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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.

v



U.5, DEPARTMENT OF Energy EffICieﬂCy &

EN ERGY Renewable Energy

Contents
=S o T L= Vi
List Of TabBIES ...oiceeeiiicie it viii
DefiNItiONS ...ciieiiir et ————— ix
ACKNOWIEAGMENTS .....coeeiiiiiiiiiiiiisisisisisrsssersssssssrrrsssssrssssss s s s srsrssessssssasessasssssssssassssssssansannnnnnnnnnnnnnnnnnnnnnnnnnnnns X
EXECULIVE SUMMAIY .......cceeeciieeiiscccceece s rr s ssssse e s e s s s mns s e e s s s s s sm s e e e e e e s s a s anme s e e e eea e smnneeneesnnnsssnnnnsnnnsnan Xi
T INtrOUCHION .t 1
I 27 163 €4 11531 PSS 1
1.2 Relevance to Building America GOals..........ccooiiiiiieniiiiiieiiecieeiee et 2
72 = o Y=Y 1.1 1= o 1 3
2.1 Technical APPIOACKH ......cc.viiiiiiiieiiee ettt ettt ettt e b e enseeseeenseenne 3
2.2 Test Configuration DESCIIPLION. ......ueieriieeriieeiiie ettt e eeeeeiie e e e e eteeeeaeeesaeeeseseeesnseeesaseeennns 3
2.3 House Lab DESCIIPHION ...coeuviiiiiiiieiieeiiesiie ettt site et ee ettt e sebeeaeesnbeeseesnseenseeenseenne 5
2.4 Mechanical Ventilation System DeSCrIPtion .........c.ccevveeerieeeiieeniiieeeiieeeieeeeveeeevee e 6
3 Instrumentation and Equipment DeScCriptions ... 9
3.1 General Manufactured Housing Laboratory Instrumentation.............cceceveevvenvenenieneennen. 9
3.2 Dehumidifier DESCIIPLION ....ccvvieeiiiieiiieciie ettt ettt e ettt e etee e s e e ssaeeesnreeesaseeenns 10
3.3 Mini-Split Heat Pump Description and TeSting............cccceevverrienieeniienieenieeeieeiee e 11
3.4 Building Design Cooling Load and Cooling System Capaciti€s.........ccccvveereverercreeenveenne. 14
3.5 Automation of Sensible and Latent Internal Loads ..........cc.ccoovieiiieniiniiiinieciiciecieee, 16
L T £ 1= | | 18
4.1 Cooling and Dehumidification Energy USe.........ccccveeviiiriiiieiiiieieeeiie et 18
4.1.1 Outdoor Air Supplied to Central Return in a Utility Room with the
Dehumidifier Enabled...........ccooiiiiiii e 18
4.1.2 Outdoor Air Supplied to a Central Living Room Area with Dehumidifier
ENabBIEd ... 21
4.1.3 Outdoor Air Supplied to a Central Living Room Area with Mini-Split Heat
Pump Enabled .......cc.ooiiiieeeeee e 25
4.1.4 Seasonal Energy Savings COMPATISONS .........eeveerieerieenieeriienieesieeneeeseessreenseenseeenne 26
4.2 Summer Peak POWer IMPACES ......ccviieiiiiiiieciee ettt e 28
4.3 Indoor Temperature and Humidity IMpacts...........cccceevuieriieriieniiiiienieeiece e 29
4.3.1 Temperature Variations with a Ductless Single-Head Mini-Split Heat Pump ......32
4.3.2 Indoor Relative Humidity Variations............ccceecueeviieriieniienieeniiesieeiee e esiee e 33
4.4 Mini-Split Heat Pump Results in Dry Control Mode under Low Cooling Load............... 50
LT 0o 4 T ¥ = oY o 1= 58
6  RecoOmMMENdAtiONS .......ccciiiiiir i —————————— 60
RETEIENCES ...ceiiiiietr i 62
Appendix A: Leaky Nonvented versus Tighter Mechanically Vented Home .........cccccvcimniininnniinnnnnn. 64
Appendix B: Utility Room Relative Humidity with Outdoor Air at Central Return ..............cccccceeennnn. 66
Appendix C: Challenges of Supplying Outdoor Air to Small Rooms or Closets ...........cccuuerivenrinenn 70



U.5, DEPARTMENT OF Energy EffICIeﬂCy &

ENERGY Renewable Energy

List of Figures

Figure ES-1. Daily space-conditioning energy use for a typical summer day with dT = 5°F............ xii
Figure 1. Florida Solar Energy Center MH Lab view of north exterior side ..........ccccenniimnniniinnniniennnn, 5
Figure 2. MH Lab home floor plan showing open central area and three-bedroom/two-bath layout.
Blue circles show locations where OA was supplied into home. A green arrow points to the
wall area where all thermostat and RH control was located...........ccccciiiiiiiiimniccceer s 6
Figure 3. Mechanical ventilation OA is brought into the MH Lab using an in-line fan and measured
with a calibrated iris damper. This photo shows the option that delivers the air near the return
of the SEER 22 (top) and SEER 13 central systems. ..........cccccvmiimiiiccccccecerer e 8
Figure 4. Stand-alone dehumidifier with OA intake plenum constructed on the left side ................ 11
Figure 5. MSHP indoor unit mounted high on the wall in the MH Lab main space. The return air of
the unit is enclosed in a plenum with a calibrated flow station. As shown, the OA duct
terminates at the intake to the MSHP. It can also be directed to the dehumidifier unit below the

MSHP or redirected further into the central space. ... 12
Figure 6. TSI Wind Tunnel connected to a temporary test plenum that was used to capture the

supply air from the MSHP. The airflow station is located inside the upper return plenum........ 13
Figure 7. MSHP flow calibration data at the four manufacturer fan speed settings .......c.cccccccceueeens 14

Figure 8. Design cooling load distribution of the main central area, bedrooms, and utility room... 16
Figure 9. Centrally ducted cooling and dehumidifier energy plotted against the daily average dT

between outdoors and indoors with OA ducted near the central return...........cccoocoecirrieiernees 19
Figure 10. Dehumidifier energy, space cooling energy, and outdoor and indoor dew point
temperatures at 1-h intervals during a 5-day period in November............ccocoiiiiiiiiiiiininiaes 20
Figure 11. Indoor and outdoor temperatures and indoor RHs at 1-h intervals during a 5-day period
LT3 o= .4 o = 21
Figure 12. Daily cooling and dehumidifier energy plotted at daily average dT for SEER 13 central
system with OA ducted into the living room area at two locations ...........ccccciiiiiiiiiiiiicinninccnes 23
Figure 13. Daily cooling and dehumidifier energy plotted at daily average dT for SEER 22 central
system with OA ducted into the living room area at two locations ..........cccccccmrrriiccccceeennnniscccnns 24
Figure 14. Daily cooling and dehumidifier energy plotted at daily average dT for SEER 22 central
system with OA ducted into the living room area.........cccccceiiiccccsmemreinn s s 24
Figure 15. Daily SEER 13 plus MSHP cooling energy versus daily average dT when OA was
supplied to MSHP return intake with MSHP set to economy operational mode.......................... 25
Figure 16. Daily SEER 22 plus MSHP cooling energy versus daily average dT when OA was
supplied to MSHP return intake with MSHP set to economy operational mode.......................... 26
Figure 17. Hourly cooling and dehumidification power versus hourly average dT between
Lo 103 o [oXoT == T T T T Lo o1 - 28
Figure 18. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to SEER 13 return in @ utility room ... s 36
Figure 19. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to SEER 22 return in @ utility room ... e 37
Figure 20. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to the living room and SEER 13 central cooling ........cccccccimiiiicccccimne s scccceceee e 38
Figure 21. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to the living room and SEER 22 central cooling .........ccccccimniiimminniminninnsnseenns 38
Figure 22. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to a dehumidifier in the living room and SEER 13 central cooling .........ccccccvcmeriniuennn. 39
Figure 23. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to a dehumidifier in the living room and SEER 22 central cooling .........ccccccvcmeriniunnnn. 39
Figure 24. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to a MSHP in the living room and SEER 13 central secondary cooling........cccccee......... 40
Figure 25. MSHP delivered cooling rates shown with indoor temperatures and RHs in the living
room from September 4-11, 2014, with SEER 13 central secondary cooling............ccccevmrreernnn. 41
Figure 26. MSHP supply air temperatures plotted against the living room RHs with data at 15-min
average intervals from September 4—11, 2014 ... iccccrerrre e see e e nnns 42

vi



U.5, DEPARTMENT OF Energy EffICIeﬂCy &

EN ERGY Renewable Energy

Figure 27. MSHP delivered cooling shown with the airflow rates per cooling (CFM/ton) from

September 4-11, 2014, with SEER 13 central secondary cooling..........cccccccmiiiiinninninnnniienennnns 43
Figure 28. MSHP delivered cooling rates (kBtu/h) versus CFM/ton at five flow rates show distinct
linear patterns depending upon the airflow rate.........cccccccccmiiiii e 43
Figure 29. Indoor RH (living room) versus MSHP CFM/ton for September 4-11, 2014...................... 44
Figure 30. Indoor RH (living room) versus MSHP CFM/ton during 17 h in September at a constant
airflow rate of 300 CFIM ... e e e s e m e s e m e e e ne e ee s mn e e ee s mnnenannnnenann 45
Figure 31. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to an MSHP in the living room and SEER 22 central cooling........cccccevvvricivneeennnninsccnnns 45

Figure 32. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to a MSHP in the living room with a very low cooling load on December 8, 2014....... 48
Figure 33. MSHP delivered cooling rates and supply air temperatures shown with the living room

temperatures and RHs on 2 very low cooling load days December 7-8, 2014............cccccvrunrenne 48
Figure 34. MSHP delivered cooling shown with the airflow rates per delivered cooling (CFM/ton)
during very low cooling loads from December 7—8, 2014. .........ccccciiiiiimiininnn s 49
Figure 35. Condensate latent heat rates evaporated from the MSHP cooling coil shown with
elapsed times from the end of the previous cooling cycle. ... e 50
Figure 36. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to an MSHP operated in dry mode and SEER 13 central cooling..........ccccceemverrrincnnnes 51
Figure 37. MSHP in dry mode showing delivered cooling rate with indoor temperatures and RHs in
the living room from December 27—January 4 ..........ccccccceerriiicssssnmereesssssssssssssssssssssssssssssssssssssssnnns 52
Figure 38. MSHP in dry mode showing delivered cooling and the airflow rate per cooling (CFM/ton)
from December 27—JanUary 4 ... 53

Figure 39. Two days (January 1 and 2, 2015) showing cooling output, supply temperature, indoor
temperature, and RH with low cooling load while the MSHP operated in dry control mode...... 54
Figure 40. Two days (January 1 and 2, 2015) showing MSHP cooling output and CFM/ton with low

cooling load while the MSHP operated in dry control mode ..........ccccccoemriiiirnccccceceee e 54
Figure 41. MSHP dry mode cooling output and SHR on January 1 and 2, 2015 .........cccccemviviccinneeens 55
Figure 42. MSHP dry mode latent heat removal from air and SHR..............ccccmrriirccccire e, 55
Figure 43. MSHP dry mode SHR and resulting indoor living room RH .........cccooiiiiicciirinnnnccccceeeees 55
Figure 44. Daily SEER 13 plus MSHP cooling energies versus daily average dT when OA was

supplied to the MSHP return intake............cccoiiiiiiiccccerrre e s e e nme e e e e s nmnns 56
Figure A-1. Daily total cooling and dehumidifier energy plotted against the daily average dT

between outdoors and indoors shown for the house lab with and without OA .............cccceeuueet 64
Figure B-1. Indoor conditions comparing a sunny summer to a low solar summer day with OA

delivered at SEER 13 central return in the utility room ..o e 66
Figure B-2. Indoor conditions comparing a sunny summer day to a low solar summer day with OA

delivered at SEER 22 central return in the utility room ... 68

Figure B-3. Indoor RHs and space-conditioning runtimes with OA supplied at SEER 22 central
return in utility room when outdoor dew point was 69°F dp and with low solar radiation on

NOVEMDEE 23, 20714 ... e crrreie e e re s e re e e e e e a s e e s nas e remas e rennsssrennnssrramassrrannsssrennsssernnnsnrrnnnnsnrenn 69
Figure C-1. Process of mixing 55 CFM humid OA with moist 750 CFM indoor air with both at 75°F
dry bulb results in a mixture at about 63.5% RH...........ccoriiiiee e 73

Unless otherwise noted, all figures were created by Building America Partnership for Improved
Residential Construction.

vil



U.5, DEPARTMENT OF Energy EffICEeﬂCy &

EN ERGY Renewable Energy

List of Tables

Table 1. Lab Test Configurations ..........ccccociiiiniinr 4

Table 2. Lab Testing and Monitoring Equipment Used in the Experiments ..........ccccoiiciiiiciiininnienees 10

Table 3. Daily Space Conditioning Energy for a Typical Summer Day with dT = 5°F for SEER 13
and SEER 22 Ducted Systems with OA Supplied to Different Locations......c.cccccecceevemvenrniiccnnns 26

Table 4. Daily Space Conditioning Energy for a Typical Summer Day with dT = 5°F Comparing
Results Based on OA Location and Dehumidification Method with SEER13 Central System... 27
Table 5. Daily Space Conditioning Energy for a Typical Summer Day with dT = 5°F Comparing
Results Based on OA Location and Dehumidification Method with SEER 22 Central System.. 27
Table 6. Predicted Peak Cooling and Dehumidification Power for Summer Peak Hour at dT = 15°F28
Table 7. Daily Average Indoor Temperatures and RH When Outdoor Dew Point Temperature Was
0 D o g o T | = S 31
Table 8. Frequency of Elevated Indoor RH When Outdoor Dew Point Is 70°F or Greater................. 34
Table 9. Indoor RH and MSHP Performance Data during High and Lower Indoor RH Periods ........ 46
Table C-1. Daily Average Indoor RH Comparison between Utility Room with OA Supply and
Average of Three Other Indoor Locations during Different Types of Weather............ccccee........ 71
Table C-2. Indoor Airflow Rate Required To Produce a Mixture with OA at 60% RH and 55% RH* .72
Table C-3. Resulting RH for Two Moist Indoor Air Mix Rates at 75°F and 60.6°F dp When Mixed
with OA at 55 CFM at 75°F and 75°F dP.....cccccerrrimmmrcerrescee e e e e e e e e 73

Unless otherwise noted, all tables were created by Building America Partnership for Improved
Residential Construction.

viil



U.S. DEPARTMENT OF Energy Efflclency &

EN ERGY Renewable Energy

Definitions
ACH

AHU

Btu/h

CFM

dp

dT

EER
HVAC
Latent Load
OA

RH

SEER
SEER 13
SEER 22

SHR

™Y

Ton

Air changes per hour

Air handling unit

British thermal units per hour

Cubic feet per minute; a measure of volumetric airflow

Dew point; a measure of air temperature at which condensation occurs
Differential temperature; difference between outside and inside
Energy-efficiency ratio

Heating, ventilating, and air conditioning

Portion of cooling load related to removing water vapor from air
Outside air delivered indoors by mechanical equipment for ventilation
Relative humidity

Seasonal energy-efficiency ratio

Fixed-capacity heat pump with cooling efficiency rating of SEER13
Variable-capacity heat pump with cooling efficiency rating of SEER 22

Sensible heat ratio; fraction of cooling energy related to lowering the dry bulb
temperature of air

Typical Meteorological Year

Cooling capacity equal to 12,000 Btu/h

X



U.S. DEPARTMENT OF Energy Efficiency &

EN ERGY Renewable Energy

Acknowledgments

The author gratefully acknowledges project support from David Hoak, who set up and calibrated
lab instrumentation, kept experiments running smoothly, and completed test changeovers.
Thanks to John Sherwin who installed the ductless mini-split and to Eric Martin and Wanda
Dutton for report editing. We are thankful to the National Renewable Energy Laboratory team
for support and input of this research within the U.S. Department of Energy Building America
Program.



U.5, DEPARTMENT OF Energy EffICieﬂCy &

EN ERGY Renewable Energy

Executive Summary

In the past, most homes received their ventilation passively via infiltration and open windows.
New homes are becoming increasingly tighter and mechanical ventilation is becoming more
widely mandated by residential codes such as the International Energy Conservation Code (ICC
2012a). During hot and humid weather, ventilation introduces latent load, which tends to
increase indoor relative humidity (RH). In hot-humid climates, it is challenging to meet indoor
RH targets and simultaneously provide the required outside air (OA) ventilation in an energy-
efficient manner, particularly in high-performance low-cooling-load homes. Elevated indoor RH
may increase the potential for indoor environmental quality problems, building degradation, and
occupant discomfort.

The fundamental problem with relying solely on fixed-capacity central cooling systems to
manage moisture during low sensible load periods is that the systems are oversized for cooler
periods of the year—despite being “properly sized” for a very hot design cooling day. This
reliance results in shorter runtimes during low cooling load periods and less dehumidification.
Standard dehumidifiers are commonly used for supplemental dehumidification and effectively
control RH in an appropriate application. However, they are not the most energy-efficient
method of controlling humidity during the cooling season.

The U.S. Department of Energy’s Building America research team Building America Partnership
for Improved Residential Construction conducted this research project to gain data and insight
into these issues. The project focused on energy-efficient management of mechanical ventilation
and RH during the cooling season. It consisted of eight test configurations. A particular focus
evaluated how well a ductless seasonal energy-efficiency ratio (SEER) 21.5 mini-split heat pump
(MSHP) could perform as the primary cooling system without a dehumidifier for supplemental
dehumidification in a continuously mechanically ventilated house.

The team conducted testing to compare a fixed-capacity SEER 13 centrally ducted system
configuration to a variable-capacity SEER 22 central-ducted system with humidity control mode.
The MSHP tests were operated with the MSHP as the primary space conditioner, which was set a
few degrees cooler than the centrally ducted SEER 22 or SEER 13 system. The centrally ducted
systems were used with a fan circulation schedule to improve air circulation and provided
cooling only when the MSHP could not keep up with the cooling load.

The tests were completed in a furnished three-bedroom lab home that was continuously
ventilated in accordance with ASHRAE 62.2-2013. This home was unoccupied during testing
but had internal sensible and latent loads that were simulated to mimic occupancy similar to that
of a three- or four-person family.

The MSHP configurations used the least seasonal and peak demand energy; they usually
provided reasonable thermal distribution and adequate RH control. The daily energy results for a
typical summer day with an average outdoor temperature of 81°F and indoor temperature of
76°F are shown in Figure ES-1. The MSHP/SEER 13 central combination had the greatest
seasonal and peak demand savings compared to the SEER 13 with OA delivered near a
dehumidifier test. Seasonal savings were 6.1 kWh/day (24.8%) and summer peak demand
reduction was 0.55 kW (27%). The dehumidifier did not operate during peak summer hours for

X1
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any of the test configurations; therefore, the peak summer power impacts were due to cooling
energy reduction.

When using a minimum-efficiency SEER 13 central system, the cost increase from replacing an
ENERGY STAR® dehumidifier controlled by remote dehumidisat with a SEER 21.5 MSHP is
about $2,400. The cost difference could be less if special construction is required to
accommodate the dehumidifier. The variable-capacity MSHP had long runtimes that averaged
about 95% on summer days. Long runtimes increase OA mixing and improve thermal
distribution.

Daily Space Conditioning Energy for a Typical Summer Day

30

N
()]

24.6
20.0 - 20.0 218
| . . i .185 !
0 _

OA to Dehumidifer OA to Living Rm. OAto Cent. Return OA to Mini-split

= RN
o wu o
T T

Daily Energy (kWh)
(%))

M SEER 13 Ducted Central System B SEER 22 Ducted Central System

Figure ES-1. Daily space-conditioning energy use for a typical summer day with dT = 5°F

The dehumidifier typically operated only occasionally from about 2 a.m. to 9 a.m. during normal
summer weather. The dehumidifier energy represented less than 1% of the daily total
conditioning energy on hot and humid days and averaged about 9% on low cooling load days.
The average dehumidifier runtime was less than 0.1% on average summer days for SEER 13
configurations with the dehumidifier enabled. The dehumidifier runtime averaged about 2.5% on
average summer days for SEER 22 configurations with the dehumidifier enabled at 60% RH. On
days when the dehumidifier operated, it used 0.5-0.9 kWh/day.

RH control was evaluated based on maintaining indoor conditions lower than 60%. The
dehumidifier test configurations demonstrated the ability to maintain indoor RH below 60%—
except in the utility room when OA was delivered near the centrally ducted returns in this room.
When RH exceeded 60%, it usually remained at 60%—65%; no moisture issues were observed
during testing.

This study was not intended to evaluate a worst-case scenario for dehumidifiers that would most
likely result in high dehumidifier energy consumption. The dehumidifier was installed with a
remote dehumidistat away from the OA supply location in the central living room area to enable
dehumidifier operation based on RH in a large representative zone of the home with a single
sensor-based control. It is similar to how centrally ducted cooling systems are controlled by a
single thermostat. This design minimized dehumidifier operation by eliminating the direct impact
of high RH in the OA upon the RH control.
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As tested, the dehumidifier consumed a very small proportion of the total energy used for space
cooling and dehumidification. However, a dehumidifier’s location and control can cause
excessive dehumidifier energy use. For example, dehumidifier energy use had the potential to be
around 12 times greater than measured in this study if the dehumidifier and its control were
placed in an enclosed area—such as a closet—with OA delivered to it. Typical Meteorological
Year data show that outdoor RH exceeded 60% for about 80% of the annual hours in hot-humid
climates, which could result in 80% dehumidifier runtime.

The MSHP configurations were initially expected to be able to maintain indoor RH lower than
60% based on temperature control only, because the manufacturer data indicated that the
variable-capacity system could cool 3,100-18,400 Btu/h. This range was well-suited to provide
low cooling output during very low load periods. During most summer days, the MSHP
maintained acceptable humidity levels; however, it tended to drift toward the 60% RH level
during the early morning hours and then maintained RH in the mid-50% range from 12 p.m. to
12 a.m. On days with low cooling load and outdoor dew points (dp) above 60°F dp, the average
indoor RH exceeded 60% at a frequency of 65% during all hours within a 2-day period with the
MSHP in standard control mode. Operating the MSHP in its dry improved RH control mode
significantly reduced the frequency of RH higher than 60% to 15% of all hours during a 9-day
low cooling load period.

Standard or economy control modes that operate for periods at more than 400 CFM/ton improve
sensible cooling efficiency and are well-suited for drier cooling climates; however, they are not
desirable for good RH control in hot-humid climates—especially during low cooling load
conditions.

The humidity control for variable-capacity cooling systems using dry or RH control modes in
humid climate regions could be improved by:

¢ Limiting maximum real-time operational CFM/ton to 400 CFM/ton or less and increasing
the time at rates closer to 250 CFM/ton during low load conditions.

e Enabling operation at the lowest cooling capacity for prolonged periods to increase
runtime and dehumidification during very low load periods. Limiting CFM/ton during
this stage will improve moisture removal and limit overcooling.

¢ Eliminating indoor unit fan-on circulation for at least 15—20 min after the cooling cycle.

xiil
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1 Introduction

1.1 Background

In the past, most homes received their ventilation passively via infiltration and open windows.
New homes are becoming increasingly tighter and mechanical ventilation is becoming more
widely mandated by residential codes such as the International Energy Conservation Code (ICC
2012a). During hot and humid weather ventilation introduces latent load, which tends to increase
indoor relative humidity (RH). In hot-humid climates, meeting indoor RH targets and
simultaneously providing the required ventilation is challenging. The fundamental problem with
relying solely on central cooling systems to manage moisture during low sensible load periods is
that they are oversized for cooler periods of the year despite being “properly sized” for a very hot
design cooling day. Air conditioning relies on cooling set points that are set lower than the room
temperature. Lowering the cooling set point during cooler weather increases runtime somewhat,
but ultimately the space can become overcooled and runtime is not adequate to remove much
moisture from the air. This low set point can cause cool humid (cave-like) and uncomfortable
conditions.

Martin et al. (2014) conducted a study of occupied mechanically ventilated homes in Florida
without supplemental dehumidification. They found indoor RH levels that exceeded 60% for
significant periods of time. Six homes in north-central Florida with continuous exhaust
ventilation had indoor RH that exceeded 60% at an average frequency of 27% of all hours
evaluated through one summer period in 2013. The exhaust flow rates averaged about 60 CFM
and were close to what ASHRAE 62.2-2010 would have required. The homes did not report
having supplemental dehumidification. They were of newer construction, met the U.S.
Department of Energy’s Builders Challenge 1.0 requirements, and had a Home Energy Rating
System Index less than 65.

A variety of other studies, which primarily used modeling, determined that supplemental
dehumidification is required to meet RH control targets when ventilation is supplied at ASHRAE
62.2 levels (Rudd et al. 2013; Rudd and Henderson 2007; Walker and Sherman 2007).
Dehumidifiers can effectively control indoor RH but at lower efficiency than air conditioners.
Dehumidifiers that short-cycle or that employ fan run-on at the end of cycles operate very
inefficiently (Winkler et al. 2014). Many of the most energy-efficient dehumidifiers operate at
negative cooling efficiency (energy-efficiency ratio [EER]of —3.4) because the refrigerant heat is
discharged into the space.

Preliminary research demonstrated the potential for ductless mini-split heat pumps (MSHPs) to
condition mechanical ventilation and indoor air to effectively manage indoor RH during hot and
humid weather (Withers and Sonne 2014). These authors found that hourly indoor RH was
managed at 45%—51% on warm days that had an outdoor dew point (dp) of at least 68°F dp. The
earlier study was short and could only evaluate days with moderate to high cooling loads in a
high mass building; that study could not evaluate indoor RH control on low cooling demand with
high OA latent loads.

The U.S. Department of Energy’s Building America research team Building America Partnership
for Improved Residential Construction focused primarily on an efficient ductless variable-
capacity MSHP to condition ventilation air and to provide the bulk of the general space-
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conditioning needs. The anticipated benefits of this approach were to reduce energy use and
maintain acceptable RH control compared to centrally ducted cooling systems with separate
dehumidifier RH control. The reasons for the expected benefits include:

e Excellent RH control due to delivery of cold supply air—often 45°-55°F depending on
the mode of operation and long runtimes.

e The best MSHPs have variable capacity and higher seasonal energy-efficiency ratio
(SEER) ratings than the best centrally ducted systems.

e Because of conductive and air leakage duct losses, ducted systems often lose 25%—-30%
of their capacity and efficiency; ductless MSHPs avoid these losses.

e Use of an MSHP to displace lower-efficiency operation of a central system is by itself a
cost-effective energy retrofit—apart from obviating dehumidifier operation energy waste.

e Ifan MSHP operates as the primary system and has a central system as the backup, it can
effectively condition ventilation air and control indoor RH. Substantial or even dramatic
energy savings can thus be achieved.

1.2 Relevance to Building America Goals

Integrating effective mechanical ventilation and indoor humidity control into well-engineered
homes is critical to the overall goal of the Building America program. Such integration involves
reducing energy use up to 50% compared to 2009 energy codes for new homes and goals of 40%
(pre-post) energy savings in existing homes by 2030. The program also has goals of increasing
comfort, safety, and durability.

Ventilation air is an important part of maintaining good indoor air quality by diluting
concentrations of indoor air pollutants; however, ventilation during hot and humid conditions
results in added latent heat (moisture) that must be removed to control indoor RH. High-
efficiency envelopes in hot-humid climates reduce sensible cooling loads and result in reduced
space-conditioning runtime, which reduces incidental dehumidification. At the same time, the
mechanical ventilation is continuously adding moisture that must be removed. Therefore,
effective humidity control is also becoming increasingly important to maintain good indoor air
quality, comfort, and durability in high-performance housing.
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2 Experiment

This project was carried out during a period covering late spring through early winter. In central
Florida this period tends to have weather conditions that vary between warm dry, warm moist,
hot moist, cool moist, and cool/cold dry (short heating periods). The warm/hot moist conditions
dominate weather between June and September. Days with low cooling load and high moisture
content occur more sporadically and less predictably because of summer thunderstorm and
tropical storm patterns. Because limited time was available for this study, the number of test
configurations that could be evaluated under a representative range of space cooling weather
conditions was limited. Each test configuration provided continuous mechanical ventilation
according to ASHRAE 62.2-2013 in a supply delivery design.

2.1 Technical Approach
The following research questions were to be answered as part of this task:

1. What space RH and measured cooling season energy use/demand result from operating
centrally ducted, fixed-capacity SEER 13 and centrally ducted variable-capacity SEER
22 systems with supplemental dehumidification when ASHRAE Standard 62.2-2013
ventilation is introduced?

2. What energy and demand savings and RH outcomes result from operating a ductless
MSHP as the primary cooling system with ducted central SEER 13 and central SEER 22
as secondary systems, with ventilation introduced near the MSHP return intake?

3. What is the impact on space RH and energy/demand when ventilation air is introduced
directly into the central living room space versus delivery near the centrally ducted
system’s return intake?

Experiments were conducted in the Manufactured Housing (MH) Lab (Figure 1 in Section 2.3) at
the Florida Solar Energy Center. Occupancy was simulated with added sensible and latent heat
that was controlled by automation schedules. More than 100 channels of data were used to
characterize indoor and outdoor temperatures, RH, solar radiation, system airflows, condensate,
and energy consumption for about 7 months to obtain a variety of seasonal data. Various
approaches to conditioning ventilation air and controlling indoor temperature and RH were
explored, and the ability of the various heating, ventilating, and air-conditioning (HVAC)
configurations to energy-efficiently control indoor temperature and RH were examined.

Tests were run either with a dehumidifier that was enabled to operate at 60% RH by a remote
wall dehumidistat control or with a ductless MSHP controlled only by temperature. The
dehumidifier and MSHP were located near each other in the living room area, and only one was
enabled at a time. The locations of these are labeled in Figure 2 (Section 2.3). Evaluation of other
ventilation and dehumidification methods would be valuable but could not be fit into this time
period.

2.2 Test Configuration Description

A test plan was developed and reviewed that included eight test configurations to be evaluated.
In an effort to acquire as much data under varying weather conditions as possible for each test
configuration, each configuration had to be rotated throughout the project period. Table 1 lists
the experimental test configurations that were cycled through approximately every 10 days
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depending upon weather conditions. Testing was conducted to compare low-efficiency
configurations (SEER 13 system with dehumidifier) to higher-efficiency configurations (SEER
22 and SEER 13 systems with MSHP). The SEER 22 system was operated using the
manufacturer’s RH control mode and is noted as SEER 22 (RH) in Table 1. The tests were
rotated approximately every 10 days so each test could operate under different weather

conditions.
Table 1. Lab Test Configurations
Centrally Test Configurations OA Dehumi.diﬁer MSHP
Ducted Sunply Location Operational Operational

System Used PP1Y Status Status
SEER 13 To MSHP return in living room OFF ON
SEER 13 To dehumidifier return in living room ON OFF
SEER 13 To SEER 13 central return ON OFF
SEER 22 (RH) To MSHP return in living room OFF ON
SEER 22 (RH) | To dehumidifier return in living room ON OFF
SEER 22 (RH) To SEER 22 central return ON OFF
SEER 22 (RH) To central zone living room ON OFF
SEER 13 To central zone living room ON OFF

At the time of experimental test planning, it was not known how much the dehumidifier would
operate. Significant periods of dehumidifier operation were anticipated, particularly during low
cooling load periods. The OA direct-to-dehumidifier configuration was arranged to be similar to
the OA direct-to-MSHP test configuration such that OA could be dehumidified then delivered
into to the living room when the dehumidifier operated. If the dehumidifier did not operate, the
OA passed into the living room unconditioned.

In two test configurations the OA was delivered to the living room and the dehumidifier was
enabled. The primary difference between these two configurations is that the unconditioned OA
was supplied directly to an intake capture plenum at the dehumidifier in one; in the other, OA
was supplied directly into the living room. The OA termination location of these two tests
occurred in the same living room area except at different heights. In one configuration the OA
was ducted directly to the dehumidifier about 4 ft above the floor instead of being supplied
directly into the living room 7 ft above the floor. The remote humidity control for the
dehumidifier remained at the same location on the living room wall for all dehumidifier test
configurations.

The MSHP also had a dry RH control mode that was designed for better humidity control and
operated within a much more limited cooling capacity. The dry mode was still controlled only by
the thermostat set point without any RH-based control. Manufacturer data on this mode were
very limited and indicated only that it operated at “low speed” but did not indicate its operational
cooling capacity. Therefore, this mode was not used in the main test configurations during the
hot summer weather. A better understanding about how the dry mode operated was not realized
until after the system was run. A ninth test configuration in dry mode was added late in the
project during a very low cooling load period, December into January, to evaluate the dry control
mode of the MSHP under challenging RH control conditions.
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2.3 House Lab Description

The MH Lab is a 1600-ft> double-wide manufactured home with an unvented crawl space, R-19
floor insulation, a vented attic with at least R-30 insulation on the ceiling, woodframe wall
construction with R-19 insulation, three bedrooms, two bathrooms, and a large open central area.
The floor plan is shown in Figure 2. The centrally ducted air handling units (AHUs) were
installed in the utility room area. A ductless MSHP head unit (indoor fan and evaporator coil)
and a stand-alone dehumidifier were placed in the living room area.

Figure 1. Florida Solar Energy Center MH Lab view of north exterior side
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The centrally ducted system test configurations were completed with ducts in the attic and had
insulation with an effective R-value of 11.6.

Fixed-capacity SEER 13 and variable-capacity SEER 22 heat pumps were tested with OA
delivered to a location near the central return or in the main body of the space (living room). The
terminal supply locations of OA are marked by blue circles in Figure 2. In each mechanically
vented experiment without MSHP operation, a stand-alone, supplemental dehumidifier was
operated to control indoor RH when living room RH exceeded 60%.

Before the experimental testing commenced, airtightening of the MH Lab enclosure was
completed and resulted in a tested ACHS50 of 4.48 (C =88.1,n=0.621, r = 0.9988). This level of
airtightness was chosen because it complies with the upcoming Florida code and the
International Energy Conservation Code (ICC 2012a) requirement for new home construction to
have measured airtightness of 5 ACHS50 or lower. Based upon the house characteristics and
measured tightness, ASHRAE 62.2-2013 required a continuous mechanical ventilation rate of 55
CFM, which was provided to the home.

2.4 Mechanical Ventilation System Description

Continuous mechanical ventilation was supplied into the MH Lab during all testing. It was
supplied into the main central living room area in six of the eight test configurations. In two
other tests, it was supplied in the utility room area close to the centrally ducted return intakes.
The OA supply location in the living room was very close to the blue circle shown in the living
room area of Figure 2; however, some adjustments were made depending upon which
dehumidification strategy was implemented. When OA was directed to a cooling system return
intake, it was ducted close to the return, but not directly into the return plenum. This allowed dry
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indoor air to mix with the OA, which helped decrease the RH before the air contacted any indoor
surfaces. The OA was delivered at a low enough velocity that it could be effectively captured by
the return air when the cooling system was on.

Figure 3 shows an in-line fan (top left of image) that was used to bring the OA into the lab
continuously through a 6-in.-diameter rigid metal duct. An adjustable iris damper (below the fan)
was calibrated against a TSI Wind Tunnel model 8390. The iris damper and digital micro-
manometer were used to monitor the flow of the OA at 10-s intervals during every test
configuration. The OA fan speed could also be controlled to allow small adjustments to ensure
the flow rate was the same regardless of where the OA was delivered. The OA intake was
located at the shaded north side of the building (just out of view near the stairs in Figure 1). The
OA was pulled in through an air filter at the intake box outdoors. From the intake filter, a 6-in.-
diameter metal pipe with R-6 insulation was run under the home through the crawl space, then
up through the utility room floor (Figure 3). Some branches of the OA duct allowed the air to be
delivered at four locations:

e At the return intake of either SEER 13 or SEER 22 central systems
e At the return air intake of the MSHP in the living room

e Into the living room about 7 ft above the floor

e Directly to the intake of the dehumidifier about 4 ft above the floor.

The test configurations evaluated only the impact of OA delivered to one location at a time. The
average velocity at the OA supply termination was about 280 ft/min.

Testing and balancing were completed to verify all configurations maintained the same
mechanical ventilation. Tracer gas decay was tested with the OA system on and measured an air
exchange rate of 0.353 ACH. Accounting for the conditioned volume, the total air exchange of
Qinf + Qfan = 78.7 CFM (ASHRAE 2013). The ASHRAE 62.2 total predicted ventilation (based
on measured house blower door tightness and size) was 78.6 CFM with predicted Qinf = 22.5
CFM and Qfan = 56.1 CFM. The delivered OA agreed very well with the ASHRAE 62.2
predicted rate because the weather test conditions were similar to assumed conditions in the
prediction. The measured air exchange rate of 0.353 also meets the International Mechanical
Code (ICC 2012b) minimum prescribed requirement of 0.35ACH for private dwellings.
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Figure 3. Mechanical ventilation OA is brought into the MH Lab using an in-line fan and measured
with a calibrated iris damper. This photo shows the option that delivers the air near the return of
the SEER 22 (top) and SEER 13 central systems.
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3 Instrumentation and Equipment Descriptions

More than 100 channels of data were collected for meteorological parameters, the envelope, the
HVAC systems, and interior space conditions. The instrumentation package consisted of
multiple data loggers and associated peripheral devices. Sensors were read every 10 s and stored
at 15-min intervals. Therefore, each 15-min data interval was represented by 90 samples.

3.1 General Manufactured Housing Laboratory Instrumentation

A data acquisition system recorded a variety of information about the HVAC system operation,
energy consumption of various items within the house (including internally generated sensible
and latent loads), and indoor and outdoor conditions. Temperature and RH of air flowing into
and out of the HVAC systems were recorded only when the systems were operating
(conditionally). A list of test equipment and monitoring sensors used is presented in Table 2.

e Temperatures were recorded conditionally at the entrance to the system returns (which
were in the conditioned space and less than 2 ft long), at the discharge from the systems,
and at five supply registers for the ducted systems. Temperatures entering the condenser
coil (outdoor units) were also recorded.

e Temperatures were recorded unconditionally (continuously) at various indoor locations,
in the attic, in the crawl space, and at various locations on the roof system.

e RH was recorded conditionally at the entrance to the return and the discharge from each
system.

e RH was also recorded at various indoor locations, in the attic, in the crawl space, and
outdoors, all unconditionally (continuously).

e The airflow rate of cooling systems was recorded by airflow stations located at the
entrance to the returns.

e Power meters recorded energy use for the house, HVAC indoor and outdoor units, the
refrigerator, the domestic water heater, the oven, air circulation fans, the dishwasher, and
heat lamps that simulated internal loads.

e Condensate draining from the HVAC systems and the dehumidifier was measured by a
pair of tipping buckets that provided redundant measurements of moisture that was
removed by the coils.

e Weather conditions of air temperature, RH, rainfall, wind speed/direction, and solar
radiation (on the horizontal) were measured.
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Table 2. Lab Testing and Monitoring Equipment Used in the Experiments

Measurement

Equipment

Data Collection

Pressure Differentials (Airflow Sensors, Air
Distribution Pressures)

Return System Airflow (in situ Calibration)
Ventilation Airflow (in situ calibration)
Airflow Calibration
Temperature
Relative Humidity (Return, Supply, OA,
Indoor, Outdoor, Attic)

Condensate

Energy (Whole House, AHU, Condenser
Unit, Domestic Hot Water, Oven,
Refrigerator, Dishwasher, Heat Lamp
Circuit)

Domestic Hot Water Consumption
Latent Delivery

Building Envelope Air Leakage
Duct System Air Leakage

Automation Internal Loads

Campbell Scientific CR10 with (2) AM416
multiplexers and (1) SW8A pulse expansion
module
DG700 and DG-2 digital pressure gauge with
analog output
Shortridge Velgrid
Continental Fan Manufacturing Iris Damper
TSI Model 8390 Bench Top Wind Tunnel
Type T thermocouple

Vaisala HMP50, and HMP60

Texas Electronic TR-4 and TR-5251 tipping
buckets

Continental Wattnode and Ohio Semitronics
Inc. energy transducers with current
transformers from 5 to 200 amps

Kent C700 Flow Meter
FMI Lab Pump Jr. model RHSY
Minneapolis Blower Door System with DG-
700 digital gauge
Minneapolis DuctBlaster System with DG-700
Insteon based load switches controlled by
ISY-99i Automation controller

3.2 Dehumidifier Description

The stand-alone Sunpentown SPT model SD-71E supplemental dehumidifier was placed in the
living room main space. This dehumidifier had a rated moisture removal rate of 70 pints/day and
a rated energy factor of 1.85 L/kWh. The listed power draw was 720 watts. On-board
dehumidistats were limited to sensing the appliance’s location, which may not be the best for
sensor control. The dehumidifier operation was controlled by a separate dehumidistat controller
that was placed on the interior wall in the large central living room area next to the space-cooling
thermostat controls. A Green Products dehumidistat that was designed for placement at remote
locations had a built-in power relay control that turned power on and off to the dehumidifier as
needed. The dehumidifier on-board RH control was set at the lowest (driest) setting so it would
not turn the unit off before the remote control called for it to do so. A plenum was constructed
around the dehumidifier intake to enable the OA to also be directed at its intake (Figure 4). The
plenum contained sufficient intake grille area so the dehumidifier had an ample air supply and
did not increase the OA flow when the static pressure increased during dehumidifier operation.
The dehumidifier’s airflow rate was measured using a powered flow hood with rated accuracy
+5% of measured flow. Measured airflow nearly matched the manufacturer’s stated flow rates.

One of the dehumidifier design test configurations represented a case in which the dehumidifier
was well-connected to a central conditioned space area, and OA was directed for direct capture
by the dehumidifier when it was on. When the dehumidifier was on, it captured and conditioned

10



U.S. DEPARTMENT OF Energy Efficiency &

EN ERGY Renewable Energy

all ventilation air before it passed into the central living room area. The dehumidifier intake
plenum was designed to allow the mechanical ventilation to pass directly into the room if the
dehumidifier was not on.

Simply supplying untreated OA directly to a dehumidifier in a small isolated enclosure or a
closed-in closet and using the on-board dehumidifier RH control is likely to result in excessive
energy use, because high RH OA would effectively fill a small isolated area. A review of Typical
Meteorological Year (TMY) data for hot-humid climate areas shows several cities where the
annual hourly average outdoor RH exceeds 60% for about 80% of the year. Concerns about
supplying untreated OA into small indoor rooms or enclosures are discussed in more detail in
Appendix C. This experiment was intended to model a design in which dehumidifier operation
resulted from conditions at a single representative indoor living space (living room). It was also
designed to have the dehumidifier well-connected to the living space, surrounded by dry indoor
air, and able to discharge dehumidified air into the central living room area. As such, the
experiments that used the dehumidifier were not set up to exaggerate operation because the
dehumidifier enclosure was poorly designed.

Figure 4. Stand-alone dehumidifier with OA intake plenum constructed on the left side

3.3 Mini-Split Heat Pump Description and Testing

The MSHP chosen for testing was a 1.25-ton Fujitsu variable-capacity heat pump model
ASUI15RLS with a rated SEER of 21.5 and heating seasonal performance factor of 10.3. This
ductless single-head unit had only one indoor fan and evaporator coil assembly connected to the
outdoor condensing unit. During MSHP test configurations, ventilation air was delivered at the
return intake of the MSHP (Figure 5).

11
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Figure 5. MSHP indoor unit mounted high on the wall in the MH Lab main space. The return air of
the unit is enclosed in a plenum with a calibrated flow station. As shown, the OA duct terminates
at the intake to the MSHP. It can also be directed to the dehumidifier unit below the MSHP or
redirected further into the central space.

The MSHP has three main cooling control modes: standard cool, economy cool, and dry cool.
The primary test configurations used the economy cool mode unless noted otherwise because it
was the most energy-efficient. The economy cooling mode operates with a warmer cooling coil
and allows room temperature to be maintained a little warmer on average than in standard mode.
This results in higher indoor RH in economy mode than the standard mode. Standard and dry
cool modes were operated for short periods during low cooling load days to compare RH control
to the economy mode.

The rated MSHP capacity was nearly 70% of design cooling load; however, this variable-
capacity system can operate with a rated delivered cooling capacity of 3,100—18,400 Btu/h.
Thus, this system was expected to operate continuously throughout essentially all hours when the
outdoor dew point temperature was 60°F and higher (ventilation air at 60°F ambient dew point
might only slightly elevate indoor humidity levels). Previous data from the Florida Solar Energy
Center MH Lab showed that the home cooling load was always higher than the MSHP minimum
capacity of 3,100 Btu/h when the outdoor ambient dew point was 60°F dp or higher. The MSHP
did not operate nonstop when the outdoor dew point was 60°F dp or higher, because the lowest
capacity sustained during 15-min periods for the MSHP unit was about 7,000—8,000 Btu/h
instead of the manufacturer’s stated low capacity of 3,100 Btu/h. The lowest capacity apparently
occurred for short transitional periods only, such as the start-up or cycle-off parts of operation
instead of being sustainable for several minutes at a time.

Because the MSHP could vary airflow from 229 CFM to 529 CFM, an airflow station was
constructed inside a return plenum to measure the flow rate whenever the system was on. It was
calibrated using a TSI Wind Tunnel Model 8390 connected up to the system (Figure 6). The flow
station on the return side (at the top) and the temporary flow test supply capture plenum (at the
bottom) block the view of the actual MSHP head (indoor) unit. The plenum connections were

12
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made reasonably airtight before testing using foil metal tape squeegeed onto foil-faced insulation
board at seams and closed-cell gaskets and putty at plenum-to-MSHP connections.

Figure 6. TSI Wind Tunnel connected to a temporary test plenum that was used to capture the
supply air from the MSHP. The airflow station is located inside the upper return plenum.

The following steps were taken to calibrate the flow grid:

1.
1.
2.

The MSHP system fan was turned on at the quiet, low, medium, and high settings.
The flow grid pressure was measured at each fan setting.

A temporary capture hood was constructed over the supply part of the MSHP and the
wind tunnel sealed up to it.

The MSHP fan was turned on again at each of the four settings.

The wind tunnel fan speed was adjusted until the supply capture hood pressure was 0.0
Pa with reference to the room.

The wind tunnel airflow was measured to determine the airflow at the specific fan setting.

Wind tunnel airflow was determined by directly measuring the pressure differential
across the tunnel orifice.

Differential pressure was measured using an Energy Conservatory DG700 micro-
manometer calibrated to a National Institute of Standards and Technology-traceable
standard.

Figure 7 shows the resulting wind tunnel airflow versus the MSHP flow station differential
pressure. The MSHP flow rate was about 6% lower than the manufacturer’s stated high flow rate
with the return plenum assembly in place. The manufacturer’s stated error of measurement with
the wind tunnel was only +£1%. The wind tunnel is more accurate than other powered flow hood
applications with a stated flow accuracy of £5%. The air filter at the intake of the return flow
grid assembly apparently accounted for the difference between the in-situ measurement and
manufacturer’s stated flow rates. One flow measurement was also made at high speed with the
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filter removed from the return plenum intake. The wind tunnel measurement of 529 CFM exactly
matched the manufacturer’s stated flow rate at high speed. The filter was a low-efficiency
medium with only about 4 Pa (0.016 in. water column) measured pressure drop at the common
operable flow rate around 300 CFM.

1.25 Ton MiniSplit Flowgrid Calibration And
Manufacturer Stated Flowrates
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Figure 7. MSHP flow calibration data at the four manufacturer fan speed settings

The temperature and RH were also measured on the return and supply sides of the indoor unit
when the system was on. This could be used to determine the delivered cooling to the space and
periodically check that the system was operating as expected. The latent removal was measured
with two tipping buckets in series that allowed redundancy and a check of one against the other.
All condensate measurements were calibrated by measuring the number of tips from a known
mass of water that was delivered at about the expected rate of condensate delivery.

3.4 Building Design Cooling Load and Cooling System Capacities

A cooling load calculation of the MH Lab was completed per ACCA Manual J 8" Edition,
Version 2 and revealed that 1.75 tons of cooling capacity are required. The lab was designed to
provide centrally ducted cooling by either a SEER 13 or SEER 22 heat pump system. The SEER
13 unit has a fixed nominal cooling capacity of 23,900 Btu/h (2 tons). This unit was oversized by
about 14% on a design cooling day, but was the closest match of nominal rated capacity to
design load. The SEER 22 central system was nominally rated at almost 2 tons but actually has
variable cooling capacity; it can deliver a wide range of cooling capacity depending upon the
cooling load.

The 2-ton 1Q Drive SEER 22 heat pump used in these experiments had a nominal rated cooling
capacity of 23,000 Btu/h (1.92 tons) and 22,600 Btu/h rated heating capacity. This system was
rated to produce 11,300 Btu/h (0.94 tons) of cooling at lowest cooling capacity (46% lower than
design cooling load) and up to 26,900 Btu/h (2.24 tons) of cooling at its highest cooling capacity
(28% higher than the design cooling load). The cooling capacity of this variable-capacity heat
pump can vary by a factor of 2.4, from 42% to 100% of its maximum capacity.

14
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The SEER 22 centrally ducted variable-capacity system thermostat control tries to match the
cooling load by carefully monitoring the indoor temperature against the set point. At the
beginning of a cooling cycle startup, the system begins around the nominal cooling capacity; it
then makes small capacity modifications (typically downward) depending upon the difference
between the indoor temperature and the set point. Very small drops in indoor temperature (tenths
of a degree Fahrenheit) prompt the system to drop to lower capacity. If the indoor temperature is
rising, adjustments are made to increase the cooling output. Because the typical cooling load is
much lower than design loads during most of the cooling season, the system usually operates at
the lower capacities when it is more efficient (Cummings and Withers 2011; Cummings et al.
2013).

The MSHP was a variable-capacity ductless heat pump with a rated cooling capacity of 14,500
Btu/h (1.21 tons). This system was rated to produce 3,100 Btu/h (0.26 tons) of cooling at its
lowest cooling capacity (85% lower than the design cooling load) and up to 18,400 Btu/h (1.53
tons) of cooling at its highest cooling capacity (12% lower than the design cooling load). The
MSHP cooling capacity had a much wider range than the centrally ducted system. The MSHP
capacity can vary by a factor of 5.9, from 17% to 100% of its maximum capacity.

Figure 8 shows the cooling load on a design day in proportion to three areas of the home:

e The central open core, which comprised the living room, dining room, and kitchen spaces

e The bedroom/bathroom areas, which consisted of the master bedroom, master bathroom,
master walk-in closet, bedroom 2, and bedroom 3

e The utility room area, which was wide open to the kitchen area; it had no separating wall
or doorway and was separated from the main core by an internal wall between the utility
room and the living room.

Thermal distribution will be discussed in more detail in Section 4.

Figure 8 also shows that 58% of the cooling load was in the central area of the home. This
equates to about 12,180 Btu/h design cooling load. The MSHP in this area seemed to be well-
suited given the range of capacity of 3,100-18,400 Btu/h.
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Figure 8. Design cooling load distribution of the main central area, bedrooms, and utility room

3.5 Automation of Sensible and Latent Internal Loads

Internal loads were automatically generated in the MH Lab to simulate occupancy similar to that
of a three- or four-person family. Cummings and Withers (2011) presented a detailed discussion
of internally generated loads and occupant activities in Appendix A, which contains schedules of
occupant activities and internal loads. In most cases, the source for the occupancy or load
schedule is Hendron (2008).

Internal loads were generated by automatically operating various appliances on a schedule. In the
MH Lab, the operations of the oven, dishwasher, and showers were automated. The electric
water heater (installed in the utility room) and the refrigerator also operated (cycled) normally
except that the doors to the refrigerator and dishwasher remained closed. Including all internal
sources, a total internal sensible heat load of 81,546 Btu/day (3,398 Btu/h daily average rate) and
an internal latent heat load of about 10,700 Btu/day (446 Btu/h daily average rate) were
generated indoors each day. The internal latent heat can also be expressed as 10.2 1b/day.

Internal loads can also be simulated by means of alternative heat and water vapor sources. Two
other types of heat sources were used to simulate all other sources of sensible heat: the kitchen
oven and heat lamps. The oven cycled on 11 times throughout a day (the MH Lab was operated
as if all days were weekdays) typically for 2040 minutes at a time. Each oven “on” cycle was
sufficiently short that the oven did not reach its target temperature setting; therefore, the oven
heating element operated continuously at full capacity during the “on” cycle. Two floor fans and
a ceiling fan operated continuously to distribute the heat from the kitchen to other spaces. The
heat lamps were placed in the living room, kitchen, and master bedroom and were scheduled on
and off throughout the day. When they were on, the heat output was also varied at times; energy
output varied from 44 W to 472 W.

Latent heat was added to the space in part through operation of the master bedroom shower and

by operation of the dishwasher. Together, these two appliances consumed approximately 46
gallons per day. Only a small fraction of the water consumed by the shower and dishwasher
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entered the indoor air; most exited down the drains. Latent heat was also added to the space by
means of water metered into an evaporation pan in the oven, which represented the latent load
that would come from the occupants (perspiration and respiration), cooking, and the refrigerator
(from moisture in the refrigerator that would enter the space through door openings).

Based on Equation 16 from Hendron (2008), the dishwasher would be operated 215 times per
year, or 4.1 times per week. To reduce day-to-day variability in internal loads, the research team
determined that operating the dishwasher once each day would be better for the experiments.
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4 Results

This research project focused on answering the three key research questions discussed in Section
2 of this report. The key results covered are seasonal and peak cooling energy impacts, thermal
distribution variations, and RH control effectiveness of eight primary ventilation test
configurations indicated in Table 1. A brief ninth test evaluation that used the MSHP dry control
mode was added later during weather with sustained low cooling load periods. The measured
energy impact from going from a leaky nonmechanically ventilated building to a tighter 4.5
ACHS50 with continuous mechanical ventilation was not a primary focus; however, Appendix A
includes this information.

4.1 Cooling and Dehumidification Energy Use

The combined energy of space cooling and dehumidifier was plotted against the daily average
difference in temperature (dT) between outdoors and indoors. The indoor temperature is
represented by the average of five locations around the home: three bedrooms, a central hallway,
and at the thermostat location in the living room. A least-squares best-fit analysis was used to
develop equations of space-conditioning energy versus dT using measured data. The best-fit
equations can also be used in conjunction with TMY3 data to predict seasonal and peak demand
energy consumption for each HVAC operational configuration for representative southern cities
in the hot-humid climate zone.

4.1.1 Outdoor Air Supplied to Central Return in a Utility Room with the
Dehumidifier Enabled
One test configuration involved supplying 55 CFM OA to a utility room directed nearby the
central return intake. The OA was not ducted directly into the return plenum, mostly because it
avoided an OA fan pressure differential that would change depending upon whether the central
system was on or off. A changing fan differential would change the actual amount of OA and
would involve a more sophisticated control to maintain a constant amount of OA. The OA
supply drop was done in a way that resulted in some mixing of room air with OA just before it
entered the return. Allowing OA to mix with room air reduced the risk of moisture issues such as
high surface humidity and condensation on cold surfaces. A dehumidifier was enabled to operate
in the central living room area if that area reached or exceeded 60% RH.

Figure 9 shows the combination of cooling and dehumidifier energy plotted against dT when OA
is supplied near the central return. The SEER 22 system including dehumidifier operation used
about 4.41 kWh/day less than the SEER 13 configuration (20.3%) for dT = 5°F.
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Figure 9. Centrally ducted cooling and dehumidifier energy plotted against the daily average dT
between outdoors and indoors with OA ducted near the central return

The group of SEER 13 data did not have any dehumidifier operation, probably because the
SEER 13 system had (1) better dehumidification, (2) more days with greater solar energy on
average, and (3) fewer days with OA dew point of at least 70°F dp in the data set (only 3 days
compared to 8 days in the SEER 22 data set). During days with outdoor dew point of at least
70°F dp, the indoor RH was about 3.1% lower with the SEER 13 compared to SEER 22 system,
which had about 33% longer runtime. The average daily total runtime was 59% SEER 13 versus
78.6% runtime for SEER 22. The SEER 13 data set also did not have consecutive days with low
solar energy and the SEER 22 data set had a 4-day period. In previous work without OA, the
indoor RH that occurred during the use of these systems was compared using days when outdoor
dew point was at least 70°F dp and the SEER 13 system had daily average indoor RH 1.6%
lower than the SEER 22 system even though the SEER 22 system had about 89% longer runtime
(Cummings et al. 2013).

Five arrows in Figure 9 point from the daily total dehumidifier use to the combined total cooling
and dehumidifier use for 5 consecutive November days during SEER 22 OA at return test
configuration. These 5 days are an example of lower cooling load that create more challenging
RH control conditions. The red squares that represent dehumidifier energy use in Figure 9 show
that the dehumidifier energy represented a small fraction of the total conditioning energy (0%—
14%). It represented only the higher energy share of 14% on days without space cooling. The
dehumidifier energy was not represented as 100% of the total energy on days with no space
cooling because of standby energy use of the centrally ducted systems. Standby energy is the
energy consumed during “idle” periods between cooling or heating operation. The standby
energy use of the SEER 22 system total was 1.9 kWh/day. The first arrow on the left is for the
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first of 5 consecutive days from November 20-24, 2014 and each progressive arrow to the right
representing the next consecutive day. This period represented a weather trend that changed from
cool dry air to warmer moister OA. The first day of this period had no dehumidifier or space
cooling operation.

So what specific conditions resulted in the dehumidifier operation because it did not operate
most of the time? To better understand the conditions that brought about dehumidifier operation
with the SEER 22 system, the team looked at the times the dehumidifier operated over the 5 days
from November 20-24, 2014. The next two figures help illustrate when cooling and dehumidifier
operation occurred and under what conditions. Figure 10 shows the dehumidifier was operating
mainly during the overnight hours. The dehumidifier operation during daytime hours on
November 22 was due to very cloudy conditions. A close examination of the data showed the
dehumidifier cycles did not occur during cooling cycles and typically happened an hour or more
after the last cooling cycle ended. The dehumidifier cycle then ended as a cooling cycle was
beginning. Four dehumidifier cycles occurred on 3 of the days with daily total energy use of
0.137-0.859 kWh. The outdoor dew point (blue-dashed line) in Figure 10 shows a trend
increasing from drier to moister air.

Cooling and Dehumidifier Energy
Shown With Indoor and Outdoor Dewpoint Temperature
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Figure 10. Dehumidifier energy, space cooling energy, and outdoor and indoor dew point
temperatures at 1-h intervals during a 5-day period in November

Figure 11 shows indoor and outdoor temperature and RH conditions that correspond to the
dehumidifier energy shown in Figure 10. The single dehumidifier cycle on November 21 was 16
min long and occurred at 9:15 a.m.; outdoor dew point was 56°F dp and indoor dew point was
55.1°F dp. After this cycle, the outdoor dropped to about 52°F dp by midafternoon and indoor
climbed to 60°F dp by around 8 p.m. The overnight dehumidifier cycles were 18—24 min long
and occurred with outdoor dew points of 66°—71°F dp.
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Figure 11. Indoor and outdoor temperatures and indoor RHs at 1-h intervals during a 5-day period
in November

Figure 11 also shows that indoor RH was under control in the main living spaces; however, the
utility room where the OA was supplied to the central returns had several hours that exceeded
60% RH by the time the outdoor dew point exceeded 58°F dp. The utility room RH was lower
than 60% whenever the central space cooling was operating. During daytime hours (of a very
low solar day November 22) when the central system cycled off, the utility room RH varied from
60% to 64%. The utility room RH was higher overnight during cooling oft-cycle periods at
60%—70%.

The indoor RH stayed considerably lower than 60% in all primary habitable areas (bedrooms,
hall/kitchen, dining room, and living room) during hot-humid weather when OA dropped at the
return intake in the utility room area regardless of the centrally ducted system used. However,
the utility room did have some hours when the RH exceeded 60%. Impacts of various test
configurations on indoor RH are covered in more detail in Section 4.3.2.

4.1.2 Outdoor Air Supplied to a Central Living Room Area with Dehumidifier
Enabled

Four test configurations involved providing the 55-CFM continuous OA into the living room
space when the dehumidifier was enabled to operate. They were:

SEER 13 central cooling with OA to living room

SEER 13 central cooling with OA ducted to dehumidifier in living room

SEER 22 variable-capacity central cooling with OA to living room

b=

SEER 22 variable-capacity central cooling with OA ducted to dehumidifier in living
room.
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Two ways of delivering OA into the living room locations were selected:

1. A simple OA horizontal supply discharge out of a 6-in.-diameter duct with no diffuser
located about 7 ft above the floor. The air was directed across the living room toward the
open plan dining and kitchen areas (Figure 2). This method would represent a simple
low-cost way of supplying OA to one central location in a home. A dehumidifier in the
living room space was controlled by a remote dehumidistat on the living room wall near
the thermostats (see green arrow in Figure 2). It was enabled to turn on if the living room
space reached 60% RH.

8. The OA was ducted directly to a small plenum that was attached to the dehumidifier in
the living room. The OA was directed in the same direction as previously described
except at about 4 ft above the floor level. This method of OA delivery could represent a
simple small closet method of OA capture that would allow some dehumidification of
OA if the living room space called for it. The dehumidifier was controlled the same way
as the previously described configuration by the remote dehumidistat on the wall set to
60% RH away from where the OA was ducted to living room. Placing a dehumidifier
inside a small closet or small room where OA enters can result in excessive energy use.

Concerns about OA supplied to small interior spaces are discussed in greater detail in Appendix
C.

The combined daily total energy of central cooling and dehumidifier was plotted against the
daily average dT between outdoors and indoors in a series of figures. A least-squares best-fit
regression analysis was completed. (Results are shown in Figure 12 for the SEER 13 system.)
Regression analysis using a second-order polynomial was not statistically significant at 95%
confidence; therefore, linear best-fit was used here. Ducting the OA to the dehumidifier
apparently used more energy. P-values indicated the difference was statistically significant at
95% confidence level; however, there available data for the OA direct to dehumidifier
configuration were lacking. The regression analysis suggested that running the OA directly to the
dehumidifier used 1.04 kWh/day (4.4%) more than OA direct into the living room for an average
summer day with dT = 5°F.
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Figure 12. Daily cooling and dehumidifier energy plotted at daily average dT for SEER 13 central
system with OA ducted into the living room area at two locations

The least-squares best-fit analysis was completed for the SEER 22 system (Figure 13). Statistical
analysis indicated that the P-value was too high to support a statistically significant difference
between these two configurations at 95% confidence. Additional data (not available), particularly
in the SEER 22 OA-to-dehumidifier configuration, may have been able to establish a
statistically significant difference. Because the SEER 22 system had nearly twice the runtime as
the SEER 13 system, indoor air may have mixed more and thus had less impact on where the OA
was supplied in the living room.
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Figure 13. Daily cooling and dehumidifier energy plotted at daily average dT for SEER 22 central

system with OA ducted into the living room area at two locations

Combining both test configurations produced the results shown in Figure 14, which were used in
the seasonal energy analysis, because the difference between the individual tests of Figure 13
was not statistically significant.
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Figure 14. Daily cooling and dehumidifier energy plotted at daily average dT for SEER 22 central

system with OA ducted into the living room area
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4.1.3 Outdoor Air Supplied to a Central Living Room Area with Mini-Split Heat
Pump Enabled
Two test configurations were run with an MSHP in the economy control mode unless stated
otherwise. One configuration ran the SEER 13 ducted system with MSHP and the other ran the
SEER 22 ducted system with MSHP. In each configuration, OA was delivered directly to the
return intake of an MSHP, which was operated as the primary cooling system and was enabled to
run along with a centrally ducted system. More cooling load was shifted to the MSHP by setting
its cooling set point a few degrees lower than the centrally ducted system. Each centrally ducted
system had a 76°F set point and would cycle on if the MSHP did not keep up with the cooling
load.

Evaluation of a MSHP was desirable, because it would have long runtime that would have
resulted in capture of the OA at the MSHP and conditioning of the OA before mixing indoors.
Figure 15 shows the combined cooling energy of the SEER 13 centrally ducted system with the
ductless MSHP plotted against the daily average dT between outdoors and indoors. Figure 16
shows the combined cooling energy of the SEER 22 ducted system with the ductless MSHP
plotted against the daily average dT.
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Figure 15. Daily SEER 13 plus MSHP cooling energy versus daily average dT when OA was
supplied to MSHP return intake with MSHP set to economy operational mode

25



U.S. DEPARTMENT OF Energy Efficiency &

EN ERGY Renewable Energy

I
N

y=0.0142x%+ 0.8375x+ 12.74

R?2=0.9217
‘bé/ﬁ{
b 3 .

= N
o0 o
\

=
[=1]

=
'

[ary
[

+ 522,0Ato M5

—522 OA to MS best-fit

o ® o
*
*

|

Daily Space Conditioning Energy (kWh)

-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10

Figure 16. Daily SEER 22 plus MSHP cooling energy versus daily average dT when OA was
supplied to MSHP return intake with MSHP set to economy operational mode

Based on an average summer day with dT = 5°F and OA delivered to the MSHP in the living
room, the SEER 13 system configuration would use 18.5 kWh/day and the SEER 22
configuration would use 17.3 kWh/day. This indicates that the SEER 22 system saved 1.2
kWh/day (6.5%) compared to the SEER 13 configuration.

4.1.4 Seasonal Energy Savings Comparisons

Table 3 summarizes the daily cooling energy for a typical summer day having a dT = 5°F
(outdoor 81°F — indoor 76°F) for the eight primary test configurations. The reduction in energy
use from the SEER 13-based ducted system to SEER 22 ducted system is shown in the far right
column of Table 3.

Table 3. Daily Space Conditioning Energy for a Typical Summer Day with dT = 5°F for SEER 13
and SEER 22 Ducted Systems with OA Supplied to Different Locations

SEER 22
Savings
(kWh/day [%])

SEER 13 | SEER 22

Test Configuration (kWh/day) | (kWh/day)

OA to Central Return; Dehumidifier Enabled 21.8 17.4 4.4 (20.2%)

OA to Living Room; Dehumidifier Enabled 23.2 20.0 3.2 (13.8%)
OA to Dehumidifier in Living Room 24.6 20.0 4.6 (18.7)

OA to MSHP in Living Room 18.5 17.3 1.2 (6.5%)

OA supplied directly to the dehumidifier in the living room used the most energy for the SEER
13 system. There was not a statistically significant difference to claim greater energy use with
OA ducted to the dehumidifier when the SEER 22 system was used, but OA supplied to the
living room/dehumidifier did use the most energy for the SEER 22 system test configurations.

26



U.S. DEPARTMENT OF

ENERGY

Energy Efficiency &
Renewable Energy

For convenience the results shown in Table 3 have been reorganized to show the energy impacts
based on the OA supply location and dehumidification strategy with the SEER 13 centrally
ducted system. The energy reduction for each test configuration shown is compared to the OA

ducted to the dehumidifier test configuration (Table 4).

Table 4. Daily Space Conditioning Energy for a Typical Summer Day with dT = 5°F Comparing
Results Based on OA Location and Dehumidification Method with SEER13 Central System

. Daily Use Savings Savings
Test Configuration (le); /day) | (KWh/ dgay) (% )g
OA to Dehumidifier in Living Room 24.6 — —
OA to Living Room; Dehumidifier Enabled 23.2 1.4 5.7%
OA to Central Return; Dehumidifier Enabled 21.8 2.8 11.4%
OA to MSHP in Living Room 18.5 6.1 24.8%

The SEER 13 OA-to-dehumidifier configuration used 6.1 more kWh/day (33%) than the SEER
13 with OA supplied to the living room and the MSHP enabled. This was the largest impact and
was expected, because the MSHP was operated at a lower set point than the centrally ducted
system and had a much higher rated efficiency with a SEER of 21.5. This shifted more of the
cooling load from the lower-efficiency ducted system to the higher-efficiency ductless system

and reduced conductive loads through the attic ducts.

The daily energy use results have also been reorganized to show energy impacts based on the OA
supply location and dehumidification strategy with the SEER 22 centrally ducted system. The
energy reduction for each test configuration shown is compared to test configuration with OA

ducted to living room and to the dehumidifier (Table 5).

Table 5. Daily Space Conditioning Energy for a Typical Summer Day with dT = 5°F Comparing
Results Based on OA Location and Dehumidification Method with SEER 22 Central System

. Daily Use Savings Savings
Test Configuration (kWh/day) | (kWh/day) (%)
OA to Dehumidifier in Living Room 20.0 — —
OA to Living Room; Dehumidifier Enabled 20.0 — —
OA to Central Return; Dehumidifier Enabled 17.4 2.6 13%
OA to MSHP in Living Room 17.3 2.7 13.5%

The percentage savings were about half as much with the MSHP for the SEER 22 system as the
SEER 13 system used with the MSHP (13.5% versus 24.8%, respectively). The measured
savings from operating the SEER 22 with SEER 21.5 MSHP compared to SEER 22 with no
MSHP were primarily from eliminating attic duct conductive gains by reducing the cooling
distributed through the centrally ducted system. The difference in efficiency was not large
enough to account for the savings, because the rated efficiencies of the SEER 22 ducted system
and the ductless MSHP differed by only 2.3%. In fact, based solely upon the MSHP lower rated
SEER efficiency, the MSHP would be expected to use more energy. Of course, efficiencies
under rated conditions are different than individual ducted installations and do not account for

added loads because of ducts in unconditioned space. The impacts of centrally ducted systems on
space-conditioning energy have been determined and documented in the MH Lab. Cummings et
al. (2013) found that moving the ducts from the attic to indoors reduced SEER 22 ducted system
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energy use by 2.3 kWh/day (12.4%). This was reasonably close to the 13.5% reduction impact of
the MSHP. The savings could have been somewhat greater if the centrally ducted AHU fan had
not been needed to periodically circulate air throughout the home.

4.2 Summer Peak Power Impacts

The summer peak power use of each test configuration was evaluated by using hourly energy
versus hourly average dT data in a least-squares best-fit linear regression analysis. Linear
equations were used with dT for a typical summer peak hour dT of 15°F (92°F outside — 77°F
inside). An example of one such regression analysis plot is shown in Figure 17. These data
represented the test configuration with OA supplied to the SEER 13 central return. The results
for eight test configurations with predicted kW at dT = 15°F are shown in Table 6.
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Figure 17. Hourly cooling and dehumidification power versus hourly average dT between
outdoors and indoors

Table 6. Predicted Peak Cooling and Dehumidification Power for Summer Peak Hour at dT = 15°F

. SEER 13 | SEER 22 SEER .22 SEER .22
Test Configuration (kW) (kW) Reduction | Reduction
(kW) (%)
OA to Central Return; Dehumidifier 1.88 1.54 0.34 (£0.41) 18%
Enabled
OA to Living Room; Dehumidifier 1.76 154 0.22 (£0.40) 12.7%
Enabled
OA to Dehumidifier in Living Room 2.04 1.56 0.49 (+£0.40) 23.9%
OA to Living Room; MSHP Enabled 1.49 1.13 0.36 (+0.35) 24.6%

Due to high cooling loads and long cooling runtimes, the dehumidifier never operated during
peak summer conditions. This means the peak power indicated was solely from space-cooling
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energy use (by ducted system and/or ductless MSHP if enabled). The dehumidifier operated
during the summer for a few cycles in the early mornings (not during summer peak periods).

Peak power use was highest for both the SEER 13 and SEER 22 test configurations with OA
ducted to the dehumidifier. Some observations about test comparisons when the SEER 13 system
was used follow:

e OA supplied directly to the dehumidifier in the living room used the most peak power
when using the SEER 13 ducted system.

o The SEER 13 OA-to-dehumidifier configuration used 0.28 kW (15.9%) more than
the SEER 13 with OA direct into the living room.

o The SEER 13 OA-to-dehumidifier configuration used 0.16 kW (8.5%) more than
the SEER 13 with OA supplied to the central return and dehumidifier enabled.

o The SEER 13 OA-to-dehumidifier configuration used 0.55 kW (36.9%) more than
the SEER 13 with OA supplied to the living room and MSHP enabled. Just as
with the daily energy savings, this was the largest impact and was expected,
because this shifted more of the cooling load from the lower-efficiency ducted
system to the higher-efficiency ductless system and reduced conductive loads
through the attic ducts.

Some observations about test comparisons when the SEER 22 system was used follow:

e OA supplied directly to the dehumidifier in the living room used slightly more peak
energy than the other configurations when using the SEER 22 ducted system.

o The SEER 22 OA-to-dehumidifier configuration used 0.02 kW (1.3%) more than
OA direct into the living room.

o The SEER 22 OA-to-dehumidifier configuration used 0.02 kW (1.3%) more than
with OA supplied to the central return and dehumidifier enabled.

o The SEER 22 OA-to-dehumidifier configuration used 0.43 kW (38.1%) more than
with OA supplied to the living room and MSHP enabled. Most of this impact was
expected due to reduced conductive loads through the attic ducts.

4.3 Indoor Temperature and Humidity Impacts

Indoor temperatures were measured in each bedroom and in the living room, hall, and utility
room. The indoor RH was measured at four locations using seven RH sensors. Three locations
had more than one sensor. Redundant measurements were taken in the utility room, in the living
room at thermostat/dehumidistat location, and in the master bedroom. The other measurement
location was in the central hall area.

Table 7 shows outdoor conditions and indoor conditions at several select indoor locations for
eight test configurations during periods when the outdoor dew point was 70°F dp or higher.
Daily indoor average temperatures are shown in for primary habitable spaces such as the living
room and the average of all three bedrooms. Indoor RH is shown for the living room and the
whole-house average. RH for the living room is shown in Table 7, because it was a primary
occupied space where OA was delivered in seven of the nine configurations shown. A ninth test
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configuration with the MSHP run in the dry control mode has been added at the bottom of
Table 7, but the available outdoor conditions were cooler and drier than in the other eight tests
with only 2 days available at elevated outdoor moisture levels. Details about indoor RH in
specific areas of the lab home are covered further in Section 4.3.2.
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Table 7. Daily Average Indoor Temperatures and RH When Outdoor Dew Point Temperature Was 70°F or Higher
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SEER 13 OA Return Utility Room  |70.2| 6.0 |80.1|76.9|463| 547 | 767 | 477 | 572 | 0.0 704 | 6
SEER 22 OA Return Utility Room  |71.9| 5.0 [80.2]77.0(492| 565 | 772 | 509 | 786 | 0.9 797 | 8
SEER 13 OA Living Room 712| 49 [798|77.0|512]57.6 | 769 | 520 | 552 | 02 749 | 11
SEER 22 OA Living Room 73| 60 [81.7|77.0|514]57.7 | 768 | 528 | 81.0 | 423 792 | 6
SEER 13 OA to DH Living Room  |71.7| 63 |823|773(49.8|57.1| 770 | 503 | 648 | 0.0 789 | 6
SEER 22 OA to DH Living Room  |72.6| 63 [84.0(77.2|51.3|57.8 | 769 | 522 | 873 | 20 843 | 7
SEER 13 OA to MSHP Living Room |71.1| 5.0 |80.0[75.4 533|573 | 782 | 523 | 92 | 950 | 673 |10
SEER 22 OA to MSHP Living Room  |72.0| 3.7 |77.8[75.7|55.1| 585 | 782 | 548 | 0.0 | 99.1 614 | 8
- e
SEER 13* OA to MSHP Living Room | o, 5| 34 |945(750(559| 582 | 765 | 561 | 28 | 977 | 514 | 2

Dry Mode

Note: Dehumidifier enabled at 60% RH set point; MSHP in economy control mode set point at 72°F; MSHP dry in dry control mode set point at 70°F.
* SEER 13 OA-to-MSHP dry test occurred during much lower cooling load period than other tests shown in Table 7.
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The SEER 22 with OA-to-MSHP living room configuration occurred during a late September
period with more cloudiness than others that resulted in a lower average outdoor temperature.
Less solar radiant energy and lower outdoor temperature tend to decrease the cooling load and
result in somewhat higher indoor RH (Table 7). The cooling load was low enough that the SEER
22 centrally ducted system had no runtime during this period.

Some general observations about daily average conditions follow:

e The daily average indoor RH is considerably lower than 60% for typical summer days for
all test configurations. This does not mean the indoor RH never exceeded 60% in some
rooms. Results for RH that exceeded 60% during hourly periods are covered in more
detail later.

e Operation with the SEER 22 system resulted in higher average indoor RH. The average
RH of three indoor locations ranged from 0.8% higher to 3.2% higher with SEER 22
system test configurations than with SEER 13 test configurations with an average of
2.1% higher overall.

e Test configurations using only the centrally ducted cooling systems without the MSHP
had bedroom to living room temperature differences of 0.3°F or less on average.

e The SEER 22 system had about 40% more daily runtime than the fixed-capacity SEER
13 system. This is based on average daily runtimes in Table 7 for the centrally ducted
tests that were performed without the MSHP. The longer runtime was expected, because
the SEER 22 system control tried to match load and limit cycling.

e Operation with the MSHP as the primary cooling system caused greater temperature
differences between bedrooms and the central living room area where the MSHP was
placed. The MSHP test configuration (set point at 72°F) with SEER 13 back-up cooling
and fan cycling distribution had an average bedroom to living room temperature
difference of 2.8°F. The MSHP test configuration with SEER 22 back-up cooling and air
distribution had an average bedroom to living room temperature difference of 2.5°F. The
daily average difference is smaller than the sustained hourly average difference during
the hottest time of year. The typical peak hourly difference between bedrooms and the
living room during hot weather was 3°F with either central system. The largest difference
observed between the warmest bedroom and the living room was about 3.4°F before any
centrally ducted fan air cycling began.

4.3.1 Temperature Variations with a Ductless Single-Head Mini-Split Heat Pump
Thermal distribution was good when the centrally ducted cooling systems were operated as the
primary cooling system without the MSHP enabled. During these test configurations the
difference between the bedrooms and the central living area was 0.3°F or less. Temperature
variations increased when the ductless MSHP operated as the primary cooling system and the
centrally ducted system provided only back-up cooling without any central system air mixing.
Without central system air circulation, the perimeter bedrooms averaged about 2.5°F warmer
than the central interior area of the MH Lab and had a peak difference of 3.9°F during the hottest
hours of summer. After implementing a centrally ducted fan system air circulation schedule, the
average temperature difference between the bedrooms and central area was about 1.6°F and had
a peak difference below 2.5°F during the hottest time of hot summer days. The greatest variation
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occurred between the northeast bedroom and the living room because of a desktop computer and
uninterruptible power supply that remained on throughout all the test configurations and added
heat to this small room. Greater temperature variation with MSHP operation was expected,
because its set point was set at least 2°—6°F lower than the centrally ducted set points at 76°F.
This intentionally shifted more load to the MSHP where OA was delivered. The goal was to have
the MSHP run continuously without cooling the living room lower than 74°F during the hottest
time of the summer.

Optimal MSHP set point temperature and centrally ducted fan circulation time were determined
through a trial-and-error process. Temperature variations could be limited by enabling a centrally
ducted fan on cycle of 20 min if no cooling cycle or period of previous fan-on cycle had occurred
for 20 min (20 min off/20 min fan-on). The delay allowed time for moisture to drain off the coil,
which minimized re-evaporation into the space because of flow through a warm coil. This cycle
would be interrupted if the centrally ducted thermostat called for cooling.

The MSHP set point was first set at 74°F, just 2°F lower than the central system set point.
Although the MSHP had a 100% runtime on the hottest days, it ran in a very low stage of
delivered cooling with supply air around 62°-64°F during overnight hours. The warmer coil
periods resulted in very poor dehumidification. The MSHP control design allowed the room
temperature to slowly approach the set point without cycling the unit off. The average room
temperature was thus about 2°F warmer than set point and the lowest temperature still 0.5°F
higher than set point. The set point was then reduced to 72°F. This caused the living room RH to
drop from a daily average of 57% at 74°F set point to about 53% at 72°F set point. Even at 72°F
set point, the daily average living room temperature was 3.5°F (MSHP and SEER 13) to 3.7°F
(MSHP and SEER 22) warmer than the set point as indicated in the average living room
temperatures shown in Table 7. By the late fall/winter period (the cooling weather was still
prevalent), the MSHP set point was reduced to 70°F. By the time this set point was used, outdoor
conditions were much cooler, the house was “floating” between the heating and cooling balance
points, and the living room did not feel as cold as it would during peak cooling season. The
periods of floating resulted in overnight conditions with no cooling and interior temperatures that
dropped to about 68°F, then increased to as warm as 75°F as internal and external cooling loads
increased.

The Fujitsu MSHP also had a dry control mode that was tested late in the project. The dry mode
was designed to run at a lower sensible heat ratio (SHR) and allowed room temperature to
exceed set point by a few degrees without ramping up the delivered cooling. This design
provided improved dehumidification during low load periods. Results from operation in the dry
mode are shared in Section 4.4.

4.3.2 Indoor Relative Humidity Variations

The indoor humidity results varied according to the test configuration and the outdoor moisture
levels (OA latent load). Indoor RH was usually maintained lower than 60% during the
summertime period in the primary habitable areas such as the central living area and bedrooms.
The frequency of elevated RH increased in the utility room when OA was brought into it near the
centrally ducted system return and in the living room during some overnight hours when OA was
brought to the MSHP (operated in the economy mode) in living room.
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Table 8 summarizes the total hours that exceeded 60% RH daily average for three indoor
habitable spaces using days with an average outdoor dew point of 70°F dp or higher. Indoor RH
never exceeded 65% when the outdoor dew point was 70°F or higher, so the hours indicated
would have RH limited to 60%—-65%. The first value of Table 8 is the total hours that RH
exceeded 60%, the second value is the total hours of the test data used for the indicated test
configuration evaluation, and the last value in parentheses is the percentage of time the RH
exceeded 60%.

Table 8. Frequency of Elevated Indoor RH When Outdoor Dew Point Is 70°F or Greater

SEER | SEER | SEER | SEER | SEER | SEER IS;E g}: ZS;E (Filz
Three 130A | 220A | 130A | 220A | 130A | 220A to to
Interior | Return | Return to to to DH to DH MSHP* | MSHP
Locations | Utility | Utility | Living | Living | Living | Living

Room | Room | Room | Room | Room | Room Living | Living
Room | Room

Central | 0/96 | 0/168 | 2/120 | 0/120 | 0/144 | 0/168 | 0/216 | 0/216
Hallway | (0%) | (0%) | (1.7%) | (0%) | 0%) | (0%) | 0%) | (0%)
Living 0/96 | 0/168 | 0/120 | 0/120 | 0/144 | 0/168 | 9/216 | 25/168
Room 0%) | (0%) | (0%) | (0%) | (0%) | (0%) | (4.2%) | (14.9%)
Master | 0/96 | 0/168 | 0/120 | 0/120 | 0/144 | 0/168 | 87216 | 11/168
Bedroom | (0%) | (0%) | (0%) | (0%) | (0%) | (0%) | (3.7%) | (6.5%)

* MSHP in economy mode.
Hours >60% RH are shown beside the total hours of each configuration evaluation period.

In configurations that used the dehumidifier, the hallway was the only location that had any
hours with RH higher than 60% that occurred during the SEER 13 OA directly into living room
test. The occurrence was limited to one event covering 2 consecutive hours (4 a.m. and 5 a.m.),
both of which had an RH of 60.9%.

The test configurations using the MSHP in economy control mode had a noticeable increase in
the frequency of elevated RH in the living room and master bedroom areas of 4%—15%. The
highest frequency (15%) occurred in the living room where OA was supplied for the SEER
22/MSHP test configuration. RH higher than 60% was likely during the early mornings when the
MSHP was cooling at higher supply air temperatures around 59°F to as high as 64°F, which
resulted in poor dehumidification. During late morning through evening hours, cooling output
was greater and MSHP supply air temperature operated at 53°-55°F. The colder coil removed
more moisture from the air; indoor RH therefore dropped. This is illustrated and discussed in
greater detail in Section 4.3.2.4 and subsections thereof that focus on RH impacts with MSHP
operation. The MSHP “dry” mode has a much more limited cooling output range designed to
improve dehumidification. This control mode could be run during low cooling load period and
could improve dehumidification; however, it could likely be improved through thermostat
control algorithm modification. Results from the dry control mode are covered in more detail in
Section 4.4.

Martin et al. (2014) provide an opportunity to compare resulting indoor RH of continuous

exhaust ventilation in occupied homes to the continuous supply ventilation method in the
controlled MH Lab. Six occupied high-performance homes with continuous exhaust ventilation
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at about ASHRAE 62.2-2010 levels (averaging about 61 CFM) monitored from late June through
mid-October 2014 in Florida had indoor RH that exceeded 60% an average frequency of 27.4%
of all hours evaluated (calculated from data provided in Figure 2 from Martin et al. 2014). The
frequency of hours that exceed 60% RH was 14.4%-47.9% of all hours evaluated. Elevated RH
is much more frequent for the continuously exhaust-ventilated homes of Martin et al. (2014)
compared to any of the continuous supply test configurations evaluated in the MH Lab.
Occupancy preferences for cooling set points and occupancy impacts were variable in Martin et
al. (2014), whereas occupancy impacts of the MH Lab study were constant. Although that study
was conducted during hot and humid weather conditions, weather and internal loads were not
exactly the same as during this MH Lab ventilation study. Therefore, the two studies do not
provide the basis for a controlled comparison between continuous exhaust and continuous supply
ventilation methods. However, the comparison is interesting to consider and may indicate the
potential for continuous exhaust methodology to result in higher average indoor RH than
continuous supply without supplemental dehumidification.

A composite day of each of the eight test configurations was developed; these configurations are
discussed in the next four sections. The composite day comprised 4-9 days when the outdoor
average dew point was at least 70°F dp. The data that made up these composites covered the
period from June 23 through October 1, 2014.The data were at hourly intervals and consisted of
indoor temperature and RH as well as space-conditioning runtime.

The remaining subsections of 4.3.2 and Section 4.4 provide further details about the indoor
humidity, temperature, and space-conditioning equipment runtimes. The central living room and
bedroom temperatures remain close except when the MSHP was used. As expected, the indoor
RH tended to rise during the overnight hours due to the decreased cooling load and subsequently
reduced the air-conditioning runtime. When the MSHP runtime was continuous overnight, the
increased RH coincided with an increased SHR.

4.3.2.1 Relative Humidity Impacts with Outdoor Air Supplied to Central Return in a
Utility Room
An example of the first two of these composites for test configurations with OA supplied to
SEER 13 and SEER 22 returns are shown in Figure 18 and Figure 19, respectively. Figure 18 is a
composite day developed from 4 days and shows an increase in hourly average indoor RH to as
high as 52% after the reduced runtime of the SEER 13 central cooling system during overnight
hours. The indoor RH dropped to the mid to upper 40% range just after the longest runtime
periods that occurred between 2 p.m. and 4 p.m.

35



U.S. DEPARTMENT OF Energy Efficiency &

EN ERGY Renewable Energy

.90 T — 100%
x ] - = ~ <
= : _ —
z 80T / \ 80% =
o ] —— ﬂ -
3 ] \ 0
T 707 r’ 60% B
w ] / b £
5 01 \ 0% o
5 1 s \ 2
~N - £
°:i 50 1., irsewe faagasenattze, =
Taesaiamad dant '-.--t‘.'.-.:::___“. 20% 5
g B Oa.al.““‘.....~~...m........~.. o
B 40 e e e e el 0%

1 23 45 6 7 8 9 10111213141516 1718 1920 21 22 23 24

ssssss RH Liv.Rm. RH Hall ssssess RH MBed T Liv.Rm.

T Mbed

T NEBrm. = == DH runtime e= == 513 runtime

Figure 18. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to SEER 13 return in a utility room

The composite day shown in Figure 19 comprised 7 days. These data also show an increase in
hourly average indoor RH after the reduced runtime of the SEER 22 central cooling system
during overnight hours. The indoor RH dropped from a high of about 56% to around 47%—49%
at 6 p.m. Actual dehumidifier operation occurred on only 4 of the 7 days represented in this
composite. When the dehumidifier operated, only one to two cycles ran per day. An operational
cycle would last 13—21 min. The shortest runtimes occurred when the central system cooling
cycled on, which increased the mixing of drier air inside the home with the central living room
air around the OA supply location. The circulation of air and space conditioning caused the
living room area RH to decrease to lower than 60% and interrupted the dehumidifier cycle.
Dehumidifier operation (Figure 19) showed that the probability of operation was most likely
during the early morning hours with an average hourly runtime of 0%—6%. Due to infrequent
cycles, limited runtime, and the possibility that a cycle might begin in one hourly period and run
into the next, the indicated runtime in this composite figure is much shorter than the actual
runtimes on days with dehumidifier operation. When the dehumidifier cycled on, actual runtimes
were 13-21 min, which represented actual hourly runtime fractions of 22%-35% (instead of the
graph-indicated composite day average of 3%—6%).
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Figure 19. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to SEER 22 return in a utility room

Based on data from Table 8, Figure 18, and Figure 19, no significant periods of elevated indoor
RH occurred during the test configurations with OA supplied to either central return during hot
and humid weather. However, the possibility for elevated RH in the utility room, where OA was
supplied, was considered after monitoring began. To determine if the utility room had significant
periods of elevated RH, two Onset Computer temperature and RH sensors were added to the
monitoring effort in the utility room. The sensors were placed on a workspace countertop at
about 3 ft above the floor at a distance of about 6 ft from where the OA was supplied to central
return intake and within 3 ft of cold supply sections of the ductwork within the room.

Indoor RH was managed well in all areas of the home except sometimes in the utility room with
the OA delivered near the central return located in the utility room. Appendix B includes further
details about the patterns and conditions at which this occurred.

4.3.2.2 Relative Humidity Impacts with Outdoor Air Supplied to Living Room

Figure 20 and Figure 21 show daily composites of indoor temperature and RH along with the
runtimes of the centrally ducted cooling system and dehumidifier. The data were in hourly
intervals. Indoor RH rises during the early morning hours with a shorter runtime and falls
midday during the longest cooling runtime and higher cooling load. The indoor RH approached
60% with the SEER 13 central system but stayed lower than the 60% dehumidifier control point
and had no runtime under these weather conditions. The indoor RH shown in Figure 21 with the
SEER 22 system is actually a little lower than with the SEER 13 system during early morning
hours, because the dehumidifier cycled on. Three dehumidifier cycles occurred each day on
average with individual operational cycles that lasted 18—29 minutes. The average daily total
dehumidifier energy used on days with three cycles was 0.664 kWh.
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Figure 20. Indoor temperatures, RHs, and space-conditioning runtimes at hourly intervals with OA
supplied to the living room and SEER 13 central cooling
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Figure 21. Indoor temperatures, RHs