2001/02 2010 1999

AC size (tons) 35 35 2.5

AC SEER 14 15.5 10
Heating Resistance Heat Pump Heat Pump
Duct leakage (Qn,out) 0.05 0.06 0.03

This evaluation assesses the impacts of the window retrofits on the homes” HVAC energy
consumption using measured end-use space-conditioning energy with regression modeling
techniques, as described in Section 4, to evaluate the impacts from exterior temperature, internal
heat gains, and solar insolation on HVAC energy. The regression model used outdoor
temperature in place of Delta T unless an interior temperature change between pre- and post-
retrofit observation periods was apparently behavioral and not a change in the thermal
characteristics of the home.

Pre- and post-retrofit average daily external and interior temperatures, internal gains, and solar
insolation are summarized in Table 26. Regressions from the analysis of the advanced window
retrofits are provided in Appendix F.
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Table 26. Average Daily Interior Temperatures, Internal Gains, and Solar Insolation
Pre- and Post-Retrofit Evaluation Periods

Pre- Post- Pre- Post- Pre- Post- SPc:Iea -r :glsat;
Site Evaluation Outdoor Outdoor Indoor Indoor Internal Internal Insol. Insol.
No. Season Teomp Teomp Teﬂmp Teomp Heat Gains Heat Gains (kWh/  (kWh/m?/
(°F) (°F) (°F) (°F)  (kwWh/day) (kWh/day) m?/day) day)
23 Cooling 74.4 73.5 75.2 74.8 10.9 12.7 5.0 33
23 Heating 58.0 58.3 73.8 73.4 104 12.0 4.1 4.1
25 Cooling 79.9 80.4 81.3 80.8 16.3 14.4 5.9 6.7
Cooling 76.9 77.1 76.4 768 10.0 9.8 5.5 6.6
54 (windows)
Cooling
(EIFS and 78.3 79.1 77.3 76.5 14.0 10.5 6.3 6.6

54 windows)

To evaluate the impact of a window retrofit on space-conditioning energy use, it is important to
note the presence and position of shading, both external and internal. This is because the
advanced windows being evaluated have a large influence on solar heat gain transmittance with
the potential to be significantly altered by the conditions before and after the glazing is installed.
In addition to the exterior shading from trees or adjacent buildings, drawn blinds/drapes and
insect screening on the preexisting windows may significantly reduce the impact of the SHGC on
the solar radiation because there is less solar radiation than without such shading. Work at NREL
(Farrar-Nagy et al. 2000) has shown that architectural shading and site shading have a major
impact on measured building cooling needs. Based on this work and much preceding ASHRAE
fenestration research during recent decades, it appears that conventional blinds and curtains on
the interior part of buildings have a major influence on space cooling as well—particularly
because many are drawn. Insect screening is also relevant in the assessment of window retrofit
energy savings. For single- or double-hung windows with insect screening on the lower part,
solar transmission is reduced. A study (Kotey et al. 2009) found that insect screening decreases
solar transmission by 40% for the window section covered. As such, detailed accounts of the
interior and exterior shading characteristics are provided in the evaluation section of each
window retrofit.

Space-cooling energy savings is projected using an assumed average cooling season outdoor
temperature of 80°F and space heating with an average outdoor temperature of S0°F. It is
noteworthy that the post-retrofit daily average interior temperatures (Table 17) were observed to
be typically cooler. As described in the EIFS section, changes in interior temperature may be the
result of changed thermal characteristics of the home—a rising nighttime float temperature for
example—influencing occupants to set thermosets lower. To help determine if a change in
indoor temperature is a by-product of the window retrofit, the daily temperature profiles for the
pre-and post-retrofit periods were evaluated. If a behavioral change between evaluation periods
is evident, the savings predictions consider Delta T rather than outdoor temperature alone. The
evaluation of each of these retrofits is described below in a case study fashion.
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9.1 Window Retrofit for Site 23

9.1.1 Characteristics for Site 23

Site 23 is two-person-occupied, single-story home with 1,946 ft? of living space located in Palm
Bay, Florida. This 1980 home has CMU walls on a concrete slab foundation and an asphalt
shingle roof. The attic floor is insulated with blown fiberglass with an approximate R-value of
19. The pre-retrofit airtightness test reveals moderate whole-house air leakage for the building’s
age (8.4 ACH50). The home has 10 windows and 2 sliding glass doors. The original windows
and glass doors are single-pane clear glass with metal frames. The building’s front facade faces
north, and the back porch roof shades most of the south-facing glazing. Adjacent buildings
partially shade the few east- and west-facing windows. In numerous visits to this home, all
bedroom and north-facing blinds were typically closed; only the blinds to the windows shaded by
the back porch were typically open. Table 27 provides an account of glazing area and shading by
facade.

Table 27. As-Found Glazing and Shading Characteristics for Site 23

Site No. Existing Type Single, Clear w/Metal Frame
Total Window Area (ft?) 197
Window-to-Floor Area (%) 10%
Glazing by Face East South West North
Net window area (ft?) 18 104 41 34
Interior drapes or blinds White blinds White blinds White blinds White blinds
. . 35% w/50% screen 52% w/50% screen
2l A= S0 65% w/100% screen 48% w/100% screen S
Overhang avg./width (ft) 1.5 10.0 70 20
Exterior shading Moderate Moderate Moderate None
Shading type Adj. bldg. 651°Zepeost:ch Adz;figfgses,
Distance to adj. bldg. (ft) 20 None 20 None

The existing space-conditioning system is a 2002 14 SEER air conditioner with electric
resistance heating. A single, centrally-located return feeds into the garage-located air handling
unit. Supply air is distributed through R-4.4 insulated flex ducts with moderate duct leakage
(Qn,out = 0.05) running through the vented attic.

All exterior glass and frames were replaced from October 29-30, 2014. The replacement double-
glazed solar-control windows have SHGCs ranging from 0.20—0.24 and U-factors from 0.28—
0.30 Btu/ft*>-°F. Figure 48 shows Site 23 before and after the window retrofit. The timing of this
retrofit enabled both space-heating and space-cooling evaluations. The evaluation period for Site
23 was November 2013—June 2015.
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Figure 48. Window retrofit for Site 23: pre-retrofit with existing single-pane, metal-framed windows
(left); post-retrofit with double-pane, vinyl-frame windows (right)

9.1.2 Window Retrofit Space-Cooling Energy Evaluation for Site 23

From an examination of the end-use metered data, the occupants of Site 23 use space cooling
when the daily average exterior temperature rises above 69°F. The initial investigation into
space-cooling energy savings showed that the average internal temperature was approximately
2°F cooler post-retrofit (75°F) than it was during the pre-retrofit cooling period (77°F). HVAC
energy use increased coincidently with this internal temperature change. The homeowner
confirmed a temporary occupancy increase for the first six months of 2015 and reported that the
new occupant preferred a lower thermostat set point than is typically maintained in the home. In
an attempt to isolate the occupancy change from the impact of the window retrofit, a shorter,
milder period prior to the occupancy change was analyzed. This spanned October 2014 to early
December 2014, including observations only when the daily average ambient temperature
exceeded 69°F and excluding the warmest pre-retrofit days to compare periods of alike average
daily ambient temperatures (pre: October 4, 2014—October 28, 2014; post: October 31, 2014—
December 6, 2014).

The scatterplot in Figure 49 of this limited period with consistent occupancy demonstrates the
cooling energy use trend compared to outdoor temperature for the pre- and post-retrofit periods.
The pre-retrofit observations and trend line are in orange, the post-retrofit observations are in
blue, and both show a high degree of scatter.
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Figure 49. Regression lines for space-cooling pre- and post-window retrofit for Site 23

Avoiding the occupancy change and large coincident behavior change provides us evaluation
periods with few observations (19 pre-retrofit, 18 post-retrofit) and at a time of year with less
extreme high temperatures and limited space cooling. These factors had negative impacts on the
model strength (R? = 0.40 and 0.38) and thus the strength of the savings projections.

The daily average interior temperatures were fairly consistent during the evaluation period
(75.2°F pre-retrofit, 74.8°F post-retrofit). Figure 50 shows the daily interior (solid line labeled
“Tint”) and ambient (dashed line labeled “Tamb’’) temperature profiles for the pre-retrofit (red)
and post-retrofit (green) periods. The plot reveals a more evenly-maintained interior temperature
post-retrofit. The difference between the pre- and post-retrofit interior temperatures does not
appear to be a change in thermostat preferences (as evidenced by the similar nighttime profiles)
but rather a difference in the building’s thermal qualities; thus, Delta T was not a parameter used
in this evaluation.
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Figure 50. Pre- and post-window retrofit indoor and outdoor temperature profiles for cooling
season observations for Site 23

The energy use prediction models also considered solar insolation and internal heat gains, but
neither parameter was significant in either period and they were not used.

The post-retrofit daily cooling energy for this internally and externally well-shaded home, with a
set point of approximately 75°F, is reduced from 25.7 to 18.7 kWh at an average outdoor
temperature of 80°F, a savings of 6.9 kWh/day or 27.0%. This projection is weak, however,
given the poor R-squared values and few observations at the average summertime temperature
used for the savings prediction. Thus, the standard error on the regression is quite large, and
although the savings appear real, the result has a considerable uncertainty in the exact magnitude.

9.1.3 Window Retrofit Space-Heating Energy Evaluation for Site 23

Plotting HVAC energy use against exterior temperature indicated that the Site 23 occupants
begin space heating when the daily average exterior temperature drops below 65°F. The demand
for space heating is limited in this hot-humid climate, although heating energy consumption is
high at this home, which has electric resistance heating. Pre-retrofit observations were drawn
from November 2013 through March 2014; post-retrofit observations were drawn from
November 2014 through March 2015 and when the average ambient temperature was below
65°F and the daily compressor power was less than 2.5 kWh.

Figure 51 displays the pre- and post-retrofit daily average space heating energy use by outdoor
temperature. Note that on the coolest days, space-heating energy consumption exceeds 90
kWh/day. Again, there is large scatter in the limited heating energy data set. The trend lines’
convergence at 59°F demonstrates slightly greater post-retrofit heating energy savings as the
outdoor temperature becomes lower. This is expected because the advanced windows save more
when the temperature is lower. The solar-control glazing, however, transfers less of the sun’s
heat, potentially limiting heating savings, particularly at higher temperatures at which the
window thermal conductance becomes less important.

74



100
+
9 | Q_ o
o o 00 © Pre:-4.0361x+ 263.51
<O o @50°F = 61.7 kKWh
70 S \\ RZ=0.6945
& 60 O~ ¢
Q_ O = \.n‘ - +
= D@+ ‘o
2 et + % +
g Post:-3.5516x+235.06 T T UNp_ H
= @50°F=57.5kWh O PR e
R?=0.6323 I HG0 + o)
+ B N, G +
20 + o TGP +
10 % + a2 O g PE0
+ FoQPE
0 +O
42 47 52 57 62 67
Outdoor Temperature (°F)

Figure 51. Regression lines for space-heating pre- and post-window retrofit for Site 23

Daily average interior temperature was slightly cooler post-retrofit (73.8°F pre-retrofit, 73.4°F
post-retrofit). The daily temperature profile in Figure 52 shows that for both periods the building
maintains the same temperature during the morning hours; however, post-window retrofit the
home maintains a lower temperature after the warmest hours, despite having higher internal
gains (12.7 kWh/day post-retrofit compared to 10.9 kWh/day pre-retrofit) and slightly warmer
daytime ambient temperatures. This afternoon difference likely comes from the lower solar heat
gain transmission characteristics of the windows.
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Figure 52. Pre- and post-retrofit indoor and outdoor temperature profiles for heating season
observations for Site 23
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Because the difference between the pre- and post-retrofit interior temperatures appears to be a
change in the building’s thermal properties, Delta T was not a parameter used for the savings
projection. Internal gains and solar insolation parameters were also considered for modeling, but
they were not significant; however, internal gains were slightly higher post-retrofit (pre-retrofit:
10.4 kWh/day; post-retrofit: 12.0 kWh/day). Using the simple regression based on ambient
temperature, this home with an interior set point of 73°-74°F shows savings of 4.2 kWh/day or
6.8% at an average outdoor temperature of 50°F. Note that during periods with milder
temperatures, the high-efficiency windows show slightly negative heating energy savings. Given
higher internal gains during the post-retrofit period, this savings projection may be overstated.

9.2 Window Retrofit for Site 25

9.2.1 Characteristics for Site 25

Site 25, pictured in Figure 53, is a two-person occupied, single-story home with 1,788 ft? of
living space located in Melbourne, Florida. The home, built in 2000, has CMU walls on a
concrete slab foundation and an asphalt shingle roof. R-30 fiberglass insulation covers the attic
knee walls and most of the attic floor, but it is missing from some of the attic perimeter, a
common windstorm result found in some Florida homes. Pre-retrofit whole-house airtightness
testing shows moderately tight construction (4.6 ACHS50).

Figure 53. Site 25 in Melbourne, Florida

Site 25 has 10 windows and 1 sliding glass door. Prior to the window retrofit, all of the glazing
units were single-pane clear glass with metal frames. The home faces southwest with a front
porch roof shading one large window. A deep back porch shades the northwest-facing sliding
glass door, and the two southeast-facing windows are partially shaded by vegetation. The
remaining southwest- and northwest-facing glazing receives little shading. Bedroom blinds were
observed to be drawn, with living room and kitchen blinds open. An account of glazing area and
shading by facade is summarized in Table 28.
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Table 28. Glazing and Shading Characteristics for Site 25

Site 25 Existing Type Single, Clear w/Metal Frame
Total Window Area (ft?) 243
Window-to-Floor Area (%) 14%
Glazing by Face SE SwW NwW NE
Net window area (ft?) 61 67 20 95
Interior drapes or blinds White blinds White blinds White blinds White blinds
Exterior screening 50% 50% 36% w/50% screen 69% w/50% screen
64% w/100% screen 31% w/100% screen
Exterior shading Moderate Moderate Moderate Moderate
Shading type Adj. bldg., Trees, Adj. bldg., Trees,
trees 52% porch 64% porch 31% porch
Overhang avg./width (ft) 1.3 4.5 9 3.7
Distance to adj. bldg. (ft) 20 None 20 None

The AC system is a 2010 vintage, 15.5 SEER heat pump. A single, centrally-located return feeds
into the interior-located air handling unit. Supply air is distributed through R-6 insulated flex
ducts with moderate duct leakage (Qn,out = 0.06) running through the vented attic.

The window retrofit was conducted between April 22 and May 28, 2015, and included the
replacement of all exterior glass and frames (with the exception of one small, well-shaded,
decorative, southwest-facing window). The replacement glazing units are insulated double-pane
windows with vinyl frames. The SHGC ranges from 0.19-0.21, and all the windows have a U-
factor of 0.29 Btu/ft>-°F.

9.2.2 Window Retrofit Space-Cooling Energy Evaluation for Site 25

The timing of the Site 25 window retrofit allows for an evaluation of only its space cooling for
this report. Because there was little space cooling called for prior to April 22, 2015, when the
window installation began, the pre-retrofit period consists of observations in 2014. For each year
(2014 for pre-retrofit and 2015 for post-retrofit), observations were pulled from the end of May
into July (pre-retrofit: May 23, 2014—July 31, 2014; post-retrofit: May 29, 2015—July 13, 2015).

Based on an examination of the data, Site 25 occupants use space cooling when the daily average
exterior temperature rises above 73°F. The scatter plot in Figure 54 displays daily average space-
cooling consumption by outdoor temperature along with a fitted regression model on the data for
the pre- and post-retrofit periods.
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Figure 54. Regression lines for space-cooling pre- and post-window retrofit for Site 25

The occupants of Site 25 prefer a warm home. On average, the interior temperature was
maintained at 0.4°F cooler post-retrofit (81.3°F pre-retrofit compared to 80.8°F post-retrofit).
The daily indoor and outdoor temperature profiles for the pre- and post-retrofit periods are
plotted in Figure 55. The daily average Delta T is negative for both periods; that is, during the
course and for most of the hours of the days, it is cooler outside than inside. Note that the post-
retrofit indoor temperature maintains a level temperature throughout the day, despite the higher
outdoor temperatures. Post-retrofit, the home appears to be better at maintaining comfort,
helping to explain the lower average indoor temperature, which appears to be the result of a
change in the building’s thermal properties rather than a behavioral change. Thus, the saving
projection ignores the difference in indoor temperature.
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Figure 55. Pre- and post-window retrofit indoor and outdoor temperature profiles for cooling
season observations for Site 25

Next, the analysis considered the internal heat gains and solar insolation parameters. The internal
gains calculation changed between the pre- and post-retrofit because the timing of the window
retrofit coincided with the installation of an unvented HPCD. As presented in Section 11.2, the
utility room is much warmer during operation of the new unvented appliance. To account for this
lack of hot air venting, the post-retrofit internal heat gains calculation assumes 90% of the dryer
energy. Still, the internal gains parameter is lower post-retrofit (16.3 kWh/day pre-retrofit
compared to 14.4 kWh/day post-retrofit). Solar insolation also varied between periods, but it
moved in the reverse direction: from 5.9 kWh/m?/day pre-retrofit compared to 6.7 kWh/m?/day
post-retrofit.

Solar insolation and internal gains were each significant in the pre-retrofit model (p < 0.01) but
less so in the post-retrofit model (solar insolation p < 0.05; internal gains p < 0.10). The resulting
model fits improved (R? improved from 0.70 to 0.77 pre-retrofit and from 0.67 to 0.75 post-
retrofit). Using an average cooling season ambient temperature of 80°F and assuming an average
of the daily internal gains and solar insolation of both periods, the savings prediction is slightly
negative in this well-shaded home with a high thermostat set point of approximately 81°F. Post-
retrofit, the daily cooling energy consumption increased from 14.6 kWh to 15.3 kWh, for
negative savings of 0.7 kWh/day (-4.8%), assuming an average outdoor temperature of 80°F. In
any case, as shown above in Figure 28, the home has improved comfort in the cooling season
with smaller differences in the amplitude of the interior temperature.

9.3 Window Retrofit for Site 54

9.3.1 Characteristics for Site 54

Site 54 is a two-person occupied single-story home with 1,390 ft? of living space located in Palm
Bay, Florida. This home, built in 1999, has CMU walls with a stucco finish, a concrete slab
foundation, an asphalt shingle roof, and R-19 fiberglass insulation at the attic floor and attic knee
walls. The garage wall adjacent to the living space consists of framed 2x4 construction with a
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drywall finish, and, after the EIFS retrofit, all walls had exterior insulation of R-value of 7.7 hr-
ft>-°F/Btu added. The home has 10 windows and 1 sliding glass door. With a pre-retrofit 5.38
ACHS0, this home has good airtightness for its vintage. The existing AC system is the original
heat pump, rated 10 SEER. A single, centrally-located return feeds into the interior-located air
handling unit. Supply air is distributed through R-6 insulated flex ducts with limited duct leakage
(Qn,out = 0.03) running through the vented attic.

The existing windows and glass doors at the home were single-pane clear glass with metal
frames. The home faces west, with most of the wall area and all of the glazing (except one small
window on the north side) on the building’s east and west sides. The home’s fenestration has
little shading apart from the east-facing sliding glass door, which is shaded by a porch.
Researchers observed bedroom blinds drawn and main living area blinds partially drawn. Table
29 provides an account of glazing area and shading by facade.

Table 29. As-Found Glazing and Shading Characteristics for Site 54

Site 54 Existing Type Single, Clear w/Metal Frame
Total Window Area (ft?) 167
Window-to-Floor Area (%) 12%
Glazing by Face East South West North NE SE
Net window area (ft?) 91 0 56 3 9 9
Interior drapes or blinds White blinds White blinds White blinds White blinds

56% w/50% screening

Exterior screening 44% w/100% screening 50% 50% 50% 50%
Exterior shading Moderate None 100% None Light
. Partially sh
Shading type Trees, Hurricane abyaad\;:c::tEd
44% porch shutter
porch
Overhang avg./width (ft) 8.2 1 1.2 1 1
Distance to adj. bldg. (ft) None 25 None None None None

All windows and the sliding glass door were replaced on April 29-30, 2015, with insulated
double-pane glazing units with vinyl frames. The new components have an SHGC ranging from
0.21-0.24 and a U-factor ranging from 0.27-0.29 Btu/ft>-°F. Figure 56 shows a picture of the
home after the completion of the EIFS and window retrofits.
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Figure 56. Site 54 after the EIFS and window retrofit

The following section includes analyses for the window retrofit and the window and EIFS
retrofit measures combined. The timing of the window retrofits allows us to examine only the
cooling season at this time.

9.3.2 Window Retrofit Space-Cooling Energy Evaluation for Site 54

As the second of the two building envelope retrofit measures, the window retrofit cannot be
measured in isolation from the EIFS application—that is, the pre-window retrofit period came
after the EIFS installation. The pre-retrofit observations are drawn from April 2015; the post-
retrofit observations are drawn from May 2015 and for each period in which the average daily
ambient temperature exceeds 63°F. The scatterplot in Figure 57 displays energy savings as the
outdoor temperature increases. At milder temperatures, the window retrofit shows no impact on
cooling energy consumption; however, negative cooling energy savings seem apparent with
warmer ambient conditions. Unfortunately, there are currently limited data available for an
evaluation of the energy savings.
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Figure 57. Regression lines for space-cooling pre- and post-window retrofit for Site 54

The daily average interior temperature was similar between evaluation periods—76.4°F pre-
retrofit compared to 76.8°F post-retrofit—yet there is a difference in the interior temperature
profiles. Figure 58 shows that both periods have consistent ambient temperature profiles and
attain a similar interior temperature during the afternoon; however, during the evening and into
mid-morning, the post-retrofit building maintains a higher temperature. This warmer temperature
indicates a change in the building’s thermal qualities, a by-product of the retrofit rather than a
behavioral change. Thus, interior temperature was excluded from the modeling projection. The
warmer nighttime temperature conditions likely come from the lower thermal conductance of the
building after the retrofit.

This takes place because higher interior temperatures result from internal heat gains when the
temperature outdoors is lower than the indoor temperature—in other words, the post-retrofit
building loses heat to the outdoors at a lower rate.
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Figure 58. Pre- and post-window retrofit indoor and outdoor temperature profiles for cooling
season observations for Site 54

Although the internal heat gains varied little between the pre- and post-window retrofit periods,
daily average solar insolation was greater during the post-retrofit period (5.5 kWh/m? pre-retrofit,
6.6 kWh/m? post-retrofit). The solar insolation and internal gains parameters varied in their
significance in each model. The internal heat gains variable is significant in the pre-retrofit
model (p <0.05), but it has a low level of significance in the post-retrofit model (p < 0.15). Solar
insolation has a low level of significance in the pre-retrofit model (p < 0.15), but it is highly
significant in the post-retrofit model (» < 0.01). These added parameters improve the model
strength (pre-retrofit: R? = 0.72; post-retrofit: R?> = 0.87).

Projected daily space-cooling energy for this moderately-shaded home with a thermostat set
point of 76°-77°F is 26.8 kWh pre-retrofit and 27.4 kWh post-retrofit, for a negative savings of
0.5 kWh/day (-2.0%), assuming an average outdoor temperature of 80°F; thus, some of the 5.0
kWh/day space-cooling savings from the EIFS installation appears lost after the advanced
window retrofit. However, although the window retrofit cooling energy savings model appears
statistically strong, there are few observations with an average daily summer temperature near
the 80°F used for the savings prediction; thus, although this evaluation seems to indicate no
savings from the combination of measures, the data set used to create the models is quite limited,
and the conclusions must remain suspect until additional data are accumulated to allow for a
more conclusive evaluation.

9.3.3 Preliminary Exterior Insulation Finish System and Window Retrofit Space-
Cooling Energy Evaluation

For the EIFS and window retrofit evaluation, pre- and post-retrofit analysis periods are

necessarily discontinuous. To capture a similar part of the cooling season before and after both

the measures, observations were drawn from May through mid-July 2014 for the pre-retrofit

period and May through mid-July 2015 for the post-retrofit period. At first glance, the combined

measures appear to improve space-cooling energy consumption. The scatterplot in Figure 59
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displays slight space-cooling energy savings, with shrinking savings as the outdoor temperature
rises.
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Figure 59. Regression lines for space-cooling pre- and post-EIFS and window retrofit for Site 54

The daily average interior temperatures were again cooler post-retrofit: 77.3°F pre-retrofit
compared to 76.5°F post-retrofit. Figure 60 displays ambient and indoor temperatures for both
evaluation periods. Evening indoor temperatures are similar between periods, though post-
retrofit has warmer afternoons. Meanwhile, the building maintains a lower temperature from the
early hours through midday. The period of time during which the post-retrofit building remains
cooler than the pre-retrofit building is indicative of behavioral change with a different thermostat
setting; thus, Delta T was included in the savings evaluation.
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Figure 60. Pre- and post-EIFS and window retrofit indoor and outdoor temperature profiles for
cooling season observations for Site 54

There were large differences in average daily internal heat gains among analysis periods (pre-
retrofit: 14.0 kWh; post-retrofit: 10.5 kWh). The internal gains parameter was significant in both
models (p < 0.01), and solar insolation was moderately so (pre-retrofit: p < 0.10; post-retrofit: p
< 0.01). The three-term regression models have relatively strong fits (pre-retrofit: R? = 0.70;
post-retrofit: R> = 0.87).

The resulting cooling energy savings projection for the combined EIFS and window retrofit
measures is 1.9 kWh/day (pre-retrofit: 34.9 kWh/day; post-retrofit: 33.0 kWh/day) or 5.4%, at an
average summer temperature of 80°F. The savings are lower than expected, given the 5.0-
kWh/day (18.2%) cooling energy use savings experienced after the EIFS measure and -1.0-
kWh/day (-2.0%) savings post-window retrofit. Also, it is noteworthy that the daily space-
cooling energy consumption prediction is much higher (pre-retrofit: approximately 33 kWh;
post-retrofit: approximately 35 kWh) than that for the EIFS only (pre-retrofit: approximately 22
kWh; post-retrofit: approximately 27 kWh) and windows only (approximately 27 kWh pre- and
post-retrofit) evaluations; however, there is reason to believe that some models are potentially
biased and of limited value for the assessment. These differences may be attributed to modeling
with observations among the three different evaluations unavoidably taken from different times
of the calendar year and sometimes lacking observations representing typical summer days. This
creates considerable bias in the data and the models that result from using them. Another
complication is that internal gains and solar insolation parameters were not always significant
and could not be used consistently for modeling. A reevaluation of the combined EIFS and
window retrofit measures using a longer time series will be examined for the final PDR report.

9.4 Window Retrofits and Site 54 Savings Summaries

As summarized in Table 30 for the three window retrofits and Table 31 for the Site 54 wall and
window measures, the impact of these measures on space-conditioning energy are mixed.
Seasonal space-cooling energy savings for the window retrofit ranged from -0.7 kWh/day (-
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4.8%) to 6.9 kWh/day (27.0%), and the single projection for space-heating savings is 4.2
kWh/day (6.8%) on a cold Central Florida day averaging 50°F. Given the timing of this report,
this study cannot evaluate the impacts on space heating at two sites. Average estimated annual
savings based on the PDR average annual pre-retrofit space-heating and space-cooling energy
use of 5,480 kWh (Appendix A) are poor: median space-cooling energy increased by 250
kWh/year, and space heating was quite modest for the single site evaluated for space heating, 19
kWh/year. The net space-conditioning energy use results for these selected sites is 231 kWh/year
negative savings.

Table 30. Window Space-Conditioning Energy Savings Summary

Site Evaluation Pre- Post- II:(’\:;\IIIIY Co:f;i:agvggiiso"F
No. Season (kWh/day) (kWh/day) Savings  Heating @ 50°F
23 Cooling 25.7 18.7 6.9 27.0%®

23 Heating 61.7 57.5 4.2 6.8%

25 Cooling 14.6 15.3 -0.7 -4.8%

54 Cooling (windows only) 26.8 27.4 -0.5 -2.0%°

a Limited observations and period bias in the pre- and post-retrofit periods makes these estimates suspect.

Table 31. Space-Cooling Energy Savings Summary for Site 54

Evaluation Measure Pre- Post- Daily kWh % Savings
(kWh/day) (kWh/day) Savings Cooling @ 80°F

EIFS 27.2 22.2 5.0 18.2%

EIFS and windows 34.9 33.0 1.9 5.4%

The cost of the window retrofits at sites 23 and 54 were $9,943 and $8,383, respectively.'® If the
HVAC energy savings results at Site 23 are applied to the average annual HVAC energy use of
the untreated PDR sample reported in Phase I, the annual savings are $213, with $191/year
cooling energy savings (5,880 kWh/year * 0.27 * §0.12/kWh) and $22/year heating energy
savings (275 kWh/year * 0.68 * $0.12/kWh). Extrapolating using the site that revealed the
greatest savings, the window retrofit is not a cost-effective energy retrofit proposition. This
evaluation, however, demonstrates the potential for a window retrofit to improve comfort in each
case with more stable indoor temperatures. Comfort, acoustic, and aesthetic improvements could
also be part of the justification for an advanced window retrofit.

The space-cooling energy savings for the EIFS measure at Site 54 was 5.0 kWh/day (18.2%)), as
presented in Section 5.3. The windows-only savings could not be conclusively established
because of the limitation in the available monitoring periods with consistent conditions. Because
this evaluation period lacks the warmest summer weather, the collective impact of these
measures (windows and EIFS) will be reevaluated in a subsequent report when more data are
available; however, given the total cost of $27,821, the Site 54 EIFS and window retrofit
measures cannot be justified solely on energy-related cost-effectiveness.

15 The actual costs for the window retrofits included impact-resistant windows that were necessary project expenses
resulting from government code changes. The premium for nonenergy window performance has been removed from
these costs. The retrofit at Site 25 was conducted by the homeowner with no installation cost.
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The three window retrofits amount to a series of heavily examined case studies. Given the
variation in the results, savings from advanced windows in Florida will differ considerably for
individual homes and will likely depend on:

e Average interior temperature maintained (the lower the temperature, the greater the
savings)

e The preexisting shading from outdoor features (buildings, setback shading, vegetation)
and indoor shading (blinds and drapes and insect screening)

e The magnitude of internal gains. The greater the internal gains, the lower the savings
from either advanced windows or insulation because internal heat cannot be lost to the
outdoors during the evening hours when it is cooler outside than inside.

The weaknesses in modeling, the availability of only three sites for analysis and variability in

results do not lend this measure to further evaluation under the TMY 3 weather normalization.

For the same reasons, it is impossible to draw meaningful peak system hour impacts without a
much larger sample.

9.5 Parametric Evaluation of Factors Affecting Window Savings in Florida
Homes

The measured and analyzed results of the three window retrofit experiments in the Phase II PDR

project were decidedly mixed, with savings estimates ranging from negative savings to positive

savings of 27%. Given the case study nature of the monitoring effort, a simulation evaluation

was conducted to see how various factors might be influencing results in a more controlled

fashion.

The expectation coming into the evaluation was that savings would likely be around 15%, as
shown earlier in testing in Melbourne, Florida (Anello et al. 2000); however, these results were
obtained with unoccupied buildings with lower internal gain levels than would be experienced in
real occupied homes. Because the Melbourne homes in Anello’s study were new construction,
there was little in the way of vegetative shading, which is very common in established Florida
homes.

The BEopt simulation software running EnergyPlus was used to evaluate the influences. A
prototype 1,790 ft? building, shown in Figure 61, was modeled with characteristics similar to
what would be found in a typical home in the PDR project relative to insulation (R-4 walls, R-19
ceiling, uninsulated slab floor, 8 ACH50), AC systems, and heating. A SEER 13/HSPF 7.7 heat
pump was assumed, with base thermostat set points of 77°F for cooling and 72°F for heating and
R4 ducts with 15% duct leakage.
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Figure 61. Prototypical PDR residence rendered in BEopt with adjacent home on either side

For the BEopt rendering for windows, the model assumed single-glazed, aluminum-framed base
case windows (U = 1.16 Btu/hour-ft>-°F, SHGC = 0.76) and then simulated high-performance
windows similar to those used in the project (U=0.28; SHGC = 0.22). It also assumed that there
were adjacent homes (as is common in the suburbs and in the cases we encountered) and 3-ft.
overhangs to approximate the high degree of shading from porches (see Table 19). Further, based
on the characterization shown in Table 19, the model included the assumption that interior
shading was extensive from observed blind position and also from 50% of the windows
commonly being covered by insect screening that has been shown to reduce solar transmittance
by nearly 40%. In addition, the effective solar transmittance was assumed to be 30% of the fully
exposed value in the cooling season and 50% of the value in winter. These values contrast with
the BEopt standard values of 50% in the cooling season and 70% in winter, which would reflect
different blind management than was observed in the project homes. High levels of window heat
gain can lead to overheating in spring and fall, and BEopt has the potential to simulate year-
round venting, although in this project natural ventilation was fairly uncommon except during
the Florida winter season.

Other parameters that can be expected to influence window savings include interior thermostat
temperature and internal heat gain rate. The higher the temperature set point, the lower the
savings from the lower U-factor of windows. Moreover, at some point the lower heat loss from
the windows at night will begin to exert a negative influence on savings.

Similarly, with high levels of internal heat gain from greater appliance and interior plug loads,
the home’s interior temperature will tend to be elevated such that greater heat loss at night from
single-glazed windows is actually desirable. This is clearly shown in Figure 55 for Site 25, which
has a cooling set point of nearly 82°F and has very high plug loads with daily home
entertainment power of 5.7 kWh/day. Based on modeling, it appears that assuming twice the
normal plug loads worked fairly well in many cases.
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Figure 62 shows the results for a case similar to Site 25 with twice the normal plug loads and a
cooling set point of 81°F. The predicted cooling energy savings from the advanced windows
amount to only 202 kWh/year. Note that the measured cooling energy at Site 25 during the entire
year of 2013 was 2,227 kWh, which corresponds well to the 2,172 kWh predicted. The results
are shown below in the form of an analysis result table (Table 32) from BEopt.
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Figure 62. Estimated savings from single-glazed windows (Point 1) compared to double-glazed,
low-e, solar-control windows, with a set point of 81°F and two times normal plug loads
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Table 32. Parametric Evaluation of Influences on Savings from Advanced Windows in Florida

No Ventilation

Year-Round Ventilation

Single-
Set Point °F Glazed
(kwh)

72° 6,413
73° 5,888
74° 5,372
75° 4,865
76° 4,367
77° 3883
78° 3,420
79° 2,978
80° 2,562
81° 2,172
82° 1,805

Internal Gains

0.5x PL 3,086
1xPL 3,344
2xPL 3,883

3 xPL 4,449

4 x PL 5,029

External and Internal Shade

Hvy. Int. and ext.

shade, w/neighbors 3,883
Less int. shade 4,124
Hvy int. and ext.

shade, no neighbors 4,528
Less int. shade, 4,938

no neighbors

Double-
Low-e Solar
(kwh)
5,891
5,404
4,927
4,458
3,998
3,549
3,118
2,708
2,327
1,970
1,638

2,729
2,989
3,549
4,135
4,733

3,549
3,631

3,913

4,050

Savings
(kWh)

522
484
445
407
369
334
302
270
235
202
167

357
355
334
314
296

334
493

615

888

Savings

%
8.1%
8.2%
8.3%
8.4%
8.4%
8.6%
8.8%
9.1%
9.2%
9.3%
9.3%

11.6%
10.6%
8.6%
7.1%
5.9%

8.6%
12.0%

13.6%

18.0%

Single-
Glazed
kWh
6,413
5,888
5,349
4,804
4,282
3,790
3,326
2,896
2,491
2,113
1,761

3,033
3,277
3,790
4,356
4,880

3,790
4,015

4,390

4,774

Double-
Low-e
Solar
(kWh)

5,888
5,404
4,903
4,396
3,916
3,458
3,030
2,629
2,257
1,914
1,591

2,679
2,931
3,458
4,015
4,584

3,458
3,538

3,801

3,927

Savings
(kWh)

525
484
446
408
366
332
296
267
234
199
170

354
346
332
341
296

332
477

589

847

Savings
%
8.2%
8.2%
8.3%
8.5%
8.5%
8.8%
8.9%
9.2%
9.4%
9.4%
9.7%

11.7%
10.6%
8.8%
7.8%
6.1%

8.8%
11.9%

13.4%

17.7%

@ Bolded rows represent parameter selected for the general model used in the remaining parameters’ sensitivity

runs

Note that the results suggest the following influences on AC savings from windows in a cooling-
dominated climate:

Preexisting shading from adjacent buildings, porches, blinds, and insect screens has a

very large impact on savings, reducing them by more than 50% relative to standard
assumptions (which also includes interior shading).

Greater internal gains from appliance and plug loads reduce the cooling energy savings
from advanced windows because interior temperatures tend to be higher during nighttime
hours when ambient temperatures are lower and heat loss is beneficial. For example, a
home with low plug loads will see savings nearly double those of a home with very high

internal heat gains.
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e The annual savings of advanced windows varies significantly by the interior thermostat
setting. For example, a home maintaining 81°F instead of 77°F would see 40% less
savings. On the other hand, a home maintaining an inside temperature of 73°F would see
56% greater savings from the better windows.

e Natural ventilation has only modest influences on produced savings, at least according to
the algorithms in BEopt.

Although 20%—-30% savings are possible with the right combination of factors (low internal
gains, minimal existing shading, and low set points), the opposite is true as well. A very high set
point with high internal gains with windows mostly shaded by other buildings, vegetation,
porches, or blinds would see negligible savings from advanced windows. In particular,
preexisting shading in existing Florida homes is likely to limit savings in many applications.
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10 Evaluation of Smart Thermostats

10.1 Background

Because thermostats are the central switch that control the operation of heating and cooling
systems—commonly the largest energy end use in homes—it follows that understanding how the
occupants and thermostat interact is key to achieving potential energy savings; however, this
potential is complex, comprising the control hardware and how homeowners use it (behavior). !¢
That this technique has potential for energy savings has been demonstrated in well-controlled
laboratory measurements. For example, experimental work by Levins at Oak Ridge National
Laboratory (Levins 1988) showed 20% measured heating savings from thermostat setback in the
highly instrumented and unoccupied Karns homes compared to the use of a constant thermostat
setting. More recently, detailed National Research Council Canada test homes in Canada
(Manning et al. 2007) showed that both thermostat setback (winter) and setup (summer) reliably
produce savings of 13% and 11%, respectively; however, until the advent of smart thermostats,
such savings levels have depended on the willingness of occupants to manage their thermostats
and make effective control decisions. Somewhat lower energy savings in occupied homes are
well-documented. For example, Blasnik as cited by Bailes (2012) has shown heating savings of
5%—8% in multiple studies in many occupied homes in the northeastern United States from
1998-2008. Also, Roberts and Lay (2013) showed that in 20 homes in New York, the measured
interior nighttime temperatures were only approximately 3°F lower than midday temperatures,
and in a similar sample of Florida homes, the same differences were only approximately 2°F
during the day. This appears substantially lower than the potential, however, based on the
laboratory experiments.

10.1.1 Unrealized Potential with Standard Programmable Thermostats

From 1999-2001, a large monitoring project in Central Florida for Florida Power Corporation
evaluated 150 submetered homes and found that homes with programmable thermostats actually
used more space cooling than those with manual slide thermostats because homeowners were
more likely to change the daily settings on the manual thermostats (Nevius 2000).'7 Verifying
this finding, the influence of thermostats and load controls has been evaluated in Florida homes
by utilities that want to enhance load control. The utilities’ findings also showed that
programmable thermostats increased cooling consumption (Lopes and Agnew 2010). The
problems were not confined to Florida; data from Minnesota showed much the same contrary
result from programmable thermostats (Nevius and Pigg 2000). Other efforts (Vastamaki,
Sinkkonen, and Leinonen 2005; Meier et al. 2011) indicated that much of the problem emerged
because the user interface of the programmable thermostat for homeowners was too complicated,
and only one in four households with programmable thermostats had been programming them.

Newer “smart” thermostats get around these problems by self-programming depending on
heuristic evaluations of user control habits as well as sensed homeowner occupancy. Such smart
thermostats include Nest (see Figure 63), Lyric, and Ecobee. These modern devices use a

14 www.energyvanguard.com/blog-building-science-HERS-BPI/bid/50152/If-Y ou-Think-Thermostat-Setbacks-
Don’t-Save-Energy-You’re-Wrong

17 Part of the problem identified during occupant interviews as part of the Florida Power Corporation monitoring
project had to do with complexity (e.g., “technological nuisance factor”), which kept many from programming
devices. Manual thermostats are easy to operate and set back, whereas homeowners with programmable thermostats
tended to leave them at a constant “Hold” setting.
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combination of data on occupancy, weather, and thermostat-setting preference to help consumers
with automated setback/setup schedules. These devices have also been shown in other studies in
other regions to produce cooling energy savings. For example, the Nest thermostats have been
shown to provide savings of 1.16 kWh/day or 11.3% in a very large sample of homes in
Southern California (Nest 2014). There are reasons to believe savings may differ in Florida,
however, with different demographics, construction practices, and intense cooling consumption.

Figure 63. The Nest learning thermostat installed at one of the PDR sites showing the redundant
temperature and humidity measurement

10.2 Installation Campaign

A total of 44 PDR sites were considered for installation of the Nest or Lyric “smart” thermostat
Phase II evaluation. The installation sites were chosen based on homeowner acceptance,
compatibility, and no confounding measures being installed in the home (nine sites received a
Nest in 2013 as part of the deep retrofit and are not included in this analysis because of
confounding retrofit measures):

e Two sites already had a Nest.

e Five sites had incompatible AC systems—typically very high-efficiency systems.

e Four sites were not appropriate because of the need to not confound other measures being
installed.

e Four sites rejected the offer of a smart thermostat.

Among the 29 smart thermostats installed as part of the PDR Phase II program, 22 sites received
a Nest or Lyric in 2014, and 7 sites received a Nest in 2015. An installed Lyric was subsequently
traded for a Nest and eliminated from analysis, leaving 26 Nest and 2 Lyric thermostat
installations for initial evaluation.
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Within the analysis we carefully attempted to reduce confounding influences. Three sites had the
evaluation time periods censured due to a change-out of the air-conditioning equipment (very
visible within the analysis periods due to the ability to monitor the HVAC circuits). A subset of
three Nests installed in 2015 in homes with supplemental MSHPs operating and controlled
independently were evaluated, but they are not considered part of the main sample. Finally, it
was never clear that one site (Site 46) had installed the Nest; thus, it was excluded. This left 25
Nest sites and 2 Lyric sites for the final evaluation. Site characteristics for the installations are
summarized in Table 1. HVAC characteristics are given in Table 33.

Table 33. Smart Thermostat General Site Characteristics

. - Wall House Year
Site . Year Living No. . Cenlmg Construc Air- of Air Year AC AC
City . Area of Stories Insulatio . of Size
No. Built (ft2) Occu n - tightness HandI- Com (tons) SEER
: tion (ACH50)  ing Unit P
4 Melbourne 1971 1,166 2 1 R-19 cMU 11.5 2000 2000 25 14.0
6  PalmBay 1981 1,542 2 1 R-25 cMU 8.9 2006 2006 3.0 13.0
11  CocoaBeach 1958 1,672 3 1 R-6 cMU 10.9 1998 2002 3.0 <12
12 PortOrange 1984 1,594 3 1 R-6 cMU 12.0 2000 2000 3.0 <12
16  Indialantic 1982 2,231 3 1 R38 Frame 12.7 2002 2002 4.0 13.5
15 g’;‘jfﬁ“me 1975 1,359 2 1 R-15 cMU 8.2 1997 1997 30 135
17 Indialantic 1964 1,456 2 1 R-30 cMU 8.4 2002 2002 3.0 19.0
18  Cocoa 1995 1,302 2 1 R-21 cMU 6.2 2008 2008 3.0 14.0
21  CocoaBeach 1981 1,628 2 1 R-30 cMU 6.9 2013 2013 35 13.0
22 CocoaBeach 1955 1,743 2 1 R-19 cMU 11.0 2001 2001 25 12.0
24 Cocoa 1986 1,978 3 2 R-25 Frame 9.5 2010 2010 35 15.0
27  PalmBay 1995 2,050 2 1 R-30 Frame 8.0 2008 Eiictkage‘j 5.0 12.0
28 Merrittlsland 1966 2,622 2 1 R-16 cMU 8.9 1999 1999 5.0 10.0
29 Cocoa 1985 1,215 2 1 R-30 Frame 10.2 1985 1985 2.5 <10
gq  Pembroke 1978 1,651 2 1 R-8 cMU 9.3 2011 Packaged 30 150
Pines unit
. cMU/

35  Plantation 1993 1,625 2 2 R-19 e 6.6 1993 1998 35 <10
42 Naples 2001 1,666 3 2 R-30 Frame 6.1 2002 2002 3.0 10.0
45  Davie 1987 1,299 2 1 R-19 cMU 9.1 2006 2006 2.5 13.0
47 Fort Myers 1990 1,088 4 1 R-15 Frame 5.5 1999 2004 2.5 <10
48 Naples 1973 1,436 4 1 R-38 cMU 13.2 2006 E‘;ictkaged 3.0 13.0
50  Melbourne 1958 2,168 4 1 R-30 cMU 5.5 2005 2005 4.0 14.0
52 Cocoa 2000 1,696 2 1 R-30 Frame 7.0 2012 2012 3.0 13.0
56  Merrittlsland 1963 1,000 3 1 R-19 cMU 13.5 2005 2005 2.5 10.0
58  Rockledge 1979 2,020 2 1 R13 cMU 13.3 2003 2003 35 13.0
59 BME‘Z'E’: urne 1985 2,298 2 1 R-19 Frame 7.1 2005 2005 4.0 14.0
43 Fort Myers 2000 1,383 2 1 R-25 cMU 6.5 1999 1999 25 10.0
44 Naples 1998 1,627 2 1 R-19 cMU 4.7 1998 1998 4.0 10.0

Site characteristics for the 25 Nest and 2 Lyric installations are summarized in Table 34, HVAC
characteristics for these sites are provided in Table 33, and serial numbers for the Nest
installations are in Appendix G.
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Table 34. Thermostat Replacement Site HVAC Characteristics

Duct

Existing

As

ﬂ:: Heating Leakage T-Stat TeEc)::::Toggy Found Program Inz;satIT: d Install Date
(Qn,out) Make Setting
4 Heat pump 0.17 Robertshaw Nonprogrammable n/a Nest Sept 3, 2014
6 Resistance 0.10 Honeywell Nonprogrammable n/a Nest Aug 27,2014
11 Heat pump 0.13 Honeywell Nonprogrammable n/a Nest Sept 5, 2014
12 Heat pump 0.63 Honeywall Nonprogrammable n/a Nest July 10, 2015
15 Heat pump 0.13 White Rogers Nonprogrammable n/a Nest Oct 10, 2014
16 Resistance 0.07 Carrier Programmable Program Running Nest July 29, 20152
17 Heat pump 0.12 Trane (XT500C) Programmable 'Hold' Nest Sept 10, 2014
18 Heat pump 0.05 Honeywell Programmable 'Hold' Nest Sept 11, 2014
21 Heat pump 0.12 White Rogers Programmable Program running Nest July 24, 2014
22 Resistance 0.08 V\(/?::tgzl_?;gf)rs Programmable Program running Nest Sept 4, 2014
24 Resistance 0.09 Trane Programmable n/a Nest July 20, 20152
27 PkgHP 0.05 Maple/Chase Programmable Running Nest July 17, 20152
28 Heat pump 0.06 Trane (XT500C) Programmable Unknown Nest Sept 12, 2014
29 Resistance 0.07 Honeywell Nonprogrammable n/a Nest Aug 20, 2014
34 Resistance 0.06 Trane Programmable 'Hold' Nest Nov 20, 2014
35 Resistance 0.08 Filtrete Programmable Program running Nest Nov 22, 2014
42 Resistance 0.04 WQ;;:_‘;ii?rs Nonprogrammable n/a Nest Oct 29, 2014
. Climate
45 Resistance 0.09 Nonprogrammable n/a Nest Nov 20, 2014
Technology

47 Resistance 0.03 Not recorded Programmable Program running Nest Oct 30, 2014
48 Resistance 0.20 V\/(T;;eéf3o4g;rs Nonprogrammable n/a Nest Oct 29, 2014
50 Resistance 0.03 Honeywell Programmable Hold Nest July 22, 2015
52 Heat pump 0.06 Honeywell Programmable 'Hold' Nest Aug 27, 2014
56 Resistance 0.16 LuxPro NonProgrammable n/a Nest July 22, 2015
58 Heat pump --- Honeywell Programmable Program running Nest Aug 25, 2014
59 Resistance 0.10 Honeywell Programmable 'Hold' Nest Sept 12, 2014
43 Resistance 0.03 Honeywell Nonprogrammable n/a Lyric Oct 28, 2014
44 Resistance 0.07 Honeywell Non-programmable n/a Lyric Nov 19, 2014

@ With supplemental ductless mini-split

For the Phase II research evaluation, the thermostats were installed in PDR homes that had not
received other retrofits between July 24, 2014, and December 31, 2015. The pre-retrofit
evaluation periods generally ran from July 2013 through the installation date at each site, and the
post-retrofit period ran from installation through December 2015. The installations were
primarily in the Central Florida and South Florida areas.

These had no other retrofits that were coincident with the thermostat installation other than pool
pumps, which were not expected to alter interior HVAC needs. (This eliminated Site 54 from
evaluation.) No specific instruction or programming was provided to occupants, who were free
to alter the thermostats as they pleased. Default Nest and Lyric settings were used. For each
home, a full year of preinstallation data was available, including AC, heating, and air handling
unit use as well as indoor temperatures and RH. In fact, often 2 years or more of pre-retrofit data
were available, but only a full year was used, as described below.
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10.3 Observed Time-Related Degradation in Air-Conditioning Performance

In evaluating the various Nest sites with often 2 years of pre-data before the Nest installation, we
were careful to look for changes in the air-conditioning system—specifically AC replacement
because it was known that this could severely bias, in doing so with regression models tied to
outdoor weather, we soon noted that performance results. However of the cooling system at most
sites seemed to almost uniformly be worse in the year leading up to the Nest installation than it
was the year before that. This was measureable given the regression techniques we were using
with the monitored pure HVAC circuits.

Although a systematic evaluation is needed for this phenomenon, our cursory evaluation
suggests that cooling-related AC performance may go down between 1%—4% per year on
average, and therefore using a longer time period than 1 year before the Nest installation is not
advisable due to the bias introduced. (The largest seeming degradation rate was shown at a recent
installation.) This may be caused by many factors (indoor and outdoor coil fouling, lack of filter
changing, loss of refrigerant charge, etc.), but taken in aggregate this suggests that mechanical
cooling system performance degrades over time and in a measureable fashion if weather data are
used to track influences. Figure 64 shows how cooling changed at Site 22 from 2013 to 2014
with very consistent interior temperatures being maintained before the Nest installation. The AC
system is of a 2001 vintage (both indoor and outdoor unit).

Apparent Change in AC Use at Site 22 2013 - 2014
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Figure 64. Observed cooling efficiency related degradation at Site 22 from 2013-2014. Note the
higher trend of cooling energy regressed against outdoor temperature in 2014.
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Although it may be thought that the change between 2013 and 2014 was related to interior
temperature, because this was measured we could eliminate that possibility. Figure 65 shows the
same data plotted against the daily indoor to outdoor temperature. The data gives the same result:

apparent degradation of the AC performance (or otherwise unexpected loads) in 2014 compared
to 2013.

Apparent Degradation in AC Efficiency at Site 22: 2013 - 2014
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Figure 65. Cooling performance at Site 22 from 2013-2014 regressed against difference in
outdoor indoor temperature

This trend was shown at Site 22 and in most of the sites where it could be examined—a trend of
increasing consumption from one year to the next, even controlling for weather and interior
temperature preferences. Although Site 22 represents an extreme case, we decided that it would
be best to use 1 year of pre-retrofit data along with 1 year of post-retrofit data regardless of the
length of the data trail available for particular sites.

10.4 Smart Thermostat Evaluation and Example Analysis

The analysis method used to evaluate the performance of each Nest or Lyric installation was to
summarize the pre-year data and compare daily measured space-conditioning energy to outdoor
temperature according to the evaluation method described in Section 4. Regressions from the
analysis of the smart thermostats are provided in Appendix H.

To help understand how energy use changed before and after the smart thermostat installation,
the indoor temperatures being maintained were also compared to the outdoor temperatures in an
attempt to identify specific thermostat control effects. These changes were explored extensively
for cases in which energy use actually increased.25.5
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Below is an example of how the analysis method was done for each site. Site 28 is a 2,622 ft?
home built in 1966 in Merritt Island, Florida, with two working adults in the household. The
concrete masonry home is poorly insulated: R-16 attic insulation, no wall insulation, single-pane
glass, and a blower door tested leakage of 8.9 ACHS50. The heat pump system is an older 1999
vintage, 4-ton machine. The existing thermostat was a TRANE XT500C programmable
thermostat (Figure 66).

E;g-m}%ﬁ.' = e el
P B B
| e T n )

e e T e

Figure 66. Existing thermostat, a Trane XT500C programmable model, at Site 28

Data from July 2013 to the present are presented in Figure 67 below for both indoor and outdoor
temperature and for the HVAC time series. The Nest was installed on September 12, 2014. The
interior temperature data recorded by the portable HOBO loggers (red) was continuous, showing
the expected dip in response to winter outdoor conditions. Outdoor ambient temperature is light
blue.
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Figure 67.

2013-July 2015 at Site 28

Interior temperature and local National Weather Service outdoor temperature from July

Daily HVAC data during this same period are plotted in Figure 68 below. Orange represents the
compressor power, and green is the air handling unit.
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Figure 68. Compressor and air handling unit power from July 2013-July 2015 for Site 28

Because this household maintains a temperature of approximately 78°-80°F during the hottest
days, the data for the HVAC suggest a poorly functioning 4-ton air conditioner or a very large

cooling load.

10.4.1 Visual Plot of Cooling and Heating Against Outdoor Temperature During
the Length of the Pre- and Post-Retrofit Periods and Regression Results

A visual examination of plotted daily HVAC during a year-long period regressed against outdoor

temperature (see Figure 69) suggests both winter and summer savings. Zeros are prior to the

retrofit, and 1s indicates post-retrofit observations. Air handling unit power is plotted at the
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bottom of the chart in brown triangles. The data also indicate an approximate 67°F balance point
for the building.

86

® Pre Nest Install
Post Nest Install

Daily Interior Temperature (°F)

70 72 74 76 78 80 82 84 86
Daily Outdoor Temperature (°F)

Figure 69. Daily HVAC kWh during the year-long period regressed against outdoor temperature at
Site 28. Zeros are pre-retrofit period; 1s are post. Brown triangles show air handling unit power.

Site 28 cooling and heating regression results are provided in Figures 70 and 71, respectively.

& retro==0

Figure 70. Cooling regression analysis for Site 28

Cooling for an 80°F summer day with the 67°F balance point was 27.2 kWh/day pre-Nest
installation and 22.6 kWh post-Nest installation, for a 17% savings.
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Figure 71. Heating regression analysis for Site 28

For the heat pump (which shows only modest strip heat use on cold days), the regression analysis
indicated the following savings: pre-Nest installation: 17.1 kWh @ 50°F; post-Nest installation:
10.3 kWh, for 6.8 kWh or 40% savings due to many days with no heating with the Nest, likely
due to vacancy.

10.4.2 Evaluation of Changes to Indoor Temperatures
Figure 72 shows pre-retrofit (green circles) and post-retrofit (brown triangles) cooling interior
temperatures regressed against outdoor ambient temperature.
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Figure 72. Pre- and post-retrofit cooling season interior temperatures regressed against outdoor

temperatures for Site 28

A similar presentation of the data for heating in Figure 73 shows the Nest typically maintaining a
lower interior daily temperature compared to the interior temperature in the pre-retrofit
condition, which accounts for the savings.
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Site 28: Heating Season Temperatures: Pre and Post Nest Thermostat
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Figure 73. Pre- and post-retrofit heating season interior temperatures regressed against outdoor
temperatures for Site 28

Although a complete analysis was not possible due to the need to retrieve portable humidity
loggers from all of the sites, the pre- and post-retrofit measured RH in the Nest sites showed
slightly lower humidity, as described below. Although this may seem surprising because the Nest
is suspending AC run time when people are away, keep in mind that people themselves are the
primary source of household internal humidity, and when homeowners return after being absent,
long cooling system run times often take place.

10.4.3 Evaluation of Influence on Interior Relative Humidity

Interior RH impacts are always considered in Florida where cooling system operation is
manipulated. In evaluating the impact of the Nest installations, 14 of the sites possessed
complete measurements of RH by the thermostat both pre- and post-retrofit Nest installation for
the entire year-long summer analysis periods. The average RH was 54.2% (standard deviation
5.1%) during the entire cooling season before the installation of the Nest and 53.9% RH post-
installation (standard deviation = 4.2%). The medians pre- and post-retrofit were 55.0% and
54.1%, respectively. Although slightly lower in the post-retrofit condition, we found no
statistically meaningful difference in RH before or after the Nest installation either by t-test of
means or by nonparametric Wilcoxon matched-pairs signed-ranks tests. This is not altogether
surprising because although the Nest my reduce the time an AC is running when people are
away, the breath and activities of the occupants form a major source of interior moisture that is
not present in their absence; thus, emphasis of AC operation and run time when people are
present is likely to slightly improve interior moisture control. Figure 74 shows the broadband
temperature and RH measurement by a Nest thermostat.
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Figure 74. Installed Nest and broadband temperature and RH measurement
by thermostat at Site 16

10.5 Summary of Home-by-Home Analysis

After completing the analysis for all 25 homes with the Nest and 2 homes with the Lyric, the
results were summarized and combined into Table 35. The data for the Lyric—two cases studies
as well as the 3 Nests installed after supplemental MSHPs—cannot be evaluated in any
meaningful fashion, which was anticipated within the experimental sequence involved.

However, the 22 Nest sites lend themselves to summary. Here, the average savings for cooling
(2.1 kWh/day at an outdoor daily temperature of 80°F) was 9.3% but with a very high degree of
variation. The median savings were 4.7%. The standard deviation of the savings was 3.5
kWh/day—higher than the savings themselves. Indeed, the analysis showed that 7 out of 22 sites
experienced negative savings, which appeared largely an artifact of pre-retrofit thermostat habits.
In an aggregate distribution, for the sites that had positive savings, those savings were larger in
magnitude than those experiencing negative savings. Not surprisingly, pre- and post-retrofit
interior to outdoor temperature analysis revealed that sites without savings often maintained
lower indoor temperatures in the post-Nest installation period.
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Table 35. Nest Thermostat Evaluations: Florida PDR Project 2013-2016

Site Balance Pre Post Delta Cool Pre Post Delta Heat

No. Install Point (°F) (kwh/  (kwWwh/ (kWh/ Reduction (kWh/ (kWh/ (kWh/ Reduction

day) day) day) (%) day) day) day) (%)
Cooling @ 80°F Heating @ 50°F

Nest Thermostat Evalautions

4 Sept. 3, 2014 65/65 16.0 16.8 -0.8 -5.0% 9.0 8.2 0.8 8.9%

6 Aug. 27,2014 70/70 8.3 7.7 0.6 7.2% 12.3 9.1 3.2 26.0%
11 Sept. 5, 2014 68/68 25.0 24.0 1.0 4.0% 22.0 19.1 2.9 13.2%
12 July 10, 2015 65/65 29.7 25.2 4.5 15.2%

15 Oct. 10, 2014 70/70 16.7 16.0 0.7 4.2% 14.2 8.9 53 37.3%
17  Sept. 10, 2014 70/65 15.8 17.6 -1.8 -11.4% 7.7 6.9 0.8 10.4%
18  Sept. 11, 2014 n/a/67 24.2 15.8 8.4 34.7%

21 July 24, 2014 66/66 29.0 20.4 8.6 29.7% 19.9 33.2 -13.3 -66.8%
22 Sept. 6, 2014 69/69 22.9 18.2 4.7 20.5%

28  Sept. 12,2014 67/67 27.2 22.6 4.6 16.8% 17.1 10.3 6.8 39.6%
29 Aug. 20, 2014 68/68 27.1 28.7 -1.6 -5.9% 16.9 10.6 6.3 37.3%
34 Nov. 20, 2014 65/65 16.1 14.2 1.9 11.8%

35 Nov. 22, 2014 67/67 35.1 36.1 -1.0 -2.8% 25.2 27.9 -2.7 -10.7%
42 Oct. 29, 2014 65/65 17.3 19.9 -2.6 -15.0% 25.2 14.0 11.2 44.4%
45 Nov. 20, 2014 68/68 17.0 16.4 0.6 3.5%

47 Oct. 30, 2014 66/66 17.3 18.9 -1.6 -9.2%

48 Oct. 29, 2014 67/67 24.7 25.2 -0.5 -2.0% 14.7 115 3.2 21.8%
50 July 17, 2015 61/61 30.4 24.5 5.9 19.4%

52 Aug. 27,2014 69/69 18.0 17.1 0.9 5.0% 5.4 18.1 -12.7 -235.2%
56 July 22, 2015 70/70 25.9 21.0 4.9 18.9% 42.7 45.7 -3.0 -7.0%
58 Aug. 25, 2014 63/69 25.8 24.7 1.1 4.3% 23.1 11.6 115 49.8%
59  Sept. 12,2014 63/67 29.4 21.5 7.9 26.9% 22.2 24.1 -1.9 -8.6%
16 July 29, 2015 60/65 235 27.1 -3.6 -15.3%

24 July 20, 2015 60/60 30.0 27.8 2.2 7.3%

27 July 17, 2015 67/67 353 39.8 -4.5 -12.7%

Average 22.7 20.6 2.1 9.3% 18.5 17.3 1.2 6.6%
Standard Deviation 6.6 35 9.2 7.3
Median 24,5 20.2 1.0 4.7% 17.1 11.6 2.9 13.2%

Lyric Thermostat Evaluations

43  Oct. 28,2014 67/67 20.6 240 -3.4 -16.5% 0.0 0.0 0.0 0.0%
44  Nov. 19,2014 67/67 21.2 17.1 4.1 19.3% 43.6 33.0 10.6 24.3%

Two of the group of three Nests that were installed with supplemental MSHPs in place (green
text) showed negative savings, although these are novel HVAC configurations and cannot be
considered as typical in the evaluation.
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On a site-by-site basis, the study found that preinstallation thermostat behavior and willingness
to use available Nest features made a difference. For example, a site with a programmable
thermostat that was not used cannot be expected to show savings, and those with low levels of
vacancy cannot be expected to achieve much savings from the occupancy-sensing “away”
function.

Heating savings from the Nest were also highly variable, particularly given the very short winter
heating season in Florida. Average savings were 6.6% (1.2 kWh/day at 50°F), although savings
were even more variable than for cooling because some homes had heat pumps and others had
electric resistance heating.

Although there was a great range in predicted savings among the Nest sites analyzed (-2.6-8.6
kWh/day for cooling energy and -13.3—11.5 kWh/day for heating energy), the average predicted
savings for the Nests may provide insight into the economics of smart thermostat installation.
Given its easy installation, the study assumed the Nest’s retail cost of $250 and no labor cost.

10.5.1 Weather Normalization and Extension to Utility Service Territory

To compute the Nest savings, the regressions developed in the foregoing analysis for each site
were then applied to the weather data from the TMY observations for the identified
representative Florida locations. The results were then weighted by utility customer weights for
those regions to estimate a final savings for Nest-related cooling and heating in the overall PDR
sample. Table 36 summarizes the evaluation.

Table 36. Weather-Normalized Nest Thermostat Projections: Florida PDR Project 2013-2016

Site Balance Pre- Post- Delta Cool Pre- Post- Delta Heat
No Install Point (kwh/ (kwh/ (kwh/ Reduction (kwh/ (kwh/  (kWh/ Reduction
’ (°F) year) year) year) (%) year) year) year) (%)

Cooling Heating

Nest Thermostat Evalautions

4  Sept.3,2014  65/65 3,975 4,048 (73) 18% 174 139 35 20.4%
6  Aug. 27,2014  70/70 1,751 1,639 112 6.4% 282 202 80 28.3%
11 Sept.5,2014  68/68 5,668 5,442 227 40% 489 464 25 5.1%
12 July10,2015  65/65 8,340 7,097 1,243 14.9%
15  Oct. 10,2014  70/70 3,682 3,474 208 57% 383 226 157 41.1%
17 Se;g'lio' 70/65 3,611 4,075 (463) 128% 221 193 28 12.5%
Sept. 11, o
18 Sois NA/67 5507 3,592 1,915 34.8%
21 July24,2014  66/66 6,868 4,999 1,869 27.2% 377 536 (159) 42.1%
22 Sept.6,2014  69/69 5,055 4,003 1,052 20.8%
28 Seng.liz, 67/67 6,155 5,149 1,006 163% 312 202 110 35.4%
29  Aug.20,2014  68/68 6,106 6,463 (357) 5.8% 353 222 131 37.1%
34 Nov.20,2014  65/65 3,727 3,263 464 12.4%
35  Nov.22,2014  67/67 8435 8422 13 01% 600 656 (56) -9.3%
42 Oct.29,2014  65/65 4331 5,207 (876) 202% 719 428 291 40.5%
45  Nov.20,2014  68/68 3,956 3,687 268 6.8%
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47  Oct.30,2014  66/66 3,950 4,439 (489) -12.4%
48  Oct.29,2014  67/67 5736 5,972 (236) 41% 392 320 72 18.5%
50  July17,2015  61/61 8,000 6,253 1,747 21.8%
52 Aug.27,2014  69/69 753 706 47 6.2% 142 386 (244)  -171.4%
56 July22,2015  70/70 5811 4,628 1,183 204% 1,112 1,160 (48) -4.3%
58  Aug. 25,2014  63/69 5716 5,505 212 3.7% 292 146 146 50.1%
59 Se;(:'liz' 63/67 6,834 4,952 1,882 27.5% 307 290 17 5.6%
16 July29,2015  60/65 5358 6,281 (923) 17%
24 July20,2015  60/60 8,220 7,444 776 9%
27 July17,2015  67/67 9,035 10447  (1,412) -16%

Average 5,180 4,683 498 9.6% 410 371 39 9.5%

Standard Deviation 1,960 851 246 131
Median 5,588 4,790 219 6.3% 353 290 35 18.5%

The results indicate an average 9.6% or 498 kWh/year savings on cooling and 9.5% or 39
kWh/year with Florida’s limited heating season, for total annual savings of 537 kWh or 9.6%.
The median results for cooling were lower due to the log-normal shape of annual consumption
(lots of homes with low to moderate energy use but with a long tail of high users) 6.3% (219
kWh/year). Median results for space heating were 18.5%. Although there was a large difference
between the mean and median for heating, the absolute savings numbers are quite small given
Florida’s limited heating needs (35 kWh/year).

As described in the Phase I report (see Phased-Retrofits in Existing Homes in Florida Phase I:
Shallow and Deep Retrofits by Parker et al. [2016]), the average annual cooling consumption in
the untreated PDR sample was 5,880 kWh.!® The average estimated annual heating was 274
kWh. The total HVAC consumption in the sample was estimated at 5,460 kWh compared to the
total Nest estimated savings of 525 kWh.

Thus, a quick estimate for a total annual savings would indicate that 525 kWh is approximately
$60 at $0.12/kWh. Simple payback for the Nest installation in this example would be
approximately 4 years with an annual rate of return 24% —excellent for a low-cost retrofit
measure. It is also attractive enough that future projects should consider installing smart
thermostats as part of the simple utility shallow retrofit measures.

Although Nest evaluations in other U.S. regions showed annual savings of approximately 11%—
15% (Nest 2015), the PDR-indicated savings level was somewhat lower in this study of Florida
single-family homes. This is likely because of three reasons:

e Florida homes tend to have high thermal capacitance, with slab-on-grade floors and
concrete masonry walls that respond slowly to thermostat changes.

18 http://fsec.ucf.edu/en/publications/pdf/fsec-cr-1991-14.pdf
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e Seasonal residents (approximately 4% of the state’s population) were specifically
excluded from the PDR sample. Because of long vacancy periods, such residents would
likely experience higher savings rates.

e Florida single-family homeowners are older than average (many retirees) and have higher
occupancy rates (spend more time at home). These circumstances result in less savings
from thermostat changes compared to other demographic groups in other parts of the
United States.

With that said, attached homes and rental homes in Florida have vacancy rates much higher
(13.2%) than other single-family homes (3.8%) in this study (Mazur and Wilson 2011). This is at
least partly due to older Florida residents who migrate seasonally—so-called snowbirds—and
inflate the winter population by nearly 800,000 people, but they are largely gone during the AC-
intensive summer season (Smith and House 2006). These snowbirds may experience higher
savings levels from smart thermostats even though they were not part of the evaluation. These
higher savings levels could be expected because during the single-family analysis it was clear
from a visual examination of the data that the Nest thermostat achieved significant savings
during vacation or longer periods of vacancy, as shown in Figure 75.

86 - .
i Vacant Period

Daily Interior Temperature (°F)

72 @ L] ® Pre Nest Install
4 e A Post Nest Install

704

68 -

68 70 72 74 76 78 80 82 84 86
Daily Outdoor Temperature (°F)

Figure 75. Pre- (green) and post-retrofit (brown) temperatures at Site 59 regressed against the
daily outdoor temperature. Note the two-week period with higher set points with the Nest in the
upper right.

Finally, it is important to note that FPL reported in its “Ask the Expert Energy Blog” by Patrick
Agnew on January 26, 2016, its own internal monitoring evaluation of the smart thermostats,
which showed very similar results with estimated annual cooling energy savings of 450
kWh/year. This is statistically indistinguishable from the results shown here.
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10.5.2 Smart Thermostat Peak Reductions

In an investigation of the impact of the Nest thermostats on peak summer and winter hours,
HVAC power demand at the seasonal peak hours in 2014 were compared to those of 2015."
Modest reductions to utility coincident peak electrical demand were shown.?’

Figure 76 compares the average demand during peak summer days for the 16 sites that received
their Nest installation between the summer peak of July 28, 2014, (pre-retrofit) and the surrogate
peak day on August 20, 2015, (post-retrofit), which shows an energy demand reduction of 0.18
kWh or 7%.%! The HVAC energy use reduction for the day was 7%: 35.4 kWh pre-retrofit and
28.3 kWh post-retrofit.

Smart Thermostat Performance on Peak Summer Days:
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Figure 76. Summer peak: comparative analysis between pre- and post-retrofit demand on FPL’s
system peak summer days of 2014 and 2015

A similar analysis was performed for system peak winter days for 17 homes. Figure 77 compares
the pre-retrofit peak winter day (January 23, 2014) to the post-retrofit peak winter day (February
20, 2015), showing a reduction of 0.25 kW or 14% savings. Although the energy use for the day
was much higher post-retrofit, up 40%—19.7 kWh pre-retrofit and 27.6 kWh post-retrofit—note
that the post-retrofit day had much cooler temperatures midday: a full 6°F—7°F cooler than pre-
retrofit.

19 Given the date of the Nest installation, FPL’s second highest summertime peak was necessary because not all 10
installations were complete before the summer 2015 peak of June 22. The slightly less hot day of August 20 was
used instead.

20 Note that these comparisons emphasize the changes shown from the retrofit that are coincident with the utility
system peak demand rather than a comparison to the site-specific weather.

2! Demand reduction is 0.39 kW or 16% between the typical peak hour of 4 p.m. to 5 p.m.
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Figure 77. Winter peak: comparative analysis between pre- and post-retrofit demand on FPL’s
system peak winder day of 2014 and peak summer day in 2015
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11 Evaluation of Heat Pump Clothes Dryers

The electric resistance clothes dryers in eight homes were replaced with new Whirlpool HPCDs.
The dryer model (WED99HED) is designed to be approximately 40% more efficient than
standard units and received an ENERGY STAR® 2014 Emerging Technology Award.?? Table 37
provides occupancy information for the study homes and their existing washer and dryer makes
and models.

Table 37. HPCD Site Characteristics

Site Git No. of 5\)/(::;12? Existing Existing Existing Appliance
ID ¥ Occupants Make Washer Model Dryer Make Dryer Model Location
Whirlpool .
19 Melbourne 3 Cabrio WTW6200SW?2 Samsung DVv457 Interior
22 Cocoa Beach 2 Kenmore 11020712990 Whirlpool 4WED5790SQ Interior
25 Melbourne 2 GE S2100G2WW Alliance Speed ADE30RGS171 Interior
Queen TWO01
. Whirlpool . .
28 Merritt Island 2 Duet WFW9470WR01 Whirlpool Duet ~ WED9750WR0 Exterior
52 Cocoa 2 GE WHRES550K2WW Kenmore 96284100 Interior
53 Melbourne 1 GE WWSR3090T2WW GE DWXVRV‘:;/SETZ Interior
HW, low water, GTDN500EMO .
58 Rockledge 2 GE 5600W 24A GE WS Interior
61 Cocoa Beach 2 LG WM2016CW Whirlpool WED9200SQ Exterior

In a subsample of 45 PDR sites that did not receive a dryer retrofit during 2013, existing electric
resistance clothes dryers were found to account for 3% or 741 kWh/year (2.03 kWh/day) of
annual energy consumption. Table 38 shows the average monthly clothes dryer consumption
with little variation from the annual average.

Table 38. Average Daily Baseline Dryer Energy by Month for 45-Home Sample for 2013

Jan.

Feb.

Mar.

Apr.

May Jun.

Jul. Aug.

Sept. Oct.

Dec.

Energy

(kWh/day)

2.1

2.1

2.1 2.1

19 2.1

2.0 2.0

2.0 1.8

2.2

The dryers were matched with a Whirlpool 4.5-cubic foot (ft*) clothes washer (WFW9SHED)
that had an Energy Guide estimated annual electricity use of 109 kWh/year (shown below in
Figure 78) and a modified energy factor of 3.2.

22 www.startribune.com/energy-guzzling-clothes-dryers-finally-get-more-eco-friendly/292379401/,

https://www.energystar.gov/about/awards/energy-star-emerging-technology-award/2014-emerging-technology-

award-advanced-clothes-dryers
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Figure 78. Energy Guide label for WFW95HED washer

The HPCD is a 7.3-ft> condensing clothes dryer and is unvented, similar to high-efficiency
European models. It has both a heat pump section and a supplemental electric heating element.
There are three primary modes of dryer operation: eco mode, which mainly uses the heat pump
but with longer drying times; balanced, which uses both the heat pump and electric resistance
element operation to achieve faster drying times; and speed mode, which uses both the heat
pump and electric resistance elements to dry in the fastest possible time.

The new clothes dryers and washers were installed in late May and early June 2015 in
cooperation with the homeowners. Instructions were provided on efficient appliance operation.
Seven of the PDR homes had conventional clothes washers and dryers that were then replaced by
the efficient Whirlpool models (Figure 79). Site 19 had started in the PDR project with a
standard washer and dryer and participated in the Phase I retrofits, including testing of the
Samsung DV457 clothes dryer, which was shown to reduce consumption by 37% at this home.
Significantly, the occupants of Site 19 do a very large volume of laundry, with baseline dryer
energy use of approximately 8 kWh/day (approximately 3,000 kWh/year). Replacing the
Samsung unit with the new Whirlpool HPCD dryer was expected to further reduce their clothes

drying energy.
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Figure 79. Building America Partnership for Improved Residential Construction team member
Bryan Amos awaits shipment to one of the HPCD retrofit homes in the PDR project in May 2015

Measured baseline data began at the onset of dryer energy monitoring, generally from August—
September 201423 through the installation date for each washer/ HPCD pair, which occurred
during May—June 2015. The post-installation period data were from the installation date through
early February 2016.2* Although it was less than 1 full year, the 8—9-month baseline and study
periods were deemed acceptable because evaluations of plotted clothes dryer data at each site
revealed little in the way of time-of-year seasonality (there was a strong time-of-day element for
clothes drying at each site), and each household also showed periodicity relative to the preferred
time to do laundry: once every other day, each weekend, or even every day. Figure 80 shows the
time-series data for Site 25 from January 2014—December 2015 with the daily clothes dryer
demand plotted as well as the monthly summed clothes dryer energy. The timing and effect of
the HPCD retrofit is clear in the data, with measured clothes dryer electricity falling by more
than half.

23 One site’s data did not start collection until early December 2014.
24 One site’s homeowners moved out 30 days after HPCD installation. Although data was collected with the new
homeowners, analysis for this site is based on the 1 month the original owners spent with the HPCD.
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Site 25 Dryer Energy Use January 2014 - December 2015
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Figure 80. Time series for clothes dryer energy at Site 25

Table 39 shows the measured data in the pre- and post-installation periods for each site. Washer
energy (which is typically quite modest) was not collected in the baseline period and therefore
not evaluated. Note, too, that the savings level for clothes drying may reflect not only the
efficiency of the clothes dryer but also of the clothes washer in reducing the amount of moisture
left in the clothes to be dried.

Table 39. Summary HPCD Retrofits

Pre- (2014-2015) Post- (2015-2016) Savings
Install Daily Annual Daily Annual Annual
Interior i:: Date (kwh) (kwh) (kwh) (kwh) (kwh) (%) People
Y 58 May 14 141 513 1.24 453 60 11.7% 2
Y 52 May 26 1.44 527 0.84 308 219 41.6% 2
Y 25 May 27 2.94 1,073 1.42 518 555 51.7% 2
N 61 May 28 1.32 483 0.98 359 124 25.6% 2
N 28 June 1 2.44 890 1.86 679 211 23.8% 2
Y 53 June 1 2.41 878 0.67 245 633 72.1% 2
Y 19° June 3 7.06 2,577 6.09 2,222 355 13.8% 3
Y 22 June 5 1.66 606 0.81 297 309 51.0% 2
Average 2.59 944 1.74 635 308 36.4% 23
Median 2.03 742 1.11 406 264 33.6% 2

@ January 1, 2013-November 17, 2013: standard dryer used 8.30 kWh/day. Occupancy increased from two to three
people toward the end of the pre-retrofit, and the three-person occupancy was maintained for the post-retrofit
period; thus, savings results are conservative.
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Median energy savings in the pilot demonstration were estimated at 33.6% (264 kWh/year or
0.72 kWh/day) of median baseline consumption and average savings at 36.4% (308 kWh/year or
0.85 kWh/day). Savings results at two sites are noteworthy. The savings for Site 19 would be
27% if based on the baseline unit rather than the more efficient Samsung DV457 unit in
operation in 2014, and the owners at Site 58 reported that they were not interested in using the
eco mode and preferred the speed mode, which resulted in lower savings.

With predicted median annual savings of 264 kWh ($32 at 0.12/kWh), the Whirlpool HPCD is
not a cost-effective measure at its full cost of $9482°—a current advertised price for the
appliance including delivery and installation. However, based on the assumption that consumers
will purchase the HPCD only if they are in the market for a new dryer, an economic evaluation
should consider the incremental cost for the HPCD over the consumer’s standard choice (Dryer
2). If Dryer 2 costs approximately $700,%° the incremental cost of $148 will be paid back in
approximately 4.5 years with a 22% annual rate of return. The economics appear less attractive,
however, if the cost of the paired low-residual moisture washer is included. It is noteworthy,
however, that matched washer-dryer pairs are most often installed in modern homes.

11.1 Heat Pump Clothes Dryer Peak Reductions

The HPCD impact on utility peak demand was also investigated. Figure 81 shows the average
daily profile for seven of the eight HPCD sites pre-retrofit (2013) compared to post-retrofit
(May/June 2015—February 2016).?” Although this plot consists of annual or nearly annual data,
as previously mentioned the seasonal variation is limited, thus this plot provides a good
indication of the large potential demand reduction coincident with utility summer peak—which
typically falls between the hours of 4 p.m. and 5 pm. For the homes in this study, there was a
post-retrofit demand reduction of 0.09 kW/day or 48% among these hours.

25 The manufacturer’s suggested retail price is $1,799.

26 The cost of the hypothetical Dryer 2 can vary greatly from one consumer to another. The payback and rate of
return for the HPCD option improves with a more costly Dryer 2.

27 Site 61 was not instrumented until mid-2014, and therefore it was excluded from the evaluation comparing 2013
to 2015-2016.
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Figure 81. Comparative analysis between pre- and post-HPCD clothes drying demand

11.2 Homeowner Complaints and Acceptability Issues

Within the operation of the unvented HPCD, the condensed moisture from clothes is passed
down a drain, and the waste heat from the heat pump and electric resistance elements of the
system operation is released into the space. Although the amount of sensible heat released into
the space from the nonventing HPCD was expected to be modest given the increased efficiency
of the unit, the actual experience showed that a very significant quantity of sensible heat was
released—more than the comparable amount of heat released to the interior from the
conventional electric resistance vented clothes dryer. Figure 82 plots the temperature measured
inside the laundry room at Site 25 a few weeks before and after the installation of the new
unvented HPCD installed on May 27, 2015. Site 25 provides a particularly telling illustration of
the issue given their regular, daily clothes washing. Pre-retrofit, the temperature during appliance
operation rose from approximately 80°F to 83°F—84°F; however, post-HPCD dryer installation,
the utility room temperature frequently exceeded 95°F and nearly approached 100°F. This is
exceedingly uncomfortable, particularly because many clothes dryers in Florida are located in
utility rooms in an effort to make the laundry operation a less onerous duty. Ambient moisture
levels also varied somewhat, with slightly elevated room dew point temperatures coincidental
with the room dry bulb temperature spikes associated with dryer operation.
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Figure 82. Laundry room dry bulb and dew point temperatures pre- and post-unvented heat pump
clothes dryer installation for Site 25

Among the full sample of PDR project homes, approximately 70% had clothes dryers inside the
conditioned space when audited—a value that likely reflects conditions in Florida for existing
homes. In lieu of additional data, there would be no reason not to believe that this number does
not reflect statewide conditions. In particular, the PDR sample excludes homes built after 2006,
where almost all are located inside the conditioned space, so the number of homes with clothes
dryers in the conditioned space could be higher. Among the eight HPCD retrofit sites, six have
their clothes dryers located in interior utility rooms. It is also likely that operation of the interior
HPCD may have led to increased space-cooling energy at the homes, but time did not allow for
this analysis.

Notably, four other sites complained of both noise and excessive heat during system operation
(sites 19, 53, 58, and 61). Such issues, particularly excess heat release, could limit the adoption
of the technology in hot-humid Florida where homeowners are very much heat-averse. An
HPCD vented to the outside is much more likely to be popular in this climate. Meanwhile, the
researchers shared the findings with Whirlpool, and the manufacturer is reportedly looking into
several modifications to mitigate the excessive heat issue.
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12 Evaluation of Variable-Speed Pool Pump

Existing pool pumps were replaced with VSPPs in five retrofit homes (Table 40). Energy and
demand savings were calculated using 6 months of post-retrofit data and are evaluated for each
site below.

Table 40. VSPP Site Characteristics

Site City No. of Pool Size Original Pump
No. Occupants (gal.) (hp)

13 Merritt Island 2 15,000 1

28 Merritt Island 2 18,000 1

41 Bonita Springs 2 12,000 2

44 Naples 2 14,000 1.5

50 Melbourne 4 14,000 0.25/1.5 (two-speed)

The tables and figures for each site include all measured energy data during the entire pre- and
post-retrofit periods. Plots represent an average daily energy profile during the entire
measurement period rather than an actual day. Run-time hours/day are averages calculated
during each period to provide a comparison of equivalent run time at the average peak power
draw—essentially the actual run times for single-speed pumps and a representation of equivalent
run time (at peak) for the VSPPs. Actual run times of the VSPPs (at all speeds) are noted in the
narrative.

12.1 Evaluation for Site 13

Pre-retrofit monitoring of the 1-horsepower (hp) single-speed pump was conducted for 275 days
(August 22, 2012-May 23, 2013). Run time during this period averaged 5.6 hours/day with an
average draw of 1.66 kW for an average daily energy use of 9.3 kWh, as shown in Table 41. Run
time of the single-speed pump was reduced to 5.5 hours/day during the shallow retrofit, resulting

in a 5% measured savings, with average daily energy use reduced to 8.8 kWh during a period of
598 days (May 25, 2013—January 12, 2015).

Table 41. Measured Pool Pump Energy for Site 13

Monitored Run Time Average Energy Average Demand
(days) (hours/day) (kWh/day) Savings kW Draw Savings
1-hp, one-speed pump 275 5.6 9.3 1.66
Adjusted schedule 598 5.5 8.8 5% 1.60 3%
New variable-speed 175 5.9 3.0 68% 0.51 69%

pump

Note: Electric demand (kW draw) values are based on hourly energy use measurements and determined here by
dividing average kWh/day by run-time hours.

A VSPP and new filter were installed on January 13, 2015. The post-retrofit evaluation period
ending July 7, 2015, showed a 68% reduction in measured energy use and average hourly
demand during the pre-retrofit scenario, as shown in Figure 83. The 3-hp Pentair VSPP ran an
equivalent of 5.9 hours/day at the average peak draw of 0.51 kW with an average energy use of
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3.0 kWh/day during the 6-month post-retrofit period. When all hours of run time are included,
the pump was active at various speeds for approximately 9 hours/day.

Site 13 Energy Use Pre- and Post- VSPP
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Figure 83. Average time-of-day pool pump demand at Site 13 as originally found (blue) and after
VSPP retrofit (green)

12.2 Evaluation of Site 28

Energy savings at Site 28 were significantly less than those at the four other retrofit sites. This
site had a different electrical configuration, with the pump powered by a single-phase 120-V
circuit rather than the typical 240-V circuit. Pre-retrofit monitoring of the 1-hp single-speed
pump was conducted for 255 days (September 18, 2012—May 30, 2013). Run time during this
period averaged 6.6 hours/ day with an average draw of 1.52 kW for an average daily energy use
of 10.0 kWh (Table 42). Run time of the single-speed pump was reduced to 5.8 hours/day during
the shallow retrofit, resulting in a 9% measured savings with average daily energy use reduced to
9.1 kWh during a period of 591 days (June 1, 2013—January 12, 2015).

Table 42. Measured Pool Pump Energy for Site 28

Monitored Run Time Average Energy Average Demand
(days) (hours/day) (kWh/day) Savings kW Draw Savings
1 hp, one-speed pump 255 6.6 10.0 1.52
Adjusted schedule 591 5.8 9.1 9% 1.56 -3%
New variable-speed 165 4.0 5.1 49% 1.30 14%

pump
Note: Electric demand values are based on hourly energy use measurements and determined here by dividing
average kWh/day by run-time hours.

A VSPP and new filter were installed on January 23, 2015. Six months of data collection ending
July 7, 2015, show a 49% average reduction in measured energy use compared to the pre-retrofit
condition (Figure 84). The 1.5-hp Pentair VSPP ran the equivalent of 4.0 hours/day at the
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average peak draw of 1.30 kW with an average energy use of 5.1 kWh/day during the 6-month
post-retrofit period. When all hours of run time are included, the pump was active at various
speeds for approximately 9 hours/day.

Site 28 Energy Use Pre- and Post- VSPP
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Figure 84. Average time-of-day pool pump demand at Site 28 as originally found (blue) and after
VSPP retrofit (green)

12.3 Evaluation of Site 50

Pre-retrofit equipment at this site was a two-speed pump running at either 0.25 or 1.5 hp. This
pump was monitored for 161 days from December 13, 2012—May 22, 2013, with an average run
time of 7.3 hours/day primarily in high-speed mode and an average peak draw of 1.82 kW (Table
43). Average daily energy use was 13.3 kWh. Average run time of the two-speed pump was
reduced to 7.2 hours/day during the shallow retrofit period, resulting in a 16% measured savings,
with average daily energy use reduced to 11.1 kWh during a period of 599 days (May 24, 2013—
January 12, 2015).

Table 43. Measured Pool Pump Energy for Site 50

Monitored Run Time Average Energy Average Demand
(days) (hours/day) (kWh/day) Savings kW Draw Savings
0.25-1.5-hp two-speed 161 7.3 13.3 1.82
original pump
Adjusted schedule 599 7.2 111 16% 1.54 15%
New variable-speed 175 5.9 3.1 77% 0.52 71%
pump

Note: Electric demand (kW draw) values are based on hourly energy use measurements and are determined here
by dividing average kWh/day by run-time hours.

A VSPP and new filter were installed on January 13, 2015. Data collected during the post-retrofit
period ending July 7, 2015, showed a 77% reduction in measured energy use and 71% less
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average hourly demand compared to the pre-retrofit scenario, as shown in Figure 85. The 3-hp

Pentair VSPP ran the equivalent of 5.9 hours/day at the average peak draw of 0.52 kW with an

average energy use of 3.1 kWh/day during the 6-month post-retrofit period. When including all
hours of run time, the pump was active at various speeds for approximately 12 hours/day.
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Figure 85. Average time-of-day pool pump demand at Site 50 as originally found (blue) and after
VSPP retrofit (green)

12.4 Evaluation of Site 41

Pre-retrofit monitoring of the 2-hp single-speed pump was conducted for 219 days (November
11,2012—June 17, 2013). Run time during this period averaged 4.5 hours/day with an average
peak draw of 2.35 kW, resulting in an average daily energy use of 10.7 kWh (Table 44).
Measurements show a slight increase in run time during the 574-day shallow retrofit period (June
18, 2013—January 13, 2015) and almost identical energy use resulting in no (0%) measured
savings.

Table 44. Measured Pool Pump Energy for Site 41

Monitored Run Time Average Energy Average Demand
(days) (hours/day) (kWh/day) Savings kW Draw Savings
2-hp, one-speed pump 219 4.5 10.7 2.35
Adjusted schedule 574 4.7 10.6 0% 2.24 5%
New variable-speed 174 4.7 3.4 68% 0.72 70%

pump

Note: Electric demand (kW draw) values are based on hourly energy use measurements and determined here by
dividing average kWh/day by run-time hours.

A VSPP and new filter were installed on January 14, 2015. The post-retrofit evaluation period,
ending July 7, 2015, resulted in a 68% reduction in measured energy use and average hourly
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demand compared to the pre-retrofit scenario, as shown in Figure 86. The 3-hp Pentair VSPP ran
the equivalent of 4.7 hours/day at the average peak draw of 0.72 kW with an average energy use
of 3.4 kWh/day during the 6-month post-retrofit period. When hours of run time are included, the
pump was active at various speeds for approximately 7 hours/day.

Site 41 Energy Use Pre- and Post- VSPP
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Figure 86. Average time-of-day pool pump demand at Site 41 as originally found (blue) and after
VSPP retrofit (green)

12.5 Evaluation of Site 44

Pre-retrofit monitoring of the 1.5-hp single-speed pump was conducted for 214 days (November
15, 2012—June 16, 2013). Run time during this period averaged 7.3 hours/day with an average
peak draw of 1.78 kW, resulting in an average daily energy use of 12.9 kWh (Table 45). Run
time of the single-speed pump was reduced to 5.6 hours/day during the shallow retrofit period,

resulting in a 24% measured savings with average daily energy use reduced to 9.9 kWh during a
period of 575 days (June 18, 2013—January 13, 2015).

Table 45. Measured Pool Pump Energy for Site 44

Monitored Run Time Average Energy Average Demand
(days) (hours/day (kWh/day) Savings kW Draw Savings
1.5-hp one-speed 214 7.3 12.9 1.78
pump
Adjusted schedule 575 5.6 9.9 24% 1.77 -1%
New variable-speed 174 6.2 2.6 80% 0.42 76%
pump

Note: Electric demand (kW draw) values are based on hourly energy use measurements and determined here
by dividing average kWh/day by run-time hours.

A VSPP and new filter were installed on January 14, 2015. The post-retrofit evaluation period,
ending July 7, 2015, resulted in an 80% reduction in measured energy use and 76% lower
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average hourly demand compared to the pre-retrofit scenario, as shown in Figure 87. The 3-hp
Pentair VSPP ran the equivalent of 6.2 hours/day at the average peak draw of 0.42 kW with an
average energy use of 2.6 kWh/day during the 6-month post-retrofit period. When all hours of
run time are included, the pump was active at various speeds for approximately 8 hours/day.
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Figure 87. Average time-of-day pool pump demand at Site 44 as originally found (blue) and after
VSPP retrofit (green)

12.6 Summary Savings and Cost Analysis

The energy use savings among the five VSPP installations were large, averaging 69% and 2,846
kWh/annually or 7.8 kWh/day. Savings at the individual sites ranged from 49%—-80% and 4.9—
10.3 kWh/day. Average hourly demand was typically reduced by approximately 70%, except for
one home with a 120-V (rather than typical 240-V) pump where demand was reduced by only
14%.

Total costs of equipment and installation of each VSPP in Central Florida was $1,500. The
installer quoted a standard single-speed pool pump replacement at $650 for a 1-hp unit. With a
median savings from the five homes of 7.3 kWh/day (68%), annual cost savings at $0.12/kWh
amounts to $320. Assuming the incremental cost above the single-speed unit, this results in a
rapid simple payback of 2.7 years and an annual rate of return of 38%. Although the worst-case
payback was 4 years at Site 28, sites 50 and 44 exhibited payback periods of less than 2 years.

12.7 Variable-Speed Pool Pump Peak Reductions

In an investigation of the VSPP’s impact on peak summer and winter hours, HVAC power
demand at the seasonal peak hours in 2014 were compared to those of 2015. Large reductions to
utility coincident peak electrical demand were shown during summertime peak. Figure 88
compares the average demand during peak summer days for four of the retrofit sites®® for the

28 Missing post-retrofit data for Site 44 prevented its inclusion in the peak summertime evaluation.
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pre-retrofit peak of July 28, 2014, and the post-retrofit peak of June 22, 2015, which shows a
reduction of 1.08 kW or 86% between the peak hour from 4 p.m. to 5 p.m. The HVAC energy
demand reduction for the day was 65%: 10.25 kWh pre-retrofit and 3.54 kWh post-retrofit.

Variable Speed Pool Pump Performance on Peak Summer Days:
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Figure 88. Summer peak: comparative analysis between pre- and post-retrofit demand on FPL’s
system peak summer day of 2014 and 2015

Electrical demand coincident to utility wintertime peak increased. Figure 89 compares the
average pool pump demand during peak winter days for the five retrofit sites for the pre-retrofit
peak of January 23, 2014 to the post-retrofit peak of February 20, 2015, which shows an increase
of 0.27 kW between the peak hour from 7 p.m. to 8 p.m., a result of slightly longer pump run
time post-retrofit. Still, the pool pump energy demand reduction for the day was large, at 63%:
8.81 kWh pre-retrofit and 3.22 kWh post-retrofit.
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Variable Speed Pool Pump Performance on Peak Winter Days:
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Figure 89. Winter peak: comparative analysis between pre- and post-retrofit demand on FPL’s
system peak summer day of 2014 and 2015
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13 Conclusions

Eight innovative technology energy-efficiency measures were installed in a subsample of the
PDR project test sites under Phase II of the project. End-use savings and economics revealed
several promising measures for inclusion into a refined deep-retrofit package; however, other
measures, such as the EIFS and window retrofit, may be justifiable only based on increased
comfort, acoustical advantages, or aesthetics. Findings for each energy-efficiency measure are
summarized below.

Supplemental Mini-Split Heat Pump

The project involved the evaluation of ductless, 1-ton, variable-speed MSHPs with ratings of
25.5 SEER and 12 HSPF installed in the main living areas of 10 study homes as a supplemental
system to the main central cooling air conditioner or heat pump. Results suggest cooling energy
use savings of 32.7% (2,007 kWh/year or 7.0 kWh/day), and heating energy use savings of
58.8% (390 kWh/year or 6.8 kWh/day). The average percent heating energy reductions were
significantly greater than cooling savings in the six homes with electric resistance central
heating. Electrical demand reductions during peak system hour were 0.50 kW (16%) for summer
and 2.06 kW (56%) for winter.

Measure economics, assuming a current installation price of approximately $3,900, are
potentially attractive, with a suggested payback of approximately 14 years and 7.3% annual rate
of return. As the MSHP market continues to mature and installation costs fall, it is likely that the
economics will further improve. A large added benefit to the consumer is a redundant heating
and cooling system—highly desirable given the approximate 10% annual failure rate of central
AC systems.

Complete Central System Replacement with Inverter-Driven Heat Pump

The project involved the evaluation of two different replacement schemes using (1) a ducted
multi-split design and (2) a ducted mini-split design for complete replacements of a home’s
existing central system to allow insight into contrasting solutions. The multi-split installation
involved one condenser and two fan coils: a ductless unit to condition the main living area and a
ducted component to condition the rooms isolated from the main living space. Cooling energy
use savings were impressive at 37.4% (2,250 kWh/year or 7.8 kWh/day). Heating energy use
showed negative savings of 1.0% (5 kWh/year); however, large take-back was observed on
interior temperature. HVAC electric demand reductions in the single case study during peak
summer system hour were 0.24 kW (11%). Nevertheless, this installation highlighted unresolved
comfort issues that need to be considered for widespread installation in the hot-humid climate.

The design for the second site consisted of one MSHP ducted to condition the whole house.
Space-conditioning energy use savings were large, totaling 38.3% (1,548 kWh/year), comprising
29.2% (948 kWh/year or 3.5 kWh/day) for cooling and 76.0% (601 kWh/year or 6.7 kWh/day)
for heating. Most significant are the improvements to the interior conditions—with take-back
during both heating and cooling seasons and large reductions in RH (5.3% drop) during the
cooling season amid slightly higher ambient dew point conditions. Observed electrical demand
reductions during peak summer system hour for the single ducted mini-split case study were 0.70
kW (41%). With an installation price of approximately $9,100, measure economics are attractive
if installed upon old system expiration.
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Space-Coupled Heat Pump Water Heater

The results from evaluations of eight homes retrofitted with an HPWH coupled to the
conditioned living space show a median of 8.2% (1.1 kWh/day) space-cooling energy savings.
Meanwhile, space-heating energy use showed negative savings of 8.9% (0.8 kWh/day), with
considerable variation among homes.

The effect of space-coupled HPWH retrofits on DHW energy use was also evaluated. Among the
six homes in which an electric resistance-type tank was replaced with an HPWH coupled to the
conditioned space, average DHW energy savings were large: 53.3% (3.2 kWh/day). Two of the
sites had HPWHs operating for a substantial amount of time prior to ducting, enabling the effect
of the coupling on DHW energy use to be isolated. As expected, due to changing the HPWH heat
source from warmer garage air to room temperature air and somewhat reducing system airflow,
the coupling slightly reduced potential DHW energy savings from an uncoupled, garage-located
HPWH by 0.4 kWh/day. Electrical demand reductions during peak system hour were 0.23 kW
(7%) for summer and 0.18 kW (5%) for winter.

The cost to install the ducting to couple the HPWH to the conditioned space, inclusive of
materials and labor, was $620. Median annual cooling savings for the ducted sites was 412 kWh
or $49/year, yielding a simple payback of approximately 13 years. An average heating energy
penalty of 79 kWh or $16 cut these savings by one-third, yielding a simple payback in
approximately the length of the expected 20-year life span of the ducting. This penalty could be
reduced or eliminated with a damper system enabling cold HPWH exhaust air to be diverted
from the conditioned space during winter. Aside from the premium for the HPWH itself, there is
no cost associated with locating an HPWH inside the conditioned space such as a utility room. In
this case, net savings on space-conditioning and water heating are immediately realized. DHW
energy savings for an interior-coupled HPWH in Florida is slightly less than for a garage-located
HPWH due to a lower temperature heat source, but the space-conditioning energy savings
outweighs the slight DHW energy loss.

Exterior Insulation Finish System

Space-cooling evaluation results for the single home receiving R-7.7 hr-ft?>-°F/Btu exterior wall
insulation show cooling energy use reductions of 18.2% (5.0 kWh/day at 80°F). Heating energy
use was projected to increase by 12.3% (-1.0 kWh/day at 50°F). However little significance can
be attached to the results given the poor statistical models resulting from Florida’s short and
highly variable heating season. Given the variations in occupancy behavior and internal gains,
the savings from EIFS in Florida will differ considerably for individual homes. With
considerable variance from the regression analysis, a simulation evaluation was conducted to see
how these varying factors might influence results and found:

e Annual savings from EIFS vary substantially depending on the interior thermostat setting.

e Preexisting exterior wall color has a very large impact on potential EIFS cooling energy
savings.

e Preexisting shading from adjacent buildings, porches, blinds, and insect screens impacts
EIFS savings, but these impacts are modest with light-colored walls.

127



e Greater internal heat gains from appliance and plug loads reduce the savings from better
wall insulation, particularly for cooling.

e At a cost approaching $20,000, based either on measurement or simulation, the EIFS
retrofit is not cost-effective for Florida homes; however, the measure may be justified by
other benefits such as better interior comfort and a more stable interior temperature.

Advanced Windows

Advanced solar-control windows were installed in three homes (SHGC: 0.19-0.24; U-values
0.27-0.30 Btu/ft>-°F). Analysis showed that cooling season energy savings ranged from -4.8% to
27% (-0.7 to 6.9 kWh/day at 80°F) and heating energy savings of 6.8% (4.2 kWh at 50°F) for the
one home with heating season data available. A range in results is not unexpected given that the
buildings varied in their degree of internal and external window shading, internal set points, and
internal heat gains. A simulation evaluation was conducted to see how various factors such as
occupancy behavior might be influencing results, and the findings include:

e Preexisting shading from adjacent buildings, porches, blinds, and insect screens has a
very large impact on potential savings, reducing them by more than 50% relative to
standard assumptions (which also includes interior shading).

e (reater internal gains from appliance and plug loads reduce the cooling energy savings
from advanced windows because interior temperatures tend to be higher during nighttime
hours when ambient temperatures are lower and heat loss is beneficial.

e The annual savings of advanced windows varies very significantly by the interior
thermostat setting. Low cooling temperatures produce savings; temperatures higher than
78°F yield very low savings levels.

e Either based on the monitoring or the measurement, the cost, $8,000-$10,000, means that
window retrofits are not cost-effective energy-efficiency strategies for Florida homes.
This evaluation, however, did demonstrate the potential for a window retrofit to improve
comfort with more stable indoor temperatures. Moreover, consumers overwhelmingly
favor the measure based on improvements to house appearance, thermal comfort, and
acoustic qualities.

Smart Thermostat

Evaluations of the 22 Nest thermostats installed as part of Phase II show average cooling energy
savings of 9.6% (498 kWh/year or 2.1 kWh/day) but with a very high degree of variation. The
median savings were 6.3% (219 kWh/year or 1.0 kWh/day). The analysis showed that 6 of 22
sites experienced negative savings, which was largely an artifact of pre-retrofit thermostat habits.
On average, the positive savings were larger in magnitude than the absolute difference at sites
that experienced negative savings. Space-heating savings from the Nest were also highly
variable, particularly given the very short Florida winter heating season. Average savings were
9.5% (39 kWh/year or 1.1 kWh/day), although the median was higher, at 18.5% (35 kWh/year or
1.9 kWh/day). Electrical demand reductions during peak system hour were 0.18 kW (7%) for
summer and 0.25 kW (14%) for winter.

The economics reveal the Nest thermostat to be a promising low-cost retrofit measure. Simple
payback for the installation of the $250 Nest is estimated to be approximately 4 years with an
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annual rate of return of 24%. The evaluations of two Lyric installations had highly disparate
findings with no conclusive results, although consumer acceptance of the technology appeared
more limited.

On a site-by-site basis, preinstallation thermostat behavior and willingness to use available Nest
features made a difference for individual homes. For example, a site with a programmable
thermostat that was effectively used prior to the retrofit cannot be expected to experience much
savings. On the other hand, those with low levels of vacancy cannot be expected to achieve much
energy reduction, and, in particular, defeating the “away” function appeared to affect savings
adversely.

Heat Pump Clothes Dryer

Energy use savings were achieved among all eight homes that received an unvented condensing
HPCD. The estimated median energy savings are 33.6% (264 kWh/year or 0.72 kWh/day), and
average annual savings are 36.4% (308 kWh/year or 0.85 kWh/day). ENERGY STAR® washing
machines were installed along with the clothes dryer. The energy-efficient washing machines are
likely removing more moisture from the laundry loads than the replaced washers, thus also
contributing to these savings. Estimated utility coincident electrical demand reductions during
peak summer system hour were 0.09 kWh (48%)).

With a current retail cost of $948 for the dryer, there is only a minor premium on the HPCD
compared to standard resistance models. With replacement at the end of dryer life and
incremental cost the HPCD choice appears economically appealing, although it varies somewhat
depending on the cost of the standard model. The incremental cost premium is falling as the
market matures with increased competition, thus improving the economics of the HPCD
measure.

Although the HPCD use less electricity than a standard resistance dryer, they still release a
significant amount of heat from their operation. The unvented units that were located inside the
home led to very high utility room temperatures and increases in cooling that may compromise
identified savings. Thus, these unvented clothes dryers appear appropriate in Florida only if they
will be installed outside of the conditioned space, typically in the garage. (Approximately one-
third of dryers in the PDR project were located outside of the conditioned space.)

Variable-Speed Pool Pump

As a measure, the substitution of a VSPP for a standard constant-speed variety towered over the
other measures in terms of both percentage and annual savings. Economics were also very
compelling. An evaluation of the VSPPs installed in five homes showed 68% median savings
(7.3 kWh/day), ranging from 49% to 80% (4.9-10.3 kWh/day). Average hourly demand often
occurring at or near the utility peak period was typically reduced by approximately 70%. Annual
cost savings amounted to $320 assuming the 2,665 kWh/year median savings of the five homes.
Even given the high VSPP cost ($1,500 installed), this made for an exceedingly rapid simple
payback of 2.7 years and a 38% annual rate of return. Three similar retrofits analyzed under
Phase I of the study showed even greater savings (85%, 12.6 kWh/day), so the Phase II result is
likely conservative. Electrical demand reductions during peak system hour were 1.08 kW (86%)
for summer, but with a rise in winter demand of 0.27 kW due, at least in part, to a small sample
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size magnifying a schedule change. This appears to be a particularly important measure given
Florida’s 33% saturation of homes with swimming pools with millions in operation.

Phase I and Phase II Savings Summary

The PDR project consisted of two phases. Under Phase I, a total of 56 homes received simple,
pass-through retrofit measures including those for lighting (compact fluorescent and light-
emitting diode lamps), domestic hot water (water heater tank wraps and low-flow showerheads),
refrigeration (cleaning coils), pool pumps (reduction of operating hours), and the use of smart
plugs for home entertainment centers. Ten of these homes received a deeper package with
measures that included replacing air-source heat pumps, repairing ducts, and substituting
conventional thermostats with learning thermostats. HPWHs were installed to reduce water-
heating energy. Pool pumps were changed to variable-speed units, and ceiling insulation was
augmented where deficient. Old and inefficient major appliances such as refrigerators and
dishwashers were replaced with more efficient units. Table 46 summarizes the energy- and
demand-savings results from the shallow and deep measures as well as the shallow-plus
measures described in this report.

Table 46. Phase | and Phase Il PDR Measures Evaluation Savings Summary

Summer Peak Demand Winter Peak
Option Annual Energy Savings Savings? Demand Savings
n kWh % kWh % kWh %

Shallow Retrofit 56
Space cooling 1,353 16% 0.42 24% n/a n/a
Space heating (629) -78% n/a n/a (0.11) -6%
Lighting and other 664 22% 0.24 42% (0.02) -6%
Water heating 180 11% 0.11 26% 0.36 56%
Pool pump 175 14% 0.05 28% 0.00 7%
Whole-house 1,356 9% 0.67 20% 0.25 7%

Deep Retrofit (Shallow and deep retrofit impacts are presented unless otherwise noted.)

Space cooling 10 4,336 46% 1.92 52% n/a n/a
Space heating 10 854 33% n/a n/a 2.26 80%
Water heating® 8 1,924 69% 0.26 100% 0.32 34%
Refrigerator 3 471 42% 0.06 48% 0.02 19%
Clothes dryer 8 267 22% 0.04 26% 0.08 39%
Dishwasher 1 175 32% (0.27) n/a - n/a
Pool pump 3 4,599 86% 0.89 91% (0.09) n/a
Whole-house 10 7,067 38% 1.96 39% 2.71 60%

Shallow-Plus (Percent savings are of HVAC energy unless otherwise noted.)

Supplemental MSHP 10 2,397 34% 0.50 16% 2.06 56%
Ducted MSHP 2 2245 & 1548 35&38% 0.24&0.70 11% & 41% n/a n/a
Space-coupled HPWH® 8 95 2% 0.23 7% 0.18 5%
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Summer Peak Demand Winter Peak

Option Annual Energy Savings Savings® Demand Savings
EIFSce 1 913 17% n/a n/a n/a n/a
Advanced windows®® 3 -231 -4% n/a n/a n/a n/a
Nest thermostat 22 537 10% 0.18 7% 0.25 14%
HPCDf 8 264 34% 0.09 48% n/a n/a
VSPPps 5 2,846 69% 1.08 86% (0.27) n/a

2The shallow retrofit summer peak are surrogate Octobers dates, pre- and post-; the deep retrofit summer peak is
for the deep retrofit only (excluding shallow), so results are conservative. Within the shallow-plus measures, a
post-retrofit summer peak surrogate August date is used for the MSHP and Nest thermostat demand results. The
HPCD is a 9-month pre-/post-comparison rather than of peak system hours.

bThe water-heating energy-saving baseline includes partial post-retrofit (shallow), so results are conservative.
Water heating had no post-retrofit peak summer hour demand in the HPWH segment.

¢Reported results are the HVAC savings (including negative space-heating savings) as well as the negative water-
heating savings. HPWH savings are excluded. Negative space-heating savings could have been somewhat avoided
had occupants used the installed damper to divert cold air during space heating.

4Percent HVAC savings are based on PDR average annual pre-retrofit space heating and space cooling, presented
in Appendix A.

¢ Predicted space-cooling savings for the window retrofits ranged from (0.7) to 6.9 kWh/day, depending on
assumptions, and the median was (0.5) kWh/day.

f Dryer measure savings are as a percentage of dryer energy use. The potential impact from the washer’s reduction
in residual moisture content is ignored.

& Pool pump measure savings are as a percentage of pool pump energy use. There was no pre-retrofit peak
summer hour pool pump demand in the VSPP segment.

Looking Forward

Future research on the supplemental MSHP proposition is warranted. In addition to generating
large energy savings, the supplemental MSHP showed an ability to improve interior conditions,
albeit inconsistently from one site to the next. For the ducted multi- and mini-split concepts
where the central system is displaced, the ducted mini-split concept appeared the more robust of
the two strategies, with greater energy savings potential, based on available system SEER, and
improved interior humidity control, albeit with the requirement for two or more such systems in
a home.

Although the ducted multi-split concept has the attractiveness of lower cost, we found challenges
for temperature and humidity control that must be addressed. In particular, refinement of these
systems should be an objective for future research.

Additional research is also needed to investigate the optimum designs and the ideal set points for
the competing mini-split systems (either supplemental or ducted) for different house designs as
well as to track evolving economics for replacement scenarios at the end of the central system’s
life. Given the potential of this measure, such research is strongly encouraged.

An examination of the very favorable energy savings achieved by the HPCD remains
incomplete. The unvented appliances release a significant amount of heat from their operation.
Given the prevalence of dryers located inside homes, further research for the hot-humid climate
should include an examination of the vented HPCDs. Based on findings here, we expect that
such vented HPCD systems could provide significant benefits in Florida homes.
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Appendix A: Estimating Florida Residential End Uses in the PDR
Sample

An important objective in the second year of project monitoring was to evaluate average end-use
loads in the phased deep retrofit (PDR) sample as a method to evaluate residential end-use loads
within the Florida Power & Light Company (FPL) service territory. To make the estimates, the
entire year of 2013 was used to evaluate loads in the PDR sample. Although 60 homes were
included in the original sample, 5 homes were lost before the end of 2013, and the 10 deep
retrofit homes had to be eliminated from the sample because it was important to estimate heating
and cooling at each home to determine how to split them into the respective heating, ventilating,
and air-conditioning end-use loads. The average measured consumption for 2013 was 41.7
kWh/day, but consumption would have been an estimated 43.7 kWh/day if the shallow retrofit
program had not taken place.

Respective heating and cooling loads were separated by obtaining the hourly heating, cooling
and air handling unit loads for each of the 8,760 hours; regressing the heating and cooling loads
against the outdoor temperature in that location; and then finding the best balance temperature
yielding the most reliable estimate of the split.?’

Averaged End-Use Consumption

Heating and Cooling

The measured heating and cooling for each site was examined against the outdoor temperature in
that location to determine the balanced point for each home. The averaged measured heating was
275 kWh year (range: 0-1812 kWh); whereas cooling in the same sample averaged 5,205 kWh
(range: 2,475-10,692 kWh). The key adjustment was to cooling from the influence of the
lighting retrofit. As shown in our analysis within the shallow retrofits, the lighting retrofit
reduced average space cooling by approximately 16% due to the reduction in released heat and
also a measured 0.6°F—8°F increase in the thermostat set temperature. This had to then be
reduced by the portion of the cooling occurring after the shallow retrofits took place. This was
done by estimating the cooling degree days for 2013 and then estimating the fraction after the
shallow retrofits were installed. This evaluation showed 83% of the cooling in that year; thus, the
final adjustment to the raw cooling numbers was to increase them by 13% based on what was
measured.

The interaction of the lighting retrofit did not have to be applied to the heating numbers because
the shallow retrofits were installed after the heating season was over and the lack of cold weather
the following autumn (checked with heating degree days) made adjustments unnecessary.

The estimates for many of the end uses were taken directly from the averages of the 45 shallow
homes in the monitored sample with complete data. Values for some end uses, however, had to
be adjusted given influences observed on space conditioning from the shallow retrofits, which
were in place for an average of 65% of the year during the year. These are reproduced below
showing the averages, standard deviation, minimum, and maximumes.

2 For the regression analysis, sites were matched to weather data for Daytona (Site 12), Ft. Lauderdale (33, 34, 35,
45), and Melbourne (all others).
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Table A-1. Average Raw kWh/day for Sites by End Uses in PDR Sample for 2013
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To estimate the end uses for typical FPL customers, we had to make adjustments to the data to
reflect differing saturation levels as well as the fact that shallow retrofits were in place for the
homes more than 65% of the year. (Some end uses—notably, lighting, water heating, swimming
pool pumps, and refrigerators, were affected by the shallow retrofits.)

Water Heating

Water heating averaged 4.53 kWh/day in the overall sample of 45 homes (range: 1.4-8.7
kWh/day), although it was estimated that the average water-heating loads were reduced by 0.29
kWh/day*° (due to the hot water tank wraps and the smaller portion that had showerhead change-
outs), resulting in a corrected average of 4.82 kWh/day or approximately 1,760 kWh/year. Note
that one of the shallow homes (Site 39) already had a heat pump water heater (HPWH) installed
on audit, and this was not removed in the sample because it could easily represent the saturation
of these appliances in the field.

Clothes Dryer

The standard electric-resistance clothes dryer was a major appliance energy end use in the PDR
study, averaging 2.01 kWh day (range: 0.3—7.6 kWh/day) or 734 kWh/year. Previous monitoring
studies in Florida have found an average consumption closer to 890 kWh/year, so it may be that
dryer energy use has fallen by approximately 20% because modern clothes washers remove more
residual water from laundry (Parker 2002).

Lighting

Lighting was strongly influenced by the lighting retrofit largely done in March 2013. A total of
3,597 lamps were changed, and 66% of the lamps were found to be incandescent of halogen
bulbs (30% were compact fluorescent lamp (CFL), and 4% were light-emitting diode (LED)
types). As shown in the report on the shallow retrofits, the lighting retrofit saved an average of

30 Estimate is the mean of the 30-day pre- and post- estimates (0.5 kWh/day) and the October estimate (0.4
kWh/day) evaluated throughout 65% of the year.
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1.9 kWh/day per household with 56% of the lighting fixtures changed out. The average
connected lighting load changed from 2.7 kW to 1.3 kW within the study so that each kW
change in the connected lighting load saved 1.36 kWh/day. These ratios can then be used to
estimate the initial lighting consumption before the lamps were changed.

The unchanged lighting consumption is then 2.7 kW * 1.36 = 3.67 kWh/day, which intrinsically
includes the fact that 34% of lighting fixtures were already of the more efficient CFL and LED

types.

Ceiling Fan and Plug Loads

Ceiling fans, computers, plugs loads, and many home electronic loads are captured in the
“lightsother” category in the statistical summary above; thus, their consumption level would be
7.25 kWh-3.67 kWh = 3.58 kWh/day. The range of plug loads was tremendous, however: 0.8—
23 kWh/day.

Spares

So-called spare loads are major submetered electrical loads that defy conventional classification.
These include home offices, large computer systems, second and third televisions, window or
wall air conditioners, well pumps, home yard ponds and fountains, portable and indoor spas,
home aquariums, wine coolers, gaming consoles, and a plugged-in recreational vehicle. Most
houses had at least two spare loads, which averaged 3.30 kWh/day, but with very large
variability (0-18.2 kWh/day).

Home Entertainment

The main home entertainment center or main television was monitored at each house. These
often included peripherals such as cable boxes, digital video disc players, and stereo systems.
These averaged 1.71 kWh per day (range: 0.3-5.7 kWh/day).

Swimming Pools

Swimming pool pump energy averaged 8.73 kWh/day (4.5-14.3 kWh/day) in the 16 homes in
the PDR shallow retrofit sample. Swimming pools were strongly influenced by the retrofits as
operating hours were cut, but the savings quickly eroded as operating hours were set back close
to previous schedules; thus, the 30-day pre-/post-reduction was 2.68 kWh/day, but this dropped
to 0.23 kWh/day by October. With the pool retrofits in place for an average of 75% of the year,
this means that the pool pump load should be approximately 0.95 kWh/day higher if the retrofit
had not taken place, or 9.68 kWh/day. FPL estimates that the saturation of pools in the FPL
service territory to be 33%, which was used to estimate the influence in the mixed sample. Note
that one of the pool pumps in the study was the variable-speed type, which the deep retrofits
showed would cut pool pumping energy by 70% or more (Asfour et al. 2010).

Refrigerators

All homes had a primary refrigerator, which was measured to use 2.37 kWh/day (range: 1.3—4.3
kWh/day), representing 865 kWh of annual loads. As shown in a later, more detailed analysis,
we found that the measured refrigerator energy use in Florida’s warmer homes averaged
approximately 25% more than indicated by the energy-use label—at least for the older units
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examined in our study. Even more importantly, many homes had a second refrigerator or freezer
that was often older and located in the garage or utility room.

To estimate the end uses for the typical FPL customer, we had to make adjustments to the
differing saturation levels for second refrigerators in the PDR vs. FPL samples. After the
saturation issue with the second refrigerator/freezer was addressed, the Florida Solar Energy
Center did another systematic reevaluation of the Refrigerator 2 circuit, which resulted in some
small changes (two home offices, a wine cooler, and attic fan were behaving as second
refrigerators). These end uses were then rightfully placed in the spares category.

After critical examination, the PDR sample showed that 60% of the homes had a second
refrigerator or separate freezer. We compared this to /tron’s 2010 Home Energy Survey (HES)
for FPL, showing a total saturation of refrigerators and freezers of 39% (16% second
refrigerators, 23% separate freezers). The lower saturation in the FPL service territory was then
used to lower the end-use load estimates to be in line with the FL-HES survey data.”!

Once corrected for FPL’s lower saturation, the average addition to the average FPL customer
profile of the second refrigerator or freezer was 1.07 kWh/day; however, our data showed that if
a customer has a second refrigerator or separate freezer, that unit will use considerably more
power (3.13 kWh/day) than the main refrigerator (2.37 kWh/day). Consumption was also highly
variable. In our year-long evaluation, we measured that separate freezers tend to use a lot more
electricity.

Final End-Use Characterization
Based on the detailed calculations above, we created three pie charts showing the energy end-use
breakout by pool ownership—which makes a large difference in measured consumption:

e Average end-use energy use for FPL single-family residential customers

e Average electricity end uses for FPL single-family customers without pools

e Average electricity end uses for FPL single-family customers with pools.

31 Corina Jump to Craig Muccio, “Saturation of Freezers in 2010 Home Energy Survey,” Itron, March 24, 2015.
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Figure A-1. Estimated end uses of FPL residential homes (mixed): 2013
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Figure A-2. Estimated end uses of FPL residential homes (non-pool homes): 2013
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Frd-Use kwn/day KWh/yr Residential End Use Loads:
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Figure A-3. Estimated end uses of FPL residential homes (pools): 2013

Implications for Future Residential Loads in the FPL Service Territory

There are implications from what we observed in the PDR project for the changing utility
electrical loads in Florida. The evaluated data indicates that lower future residential electrical
loads are likely in residences in the FPL service territory. We summarize the evidence and trends

below:

Saturation of CFL and LED lighting was approximately 34% in the audits of the PDR
homes, but this is changing rapidly in Florida homes. For instance, the 2006 HES showed
only 6% CFL lamps in single-family homes in the FPL service territory, but this had
grown to 20% in only 4 years for the 2010 survey. As incandescent fixtures are replaced
with LED light sources, the lighting energy end use is certain to fall and will tend to
reduce space cooling at the same time. In the PDR project, we saw that changing out all
available lighting fixtures reduced space cooling by approximately 13%—both coming
from reduced heat released indoors but also from slightly relaxed interior thermostat
settings. At the same time, space-heating loads are increased; but because they are fairly
low to begin with, this is a small influence. The net effect will be that not only will
lighting energy use in Florida homes be reduced by approximately 2 kWh/day, cooling
energy will also be reduced by a similar amount.

Swimming pool pump energy will also fall with the increased saturation of more efficient
pool pumps that are now required by state code.>? For homes that have swimming pools,
pool pumping represents the second largest electrical load (~10 kWh/day), and variable-
speed pool pumps (VSPPs) will often cut this end use by 70% or more. Market saturation
of the more efficient pumps may play a large role in load changes for Florida homes. The

32 “FS 553.909 (4) Residential swimming pool filtration pumps and pump motors manufactured and sold on or after
December 31, 2011, for installation in the state must comply with the requirements of the Florida Energy Efficiency
Code for Building Construction.” This essentially requires either two-speed pool pumps or VSPPs.
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new regulations for pool pumps larger than 1 horsepower will play a role in the changing
saturation of these technologies.

Any increase in the saturation of HPWH will serve to cut water-heating loads by 2—-3
kWh/day per household adopting these systems. This technology is likely to be appealing
in Florida given that a byproduct of their operation is cooling the space wherein they are
located—often a garage or utility room. However, given the size constraints and
incremental cost, the saturation of HPWH in Florida homes may be slow during the near
term. A reasonable guess is a 20% saturation achieved during the next decade.

As average air-conditioner efficiency changes with federal regulations from 13 to 14
Btu/Wh, it can be expected that cooling energy use will drop by approximately 10%
during the next decade—or 1.5 kWh/day. Because of air-conditioner replacement rates,
much of the cooling equipment stock will change during that period.

Against these reductions to energy use, there is little reason to believe that plug loads will
fall; on the contrary, despite increases to appliance efficiency, they will likely increase
with the greater saturation of home electronics, computers, gaming stations, etc., of all
types. A reasonable expectation is a 2-kWh/day increase during the decade. This may,
however, be somewhat ameliorated by new standards for cable and satellite set-top boxes,
which are now major loads in Florida homes. (In the 2010 HES, 86% of homes had a
digital video recorder, set-top box, or satellite box at home. These typically draw 15-30
Watts year-round).

On balance, unless electric vehicles become popular in Florida (a distinct possibility), it
can be expected from the above that combined impacts will lead average household
electricity use to fall from 44 kWh/day to ~38 kWh/day by 2025. As shown in trends
during the last few years, the expectation is that conventional loads such as cooling, water
heating, and pool pumping will continue to fall while nonconventional loads (home
electronics) grow.
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Appendix B: Regressions from Analysis of Supplemental Mini-
Split Heat Pump Installations

Coefficients are in kWh/day.

Site 3: Balance point: 65°F cooling and heating
Cooling: pre-: -178.1 + 2.64 (Tamb); post-: -140.8 + 2.05(Tamb)
Heating: pre-: 16.3—0.23 (Tamb); post-: 18.0-0.27(Tamb)

Site 5: Balance point: 64°F cooling and heating
Cooling: pre-: -337.1 + 5.02 (Tamb); post-: -266.9 + 3.87(Tamb)
Heating: pre-: 192.8-3.01 (Tamb); post-: 82.2—1.29(Tamb)

Site 12: Balance point: 65°F cooling and heating
Cooling: pre-: -174.5 + 2.57(Tamb); post-: -155.4 + 12.26(Tamb)
Heating: pre-: 68.6—1.08(Tamb); post-: 61.7-0.97 (Tamb)

Site 16: Balance point: 70°F cooling; 63°F heating
Cooling: pre-: -279.1 + 3.89(Tamb); post-: -217.1 + 3.02(Tamb)
Heating: pre-: 81.8—1.19(Tamb); post-: 48.6—0.82(Tamb)

Site 21: Balance point: 69°F for cooling and heating
Cooling: pre-: -111.0 + 1.65(Tamb); post-: -91.3+ 1.29(Tamb)
Heating: pre-: 124.0—1.90 (Tamb); post-: 9.2—0.12 (Tamb)

Site 23: Balance point: 69°F for cooling and heating
Cooling: pre-: -311.5 + 4.43 (Tamb); post-: -179.9 + 2.59(Tamb)
Heating: pre-: 196.4-2.85 (Tamb); post-: 65.7—0.94 (Tamb)

Site 24: Balance point: 64°F for cooling and heating
Cooling: pre-: -144.1 + 2.17(Tamb); post-: -130.9 + 2.00(Tamb)
Heating: pre-: 111.8—1.78 (Tamb); post-: 41.4—0.63 (Tamb)

Site 27: Balance point: 69°F cooling and heating
Cooling: pre-: -295.8 + 4.38(Tamb); post-: -185.1 + 2.73(Tamb)
Heating: pre-: 214.1-2.91 (Tamb); post-: 98.0—1.35(Tamb)

Site 54: Balance point: 65°F for cooling - no heating evaluation possible
Cooling: pre-: -172.1 + 2.57(Tamb); post-: -79.6 + 1.30 (Tamb)

Site 60: Balance point: 64°F for cooling and heating

Cooling: pre-: -105.3 + 1.59(Tamb); post-: -91.1 + 1.33(Tamb)
Heating: pre-: 110.8—1.73 (Tamb): post-: 33.6—0.53 (Tamb)
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Appendix C: Regressions from Ducted Multi-MSHPs and Single-
Ducted MSHPs

Coefficients are in kWh/day.
MSHP
Site 11: Balance point: 67°F for cooling and heating
Cooling: pre-: -171.8 + 2.47(Tamb); post-: -96.5+ 1.41(Tamb)
Heating: pre-: 93.2 — 1.42(Tamb); post-: 107.7 — 1.66(Tamb)
Ducted MSHP
Site 61: Balance point: 70°F for cooling and heating

Cooling: pre-: -142.1 + 1.96(Tamb); post-: -72.8 + 1.04(Tamb)
Heating: pre-: 99.6 — 1.44(Tamb); post-: 16.0 — 0.22(Tamb)
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Appendix D: Regressions from Analysis of Coupled Heat Pump
Water Heaters

Coefficients are in kWh/day.

Site 1: Balance point: 68°F for cooling
Cooling: pre-: 17.1 + 2.39(Tamb-Tint); post-: 15.2 + 2.23(Tamb-Tint)
Heating: n/a

Site 5: Balance point: 65°F for cooling; 65°F for heating
Cooling: pre-: 45.6 + 5.93(Tamb-Tint); post-: 44 + 6.13(Tamb-Tint)
Heating: pre-: 49.3—0.74(Tamb); post-: 194.8-3.05(Tamb)

Site 9: Balance point: 68°F for cooling; 64°F for heating
Cooling: pre-: 12.1 + 1.46 (Tamb-Tint); post-: 10.6 + 1.37(Tamb-Tint)
Heating: pre-: 48.5-0.76(Tamb); post-: 99.3—1.56(Tamb)

Site 13: Balance point: 70°F cooling
Cooling: pre-: 7.4 + 1.42(Tamb-Tint); post-: 6.6 + 1.32(Tamb-Tint)
Heating: n/a

Site 26: Balance point: 62°F for cooling; 60°F for heating
Cooling: pre-: 10.5 + 1.20(Tamb-Tint); post-: 9.1 + 1.16(Tamb-Tint)
Heating: pre-: 37.8-0.62(Tamb); post-: 32.6—0.52(Tamb)

Site 50: Balance point: 65°F for cooling; 64°F for heating
Cooling: pre-: 21.4 + 2.47(Tamb-Tint); post-: 20.8 + 2.65(Tamb-Tint)
Heating: pre-: 153.89-2.42(Tamb); post-: 164.97-2.65(Tamb)

Site 51: Balance point: 70°F for cooling
Cooling: pre-: 15.8 + 2.35(Tamb-Tint); post-: 15 + 2.57(Tamb-Tint)
Heating: n/a

Site 56: Balance point: 69°F for cooling; 69°F for heating

Cooling: pre-: 21.8 + 3.06(Tamb-Tint); post-: 21.7 + 3.50(Tamb-Tint)
Heating: pre-: 159-2.35(Tamb); post-: 164.02—2.42(Tamb)
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Appendix E: Regressions from Analysis of Exterior Insulation
Finish Systems

Coefficients are in kWh/day.
Balance point: 63°F for cooling; 62°F for heating
Cooling: pre-: 10.9 + 1.8(Tamb-Tint) + 0.5(Qint) + 1.3(Solar)
post-: 2.6 + 1.4(Tamb-Tint) + 0.8(Qint) + 1.6(Solar)

Heating: pre-: 37.9—0.6(Tamb); post-: 40.2—0.6(Tamb)
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Appendix F: Regressions from Analysis of Advanced Windows

Coefficients are in kWh/day.

Site 23: Balance point: 69°F for cooling; 65°F for heating
Cooling: pre-: -108.6 + 1.7(Tamb); post-: -84.8 + 1.3(Tamb)
Heating: pre-: 263.5 - 4.0(Tamb); post-: 235.1 - 3.6(Tamb)

Site 25: Balance point: Evaluation period low temperature = 73°F
Cooling: pre-: -98.0 + 1.3(Tamb) + 0.3(Qint) + 0.6(Solar)
Cooling: post-: -56.4 + 0.8(Tamb) + 0.3(Qint) + 0.8(Solar)

Site 54 (advanced windows only): Balance point: 63°F for cooling
Cooling: pre-: -118.9 + 1.7(Tamb) + 0.7(Qint) + 0.7(Solar)
Cooling: post-: -142.7 + 1.9(Tamb) + 0.6(Qint) + 2.0(Solar)

Site 54 (EIFS and advanced windows): Balance point: 63°F for cooling

Cooling: pre-: 16.6 + 2.4(Tamb-Tint) + 0.6(Qint) + 0.6(Solar)
Cooling: post-: 7.7 + 2.4(Tamb-Tint) + 01.0(Qint) + 0.9(Solar)
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Appendix G: Installed Nest Serial and Base Numbers

Site
No.

Seral Number

Base Number

4
6
11
15
17
18
21
22
28
29
34
35
42
45
47
48
52
58
59

02AA01ACO011406UJ
02AA01AC011405S9
02AA01AC251405SG
02AA01AC251407HO
02AA01AC251405NV
02AA01AC25140A9A
02AA01AC0114077S
02AA01AC251407L3
02AA01AC251408NU
02AA01ACO011406X1
02AA01AC231406E2
02AA01AC281404R 1
02AA01AC22140C37
02AA01AC2814022N
Not recorded
02AA01AC221409U4
02AA01ACO011404NC
02AA01AC0114034]
02SS01AC25140A8Z

02BA03AC021400NB
02BA03AC521306DQ
02BA03AC251401UN
02BA03AC2514021D
02BA03AC231405F6
02BA03AC23140A1L
02BA03AC521304TX
02BA03AC231409ZL
02BA03AC2414031D
02BA03AC511308Q2
02BA03AC221401JY
02BA03AC271400MC
02BA03AC01140569
02BA03AC281401E5
Not recorded

Not recorded
02BA03AC5213060R
02BA03ACO011400PS
02BA03AC25140500
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Appendix H: Regressions from Analysis of Smart Thermostats

Nest
Coefficients are in kWh/day.

Site 4: Balance point: 65°F cooling and heating
Cooling: pre-:-75.8+1.15(Tamb); post-: -89.8+1.33(Tamb)
Heating: pre-:38.6-0.59(Tamb); post-: 38.1-0.6(Tamb)

Site 6: Balance point: 70°F cooling and heating
Cooling: pre-:-91.7+1.25(Tamb); post-: -82.7+1.13(Tamb)
Heating: pre-:49.8-0.75(Tamb); post-: 36.8-0.55(Tamb)

Site 11: Balance point: 68°F cooling and heating
Cooling: pre-:-181.4+2.58(Tamb); post-: -184+2.6(Tamb)
Heating: pre-:88-1.32(Tamb); post-: 73.6-1.09(Tamb)

Site 12: Balance point: 65°F cooling; no heating regression
Cooling: pre-:-165.5+2.44(Tamb); post-: -165.5+2.44(Tamb)

Site 15: Balance point: 70°F cooling and heating
Cooling: pre-:-146.3+2.04(Tamb); post-: -158+2.17(Tamb)
Heating: pre-:55.2-0.81(Tamb); post-: 33.5-0.49(Tamb)

Site 16: Balance point: 67°F cooling; no heating regression
Cooling: pre-:-176.5+2.5(Tamb); post-: -186.5+2.67(Tamb)

Site 17: Balance point: 70°F cooling and 65°F heating
Cooling: pre-:-100.2+1.45(Tamb); post-: -124+1.77(Tamb)
Heating: pre-:25.2-0.35(Tamb); post-: 23.1-0.32(Tamb)

Site 18: Balance point: 67°F cooling; no heating regression
Cooling: pre-:-174.3+2.48(Tamb); post-: -118.7+1.68(Tamb)

Site 21: Balance point: 66°F cooling and heating
Cooling: pre-:-178.2+2.59(Tamb); post-: -103.4+1.55(Tamb)
Heating: pre-:86.9-1.34(Tamb); post-: 156.7-2.47(Tamb)

Site 22: Balance point: 69°F cooling; no heating regression
Cooling: pre-:-198.1+2.76(Tamb); post-: -160.6+2.24(Tamb)

Site 24: Balance point: 60°F cooling; no heating regression
Cooling: pre-:-93.1+1.54(Tamb); post-: -92.2+1.5(Tamb)

Site 27: Balance point: 67°F cooling; no heating regression

148



Cooling: pre-:-143.9+2.24(Tamb); post-: -122.6+2.03(Tamb)

Site 28: Balance point: 67°F cooling and heating
Cooling: pre-:-206.5+2.92(Tamb); post-: -166.7+2.37(Tamb)
Heating: pre-:75.7-1.17(Tamb); post-: 44.1-0.68(Tamb)

Site 29: Balance point: 68°F cooling and heating
Cooling: pre-:-219.3+3.08(Tamb); post-: -236.9+3.32(Tamb)
Heating: pre-:69.4-1.05(Tamb); post-: 44-0.67(Tamb)

Site 34: Balance point: 65°F cooling; no heating regression
Cooling: pre-:-103.9+1.5(Tamb); post-: -99.8+1.43(Tamb)
Heating: pre-:9.8-0.15(Tamb); post-: 58.3-0.93(Tamb)

Site 35: Balance point: 67°F cooling and heating
Cooling: pre-:-197.7+2.91(Tamb); post-: -227.5+3.29(Tamb)
Heating: pre-:97.8-1.45(Tamb); post-: 109.6-1.63(Tamb)

Site 42: Balance point: 65°F cooling and heating
Cooling: pre-:-77.4+1.18(Tamb); post-: -70.8+1.13(Tamb)
Heating: pre-:163.2-2.51(Tamb); post-: 77.8-1.17(Tamb)

Site 45: Balance point: 68°F cooling; no heating regression
Cooling: pre-:-119.8+1.71(Tamb); post-: -131.6+1.85(Tamb)

Site 47: Balance point: 66°F cooling; no heating regression
Cooling: pre-:-123.9+1.76(Tamb); post-: -122.7+1.77(Tamb)

Site 48: Balance point: 66°F cooling and 64°F heating
Cooling: pre-:-165.2+2.37(Tamb); post-: -147.7+2.16(Tamb)
Heating: pre-:110.4-1.74(Tamb); post-: 80.3-1.25(Tamb)

Site 50: Balance point: 61°F cooling; no heating regression
Cooling: pre-:-108.6+1.74(Tamb); post-: -100+1.56(Tamb)

Site 52: Balance point: 69°F cooling and heating
Cooling: pre-:-21.6+0.31(Tamb); post-: -20+0.29(Tamb)
Heating: pre-:19.9-0.29(Tamb); post-: 74.3-1.12(Tamb)

Site 56: Balance point: 70°F cooling and heating
Cooling: pre-:-210.9+2.96(Tamb); post-: -180.4+2.52(Tamb)
Heating: pre-:160-2.35(Tamb); post-: 172.7-2.54(Tamb)

Site 58: Balance point: 69°F cooling and 63°F heating

Cooling: pre-:-222.7+3.11(Tamb); post-: -206.5+2.89(Tamb)
Heating: pre-:130.6-2.15(Tamb); post-: 65.1-1.07(Tamb)
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Site 59: Balance point: 67°F cooling and 63°F heating
Cooling: pre-:-210.6+3.01(Tamb); post-: -157.7+2.24(Tamb)
Heating: pre-:117.7-1.91(Tamb); post-: 145.6-2.43(Tamb)

Lyric

Site 43: Balance point: 62°F cooling; no heating regression
Cooling: pre-:-112.2+1.66(Tamb); post-: -107.2+1.64(Tamb)

Site 44: Balance point: 67°F cooling and heating

Cooling: pre-:-154+2.19(Tamb); post-: -103.7+1.51(Tamb)
Heating: pre-:259.2-3.92(Tamb); post-: 204.9-3.13(Tamb)
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