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ABBREVIATIONS ANDACRONYMS

ACCA Air Conditioning Contractors of America
ACH Air changes per hour

Btu British thermal unit

CFM Cubic feet per minute

CT Current transducer

EER Energy efficiency ratio

HERS Home energy rating system

HP Heat pump

HSPF Heating seasonal performance factor
HVAC Heating, ventilating, and air conditioning
kwh Kilowatt hour

RH Relative humidity

SEER Seasonal energy efficiency ratio

SHGC Solar heat gain coefficient

U U-factor (thermal transmittance)

VCHP Variable -capacity heat pump

VRF Variable refrigerant flow
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EXECUTIVESUMMARY

PROJECT GOALS

This project evaluated the installed performance of variable capacity heat pump ( VCHP)
mini - and multi -split systemsin three (3) California research homes in Stockton, California .
The two primary areas of focus were:

1) Energy performance:  VCHP systems with SEER ratings as high as 38 and HSPF
ratings as high as 15 are now available . The current federal code minimum efficiency
central forced air  split system heat pumps are rated 14 SEER and 8.2 HSPF . This
project measured the installed energy per formance of VCHP systems in comparison
to minimum efficiency single speed forced air heat pump units to determine if the
standard efficiency rating metrics are a reliable predictor of energy use in California
homes.

2) Comfort: VCHP mini - and multi -split systems may be ducted or ductless . The
ductless systems offer the promise of energy savings through reduced air handler
fan power and elimination of duct losses . However, comfort may be comprised in
rooms without a ductless fan coil . Additionally, variable  -speed systems have complex
controls some of which are not accessible in the field. The controls modulate fan and
compressor speeds in ways that may affect comfort performance relative to the
single - speed ducted systems that are typically used in Californi a residences.

PROJECT DESCRIPTION

The project installed  VCHP systems and minimum efficiency reference forced air heat pump
systems into three existing houses in Stockton, California . The houses ranged in vintage

from 1948 to 2005 . The houses received shell  improvements through a previous research
project (Wilcox) and are more efficient with lower heating and cooling loads than the typical

existing house of the same vintage. Heating and cooling loads approach those being

achieve d by new houses built to curre nt efficiency standards . The houses were unoccupied,
and inter nal gains from simulated occupancy were provided by electric heaters and

humidifiers controlled by the data acquisition system to follow the sensible and latent gains
magnitude and schedule spec  ified in Title 24

A flip/flop experimental design was applied, with the VCHP and reference systems
alternating every three days during the cooling season and every two days during the

heating season . The first day of the  three -day cooling season cycle si mulated a daytime
thermostat setup and evening recovery schedule, while days two and three held a constant

76 F thermostat setpoint throughout the day . To simulate common best practice in
Stocktonds hot dry c entholahousefanl Iwasyenabled doniag the comlingy
season between sunrise and 11:00PM (see page 19 for details). A constant thermostat
setpoint was used at all times during heating seaso n.

The Reference heat pump systems were single -speed, single -zone, standard ducted split
systems with ductwork entirely inside the conditioned space . The systems were installed
and commissioned according to Title 24 standards, with refrigerant charge verif ied to be
correct based on the manufacturer specified amount of subcooling. Airflow was tested and
confirmed to be  between 4 03 and 456 cfm/ton.

Pacific Gas and
. Electric Company® 1
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The VCHP system designs were specified by the manufacturers, installed by the
manufacturer sd pr erb andcomnhissored with @mrtrolosettings specified by
the manufacturers . The VCHP system configurations varied by house:

f Mayfair House (one -story, 1,104 ft  ?): Ducted single -zone mini split

f  Grange House (one -story, 848 ft ?): Ductless single -head mini split with a ducted
transfer fan supplying air to the two unconditioned bedrooms which had open doors

§ Caleb House (two -story, 2,076 ft ?): Ductless single -head mini split on the first floor,
and ductless two -head multi split on the second floor with two ducted transfer fans
supplying air to the two unconditioned bedrooms which had open doors

The houses and HVAC systems were instrumented and monitored through one cooling and

one heating season , summer 2015 and winter 2015 -16. Energy performance was evaluated
by characterizing daily energy use of each system as a function of daily average outdoor

temperature and  then projecting the results to the Title 24 weather file for Stockton . The
projected annual energy consumption of the VCHP and reference systems were then
compared to their relative efficiency ratings to evaluate the reliability of ratings as a

predictor of installed energy performance.

Comfort performance was evaluated by comparing the monitored performance to ACCA

Manua | RS (ACCA 2015) guidelines for room temperature delta -to-setpoint and room -to-

room temperature difference .Each systemds ability to maintain indoo
below 60% maximum was also evaluated.

PROJECT FINDINGS/RESULTS

The project found mixed re sults with respectto  VCHP system comfort . Findings include:

1 Despite an optimistic experimental design that kept the interior doors to all rooms
open at all times and used constantly -operating transfer fans to deliver air to rooms
not directly served by an indoor terminal unit , the ductless VCHP systems did not
maintain temperature comfort levels equivalent to the reference systems

0 Theductless VCHP system atthe 848 ft? single -story Grange house provided
good temperature control during cooling season, bu t in heating season was
only able to meet ACCA Manual RS guidelines for room -thermostat
temperature 32% of the time.

0 Theductless VCHP systems atthe 2,076 ft? two story Caleb house was only
able to meet Manual RS guidelines for room -thermostat temperature 52% of
the time during cooling season and 20% of the time in heating season.

I The ductless VCHP systems experienced longer temperature recovery times following
athermostat setup in cooling thanthe reference systems . Compliance with Manual
RS guidelines f or room -thermostat temperature fell to 66% at the Grange house and

32% at the Caleb house when a setup and recovery schedule was used . The rooms
not directly served by an indoor terminal unit  were especially problematic during
recovery.

1 The ducted VCHP system (Mayfair house) provided better temperature comfort levels
than the reference system when a constant thermostat setting was used, but did so
by running the indoor fan constantly at high speed during the cooling season . The
constant high speed fan o peration caused two problems:

Pacific Gas and
. Electric Company® 2
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0 The VCHP system predominantly ran at low compressor speeds . With the
compressor on low speed and the fan on high speed, the system provided
little or no latent  cooling . Indoor humidity levels exceeded 60% relative

humidity 23% of the time.
o Energy use was significantly increased.

The ductless mini -split system at the Grange house also provided very little latent
cooling during the cooling season, with indoor humidity levels exceeding 60%

relative humidity  39% of the time . The lack of latent capacity appears to be related
to controls programming that did not modulate indoor fan speed with compressor

speed.

Problems were experienced with VCHP system controls . The Mayfair system required

a controls setting modification due to inab ility to meet cooling load on hot days . The
Caleb VCHP systems experienced ongoing temperature control problems throughout

the heating season . Temperatures in rooms where the thermostatic controls were

located were recorded falling to as much as 6 °F below setpoint.

The lack of latent cooling provided by the VCHP systems attwo  houses, Grange and
Mayfair, le d to indoor relative humidity exceeding 60% for a significant number of

hours, as noted above. At the third house, Caleb, the VCHP system did not provide

quite as much latent cooling as the reference system but succeeded in keeping

relative humidity below 60% for most hours.

VCHP energy performance relative to their efficiency ratings was also mixed  when compared
to performance of the reference systems . Table 1 shows that estimated annual cooling

energy savings for the VCHP systems relative to the minimum efficiency reference systems
ranged from 10% better than expected (Caleb) to 31% below expectations (Mayfair) based
on relative efficiency ratings . Table 2 shows a nnual heating energy savings exceeded
expectations at allth  ree houses , ranging from  14% to 16 % better

TABLE 1. VCHP ANNUAL COOLING ENERGY SAVINGS

SITE SYSTEM SEER SEER PREDICTED MONITORED PERFORMANCE
COOLING ENERGY SAVINGS, NORMALIZED
SAVINGS UNADJUSTED SAVINGS **
Caleb Reference HP 14
VCHP 20.9* 33% 43% 41%
Grange Reference HP 14
VCHP 25.5 45% 41% 33%
Mayfair Reference HP 14
VCHP 16 13% -18% -21%
*Capacity weighted average of the two VCHP systems at Caleb
** Normalized savings include adjustments for differences in latent cooling and indoor air temperature.
Pacific Gas and \
. Electric Company 3
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TABLE 2. VCHP ANNUAL HEATING ENERGY SAVINGS

SITE SYSTEM HSPF HSPF PREDICTED MONITORED
HEATING ENERGY SAVINGS SAVINGS

Caleb Reference HP 8.2

VCHP 10.5* 22% 37%
Grange Reference HP 8.2

VCHP 115 29% 45%
Mayfair Reference HP 8.2

VCHP 10 18% 32%
*Capacity weighted average of the two VCHP systems at Caleb
The energy consumption of constantly operating VCHP fans is a major concern

9 Theducted VCHP system (Mayfair house) operated the air handler fan constantly
during cooling season, and as a result the projected seasonal cooling energy use was
18% higher than the reference system . Based on SEER ratings, the  VCHP system
was expected to use 13% less e nergy than the reference system, and the constantly
operating fan was the primary contributor to the shortfall of 31%.

9 Thetransfer fans that were installed with the ductless VCHP systems (Caleb and
Grange houses) are not commercially available for use in that application, and they
provided significantly lower energy use than would be possible with  standard
commercially available products . The ducted transfer fans used in this study
operated at 0.12 W/cfm (Grange) a  nd 0.04 cfm (Caleb). Efficiency of standard
through -the -wall transfer fans is roughly 1.5 W/cfm. Standard transfer fans are
estimated to increase energy use such that VCHP cooling energy savings would fall
to approximately 40% below expectations at both of the houses with ductless
systems.

The VCHP systems provided significant summer peak HVAC electricity demand reductions of
44% to 64% when the systems were operated with a constant thermostat setpoint ,
compared to the reference systems under similar outdoo r temperature conditions . Demand
reductions with a thermostat setup and recovery schedule were uncertain due to varying
comfort conditions and the potential that occupants would force the systems into higher
speeds than were observed during recovery period s in this study.

PROJECT RECOMMENDATIONS

Based on the results of this study, additional research is recommended to:

1 Develop a better understanding of ductless VCHP system comfort performance under
different sc enarios, including with interior doors closed a nd without constantly
operating transfer fans.

Monitor ductless VCHP energy performance when standard transfer fans are used.

Perform a direct comparison of ducted and ductless VCHP system comfort and
energy performance in the same house.

1 Develop efficiency ratings and methods of test that are more applicable to the
dynamic capabilities of ~ VCHP systems than the current DOE test methods, which lock
variable -speed systems at fixed speeds . The DOE ratings are not demonstrated to be

Pacific Gas and
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representat ive of installed performance . Improved t est methods are needed which
allow these systems to modulate as instructed by their control programming, thereby
functioning as they would in field installations.
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INTRODUCTION

Variable Compressor Speed Heat Pump ( VCHP) systems are an emerging technology in

California and the rest of North America even though they are common in many part s of the
wor Id. Prior research has focused primarily on heating mode, while the  cooling mode
performance is also of concernin Cal ifornia.

VCHP systems with very high SEER and HSPF ratings based on current test methods (AHRI
210-240) are now available .However , these VCHP systems are currently not credited with
improved energy performance in the California Title 24 building standards due to a number
of areas of uncertainty regarding installed performance . These include:

1 The efficiency ratings are not demonstrated to reliably represent installed
performance.

o Phaselofthe Central Valley Research House ( CVRH) project (described
below) found VCHP system performance well below expectations based on
efficiency ratings.

o Efficiency rating test procedures require locking variable -speed equipment at
a set of constant  speed s, thereby defeating the controls logic and producing
results substantia lly different from real world installations.

1 Ductless VCHP efficiency ratings do not reflect supplemental air distribution systems
which may be required to achieve comfort or comply with building code requirements
for heat delivery.

1 Atpresentitisnotpo ssible to verify proper installation and that performance is
meeting expectations.

Evaluation of VCHP system installed performance is needed to develop a better
understanding of this emerging technology, appropriate installation practices, and more
reliab le estimates of energy consumption in California homes.

BACKGROUND

CENTRALVALLEYRESEARCHHOMES PROJECT

The houses used in this study are three of four houses studied in t he CVRH project , a
multi -year effort to test residential energy efficiency measures and technologies in

four unoccupied, highly instrumented homes of different vintages in Stockton,

California .

The CVRH project began with funding from the California Energy Commission to
perform three experiments

1) Develop packages of envelope and HVAC efficiency retrofits that achieve 50%
to 75% savings in heating and cooling energy in the experimental homes.

2) Compare measured energy consumption at the four experimental homes with
energy con sumption estimates by six HERS Raters at each of the four homes.

Pacific Gas and
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3) Compare monitored energy use of variable compressor speed heat pumps
(VCHP) to reference heating and cooling systems installed in the experimental
homes.

Projectt imeline :

A Four h omes leasedi n 2011

A 2012 -2013 collected baseline data

A 2013 -2014 i nstalled first package of upgrades and collected data
A 2014 -2015 second package of upgrades and data collected

Among the findings of the CVRH project was thatthe a Il four ofthe VCHP systems
installed during that study underperformed by a very large margin in the cooling
mode, and two of the  four systems seriously underperformed in heating mode.

EVMERGING TECHNOLOGY

Starting with the Summer of 2015 , the PG&E Codes & Standards and Emerging Techn ology
programs provided funding for the next phase of CVRH. The subiject of this study is an
emerging HVAC technology: variable  capacity heat pumps ( VCHP), which are also known as
mini -split and multi - split heat pumps.  In some configurations these systems a re called
variable refrigerant flow (VRF) systems . These systems are commonly used in Asia and

Europe but have not been widely adopted in the United States. These machines have the

potential to provide more efficient heating and cooling than conventional single -speed heat
pumps.

This study uses three oft he original four homes  to install and test  three configurations of
VCHP systems.

1) One house has a single outdoor unit with single wall -mounted indoor unit.
2) A second house has a single outdoor unit with a short -duct indoor unit mounted in a
crawlspace.

3) The third house has two systems: the lower floor has a single outdoor unit and single
wall -mounted indoor unit, and the upper floor has a single outdoor unit connected to
two indoor wall -mounted units.

ASSESSMENDBJECTIVES

The objective s of this study are:

1 To assess energy savings performance of VCHP systems compared to standard split
system heat pumps  in support of annual performance simulation as required by the
CEC Title 24 Part 6 Building Energy Efficiency Standards (Title 24).

1 Toassessthe ability of the systemsto control indoor temperature and relative
humidity to provide comfort equivalent to existing central ducted forced air systems

Pacific Gas and
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1 Toidentify best practices for VCHP system design , installation , and performance
verification

TECHNOLOGY BEVALUATION

The project compares the cooling and heating perf ormance of conventional minimum -
efficiency central ducted split system heat pumps to VCHP systems. The study was

conducted in three of the Stockton CVRH research houses. In these unoccupied and

extensively instrumented houses, occupants were simulated with computer controlled

equipment producing sensible and latent internal gains to match the Title 24 schedules. In
the cooling season the previously install  ed whole house fans are  enabled each night. In the
hot dry Stockton climate, night time temperatures are in the 60s and the air is low in

humidity , making night ventilation a long -standing cooling strategy. The control strategy for
the whole -house fansis described on page 19.

Each house has both a reference system, which is installed within the conditioned space,

and a VCHP system. During both the cooling and hea ting seasons, the HVAC units were

operated on a flip/flop schedule. Details are described in the section below titled Test Plan .

The study was designed to produce the best possible installed VCHP performance. The VCHP

system models and sizing were specifi ed by the manufacturers. Installation and

commi ssioning was conducted by the manufacturerds pref
guidance of the manufacturer. Room to room custom  transfer fans were installed to provide

the cooling and heating to rooms not direc tly served by a terminal unit.

TESTMETHODOLOGY

TESTLOCATIONS
The three houses in this study - referred to as Grange, Mayfair, and Caleb - are
located in Stockton, California. Stockton is located in California Climate Zone 12, in

the middle partof Califo r ni &énsal Valley. This inland region is characterized by

cooler winters and hotter summerés than tHAe San Fra
winter rain y period extends from November to Apri |, but is generally fairly mild

Summer h igh temperatures can exceed 1 10 F but averages 93 in August. Daily lows

average 58 in August due to a mesoscale sea breeze which cools the area into the

60s except when a peak hot spell occurs. On an annual basis, there are more

Heating Degree Days (HDD) than Cooling Degree Days (CDD). A good summary of

Climate Zone 12 characteristics can be found in ATH
California Climate Zones. 0 (Pacific Energy Center,

Each of the homes received energy efficiency upgrades as part of an earlier study
(Wilcox , to be published as a final research report by the California Energy
Commission ). Therefore , the envelope performance is improved compared to original
construction  so that it approaches what is required by Title 24 for new dwellings

Pacific Gas and
. Electric Company® 8
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GRANGE
Built in 1948, the Grange Avenue house is the oldest of the test houses. At 848 ft 2 it
is also the smallest. It is a two -bedroom, single -story rectangular house with slab on

grade construction.

FIGURE 1. GRANGE TEST HOUSE

TABLE 3. GRANGE HOUSE CHARACTERISTICS (AS TESTED)

Floor Area 848 ft 2
Year Built 1948
Stories 1
Bedrooms 2
Floor type Slab on grade
Air Leakage 438 CFM50 (3.8 ACH50)
Attic Insulation 852 ft2, R-49 loose fill fiberglass
Attic Ventilation 15.5ft 2 (1ft 2 vent/5 5 ft 2 ceiling area)
Wall Insulation R-10 loose fill fiberglass
Windows 78 ft 2, vinyl, double -pane, low -E?, U 0.30, SHGC 0.25
IAQ Ventilation ASHRAE 62. 2 compliant bath exhaust fan, 39 CFM, 5. 5 watts
Whole -house fan Two whole -house fans installed in ceiling. Total 1213 CFM and 141 watts
Heating Load 12,775 Btu/hr (see Appendix A)
Cooling Load 10,253 Btu/hr (see Appendix A)
Pacific Gas and

Electric Company”® 9
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MAYFAIR

The house on West Mayfair in Stockton is the second oldest test home. This three -
bed room home was built in 1953 and has a floor area of 1,104 square feet. It is a

e
- Mo

FIGURE 3. MAYFAIR HOUSE I REAR (SHADE STRUCTURE REMOVED BEFORE EXPERIMENTS)

Pacific Gas and
) Electric Company® 10




PG&EO®Ss

Emer ging

Technol ogi e seETRIPGEG76

TABLE 4. MAYFAIR HOUSE CHARACTERISTICS (AS TESTED)

Floor Area

Year Built
Stories
Bedrooms

Floor type

Air Leakage

Attic Insulation
Attic Ventilation
Wall Insulation
Crawlspace Efficiency
Windows

IAQ Ventilation
Whole -house fan
Heating Load
Cooling Load

CALEB

Built in 2005, the four bedroom, 2,076 ft

1,104 ft 2

1953

1

3

Crawlspace

1,248 CFM50 (9.3 ACH50)

1,104 ft2, R-49 loose fill fiberglass

20 ft2 (1 ft 2 vent/5 5 ft 2 ceiling area)

R-13 loose fill fiberglass

Uninsulated, plastic membrane on floor, code -minimum vent area
197 ft2, vinyl, double -pane, low -E? U 0.30, SHGC 0.25

ASHRAE 62. 2 compliant bath exhaust fan, 50 CFM, 3.0 watts
Three whole -house fans installed in ceiling. Total 1,638 cfm and 202.5 watts
15,583 Btu/hr  (see Appendix A)

16,175 Btu/hr (see Appendix A)

2 house on Caleb Circle is the newest and

larges t of the test houses . Itisatwo -story rectangular home with a portion of the
second story overlapping the garage

FIGURE 4. CALEB TEST HOUSE i FRONT AND SIDE VIEW

Pacific Gas and
. Electric Company®
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FIGURES5. CALEB TEST HOUSET REAR VIEW

TABLE 5. CALEB HOUSE CHARACTERISTICS

Floor Area
Year Built
Stories
Bedrooms
Floor type
Air Leakage

Attic Insulation

Attic Ventilation
Wall Insulation
Windows

IAQ Ventilation
Whole -house fan
Heating Load
Cooling Load

2,076 ft 2

2005

2

4

Slab on grade

1,615 CFM50 (5.4  ACH50)

R-30 loose fill fiberglass
+ PolyFoam (3M) PolySet spray foam system under roofing tiles

16.7 ft2 (1ft 2 vent/ 66 ft? ceiling area)

R-17

Vinyl, double -pane, low -E, U 0.35, SHGC 0.30

ASHRAE 62. 2 compliant bath exhaust fan, 64 CFM, 12.1 watts

Four whole -house fans installed in ceiling. Total 2,075 CFM and 275 watts
21,577 Btu/hr (see Appendix A)

25,084 Btu/hr (see Appendix A)

TESTPERIOD

Systems were installed  during spring 2015.
Cooling season data cover the period of July 2015 through October 2015.
Heating system data cover the period of December 12, 2015 through March 8, 2016.

Pacific Gas and
Electric Company”® 12
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REFERENCESYSTEMS

The reference systems are standard split -system forced air heat pumps with the air
handlers and ducts installed within the conditioned space suspended from the ceiling.
Figure 6 illustrates the typical installation. Table 6 lists ref erence system

specifications for each of the three houses. These systems represent minimum

efficiency equipment allowed by Title 24 building energy standards . Spiral -wire helix
plastic ducts with factory insulation w ere used, with duct runs equal to those
commonly found in new construction. Routing of the ducts is similar to what is

commonly found in California homes.

FIGURE 6. TYPICAL REFERENCE HEAT PUMP SYSTEM INSTALLATION WITHIN CONDITIONED SPACE

Pacific Gas and
0 Electric Company”® 13
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FIGURE 7. TypPICAL REFERENCE HEAT PUMP SYSTEM OUTDOOR UNIT INSTALLATION

FIGURE 8. ELECTRIC RESISTANCE HEATERS IN EVERY ROOM

Pacific Gas and ”
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House DESCRIPTION LOCATION EQUIPMENT SPECIFICATIONS
Grange 1.5ton Living Room - SEER: 14
split system heat pump ducts hung from EER: 115
ceilings Rated Cooling Capacity: 17,600 Btu/hr
HSPF: 8.2
Rated Heating Capacity: 18,000 Btu/hr
Mayfair 2 ton Dining Room - SEER: 14
split system heat pump ducts hung from EER: 11.5
ceilings Rated Cooling Capacity: 23,200 Btu/hr
HSPF: 8.2
Rated Heating Capacity: 23,200 Btu/hr
Caleb 2.5ton 2nd Floor Landing - SEER: 14
split system heat pump ducts hung from EER: 12
ceilings Rated Cooling Capacity: 28,000 Btu/hr
HSPF: 8.2

Rated Heating Capacity:

27,800 Btu/hr

VCHP SYSTEMS

Table 7 lists the type and basic specifications for the
house.

VCHP systems installed in each

FIGURE9. WALL-MoUNTED VCHP FaAN ColL AND REFERENCE SYSTEM AIR HANDLER AT GRANGE HOUSE

Pacific Gas and
) Electric Company® 15
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FIGURE 10. CRAWLSPACE -MOUNTED VCHP DucTeED AIR HANDLER AT MAYFAIR HOUSE

FIGURE 11. WALL-MoUNTED VCHP FAN ColL AT CALEB HOUSE (1 OF 3) & SUSPENDED, SHIELDED SENSORS

Pacific Gas and
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