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EXECUTIVE SUMMARY

To determine the potential energy savings of HVAC innovations for new manufactured homes,
a number of potential HYAC improvements were modeled against two baselines:

1. An original baseline that represents the 1994 HUD envelope code level with a few
exceptions and some assumptions madepreviously by others along with current
minimum federal efficiency levels of HVAC e quipment.

2. An efficient baseline broadly meant to representa typical ENERGY STAR qualified
home, a tighter duct system, and regional thermostat set points.

Each of these baselines were rurfor eight cities, chosen to represent theshipment-weighted
climate midpoint by region and HUD thermal zone :

HUD Zone 1: Houston, Texas and Atlanta, Georgia
HUD Zone 2: Raleigh, North Carolina and Phoenix, Arizona

HUD Zone 3: Baltimore, Maryland ; Chicago, lllinois ; Denver, Colorado; and Seattle,
Washington

Improvement analysis focused on HVAC solutions that included high-efficiency heat pump
systems and improved duct systems including reducing leakage, improving crossover
insulation, eliminating crossovers outside conditioned space, and reducing or eliminating duct
leakage. Energy savings forkey improvement s over the original baseline are shown in Table ES
1. As shown, heat pumps can save a significant amount of energy relative to the electric
furnaces with central air conditioning s ystems that currently dominate the nation al market.
Reductions in duct leakage show lower| but noticeable| savings potential.



Table 51. Modeled energysavingdor a doublewide home withan electric furnaceand SEER 14
central airconditioner(original baseline)

. Varable-Speed Heat | 75%Reduction in
ConventionalHeat Pump

Pump Duct Leakage
City kBtuyr % kBtu'yr % kBtu'yr %
Houston 5,800 25% 12,300 53% 1,760 8%
Atlanta 12,200 41% 18,200 61% 2,030 7%
Raleigh 15,500 45% 21,500 62% 3,120 9%
Phoenix 3,000 12% 10,600 41% 1,490 6%
Baltimore 19,100 48% 24,900 63% 4,230 11%
Chicago 27,700 49% 34,200 60% 6,440 11%
Denver 21,200 49% 26,700 62% 5,300 12%
Seattle 19,600 60% 23,100 71% 4,920 15%

Note: Color-codes hererepresent the three HUD climate zones, yellow-Zone 1, green-Zone 2
and blue-Zone 3

If modeled under the efficient baseline, kBtu per year savings above are reduced by roughly 15
to 30 percentfor the heat pump measures and 5 to 60 percent for the ductleakage measure.
Percentage savings remain relatively unaffected.

The modeled energy savings estimates were translated intoannual cost savings using regional
fuel prices. Life-cycle cost analysis was also used to calculate the brealeven incremental cost
for various innovations ; that is, the maximum up-front incremental cost that could be supported
by the D O O O Y E disBolned Ibetime energy savings. These results were then weighted to
regional and national average values using estimates of the regional distribution of heating

fuels and HVAC system types.



Table ES2 shows heat pumps are estimated to provide substantial energy-cost savingscapable
of supporting at least several thousand dollars in up -front incremental cost over the
conventional forced-air furnace and split-system central air conditioner that currently

dominates the market. At current fuel prices, heat pumps are not cost-effective against natural
gas in most areas, and in fact produce negative energycost savings. This excludes 10 to 15
percent of the national market for new manufactured homes, but more than 50 percent of homes
destined for the Midwest. The economics of heatpumps versus natural-gas heat is sensitive to
the price of natural gas, however, and depend on whether the home can be fully electrified and
thus entirely avoid natural gas service and its associated fixed monthly charges.

Table E&. Weightedaverageregionalenergycostsavingsand breakeven incremental codbr heat
pumps and ducteakage reductiororiginal baseline)Heat pump results exclude gasat shipments
where energycost savings would be negative.

ConventionalHeat Variable-Speed Heat 75% Reduction in Duct
Pumg@ Pumg Leakage
Annual Annual Annual
energy Breakeven energy Breakeven energy Breakeven
cost incremental cost incremental cost incremental
Region  saving8 cosf saving8 cosf saving$ cost®
1 $185 $2,850 $355 $4,450 $40 $500
2 $345 $5,550 $495 $7,250 $60 $750
3 $100 $1,750 $355 $3,100 $50 $600
4 $675 $13,850 $885 $16,900 $130 $2,050
5 $575 $10,200 $730 $12,100 $85 $1,200
6 $520 $8,650 $625 $10,050 $90 $1,300
National $310 $5,350 $475 $6,900 $65 $900
Notes:

a) Excludes ~20% ofnew homes that are currently shipped with a heat pump, Regional % of shipped hon

as well as gas-heat homes where a heat pump would result in negative \1\ 13%
Vit Tl
7%

energy-cost savings. The latter excludes~20% of Region 4shipments,

55%o0f Region 5, 30% of Region Gand 13% of national shipments.

b) rounded to the nearest $5 ——
¢) rounded to the nearest $50 | L\u.\t

Reductions in duct leakage have the potential for non-trivial savings in new manufactured
homes, but there is considerable uncertainty associated with the level of leakagein currently
produced homes as well as the degree to which proposed innovations would mitigate leakage.
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INTRODUCTION

Roughly ten million manufactured homes have been built since federal regulation of the
industry under HUD began in 1976 and about 100,000 homes were shipped nationwide in 2021
according to the Manufactured Housing Institute. While highly affordable, these homes often
lack the energy efficiency and performance mandated by local codes for site-built homes. The
HUD code, which regulates the industry nationwide , has not been updated since 1994 This
report supports a DOE Advanced Building Consortium project focused on improving the
energy efficiency of new manufactured homes through innovations related to space heating and
cooling.

The DOE ABC project hasidentified 13 innovations for heating, ventilating, and air

conditioning (HVAC) systems installed in manufactured homes, covering two broad categories:
duct-system improvements and increased adoption of heat pumps for spaceconditioning (Table
1). By modeling site energy! savings, estimating energy-cost savings and exploring life-cycle
cost impacts, this report supports a broader feasibility assessment of these innovationgStendel,
et. al, 2021) and is meant as a companion to that effort.

This report has two major sections: 1) Energy Modeling, and 2) Cost Savings and Cost
Effectiveness. The Energy Modeling section includes adescription and basis for the baseline
models used for the analysis simulation procedures, limitations and results for the baseline and
innovation models. Results from the energy modeling feed into the Cost Savings and
Effectiveness section where methodsand assumptions are described, and annual and
discounted life-cycle costare provided. In this section, results are weighted up to the regional
and national level using regional fuel prices and the estimated market share for different HYAC
fuels and systemtypes.

L All references to energy use and savings represent site energy rather than source energy throughout the report

R24 1



Table 1. List of potential innovations. See Stendel et al. (2021) for details.

ID Name Description
D1 Improved Duct Testing Protocols Protocols and toolkit for more efficiently
measuring duct (and envelopEakage in the
factory and HVAC system airflow, in the yard or
after siting
D2 ImprovedCrossoverDuct Designs Better ductcrossoverconnections for multi
section homes:more energy efficient, less prone
to degradation
D2a Comparative testing of differertross Various opinions in the industry on performance
overapproaches of throughthe-rim versus traditionatrossovers.
D3 Demonstrate AeroSeal® in a Factory  Seal ductwork in the factory using Aeroseal
Setting technology
D4 Interior duct designs to eliminate leakac Use asmall diameter duct system routed througt
interior wall cavities
H1 Factory enabled high efficiency ducted Fully factory install an agource heat pump on a
heat pumps home before shipping with no onsite HVAC labo
needed
Hla Partialfactory-install of ducted heat Factory installs indoor unit and paharged
pumps linesets, and ships outdoor unit with home. No-¢
site HVAC labor required.
H1b Revive the "Insider" ASHP wSZF YLl GKS LINA2N) aLya.
or exceedcurrent efficiency standards
Hlc Air Source Integrated Heat Pump (ASIF Integrated package combining ASHP to serve
space heating and cooling and domestic hot wai
and also providing energygcovery ventilation.
H2  Advanced controls andistribution for Better integration of ductless and central ducted
ductless heat pumps HVAC systems within the new MH market
H3  Quick connect fittings for ductless heat NREL quickonnect concept applied to ductless
pumps mini-splits for MHs
H4  Heatpump ready furnace Develop electric and gas forcedt furnaces that
are factory ready for mukstage and variable
speed heat pumps by exposing the full capabiliti
of existing ECM blower motors to external contr
as well as providing a ready nresato transition a
factory-shipped furnace from a primary heating
role to being secondary to a heat pump.
V1 Smart ventilation control with heat pumj Integrate a heat pump water heater with home

water heater

ventilation using ASHRAE standard 62.2 egenta
ventilation requirements

) )



ENERGY MODELING

Energy models were developed to examine the potential of HVAC improvements. M odeling
was performed with EnergyPlus, a detailed whole -building energy modeling tool. Two
manufactured-home prototypes (single-wide and double -wide) were chosen to represent the
majority of the manufactured homes purchased in the US based on previous research related to
HUD -code home energy analysis and rule-making activities. As described in more detail in the
sections that follow, two sets of baseline assumptions were developed,each with regional
variation. Savings for innovations were obtained by comparing models that were adjusted to
reflect various innovations to the results for the baseline runs.

BASELINE MODELS

To determine the potential energy savings of HVAC innovations a number of baselines were
modeled and a number of HVAC energy improvements to those baselines were modeled. The
baseline modeling consisted of two efforts:

1. An original baseline that represents the 1994 HUD envelope code level with a few
exceptions and some assumptons made previously by PNNL and others 2 along with
current minimum federal efficiency levels of HYAC equipment.

2. An efficient baseline that represents Energy Star packages prevalent by region, along
with reduced duct leakage and regional thermostat setpoints.

Our initial baseline -home modeling assumptions started with inputs used in a Pacific
Northwest National Laboratory ( PNNL ) study (PNNL 2014). That effort was intended to
explore savings from what was believed to be the homes built by many manufacturer s. The
research team decided that builders were typically putting in some slightly more efficient walls
and windows and thus created this baseline with U oand infiltration values that were slightly
better than what was used in an ASHRAE study (Lucas et al 2007).Equipment efficiencies were
brought up to current federal minimums. The thermostat set points were changed to 72F and
75°F consistent with all recent DOE/PNNL building code simulation efforts. The original
baseline assumptions are shown in Table 2 along with differences from the 2007 simulations.
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Table 2. Original-baseline Model Assumptions. Baseline values from the prior (Lucas et. al. 2007) study

shown in red italics)

HUD model geometry

Doublewide (DW) Singlewide (SW)

Floor/ceiling area (A
Wall area (ff)

Window area (ff)

[12% glasso-floor ratio]

1568 (56x28)
1344
188
Equal area per facade

924 (66x14)
1280
111
Equal areger facade

Envelope and Equipment Parameters

HUD Zone 3
HUD Zone 1 HUD Zone 2 (Baltimore/Chicago
Envelope Component (Houston/Atlantg | (Raleigh/Phoenix Denver/Seattl®
Wall (framing / batt insulation) 2x4 | R11 2x6 / R19
2006 studybaseline insulation R11 all zones
Ceiling (blown insulation) R30
Floor (batt insulation) R11 | R22
Window Uval/SHGC 0.52/0.60
2006 study baseline window 1.10/0.70 0.52/0.60

Infiltration (ACH) 8.0

2006 study baseline infiltratiol 9.0
DuctLeakage (Qn) 0.12
Duct Leak % Supply/Return 0.67/0.33
Equipment HUD Zone 1 | HUD Zone 2 HUD Zone 3

AC + Electric Furnace

SEER 14Hlec Resistance SEER 13Hec Resistancs

AC + Gas Furnace

Not modeled | SEER 14AFUE 809 SEER 13AFUE 80%

AC + HeaPump

SEER 14 + HSPF 8.2

2006 study baseline equipme|

All zones 13 SEER/7.7HSPF/0.78AFUE

Duct Location Ceiling or Belly | Belly only
Crossover Duct area &\Rilue 63 ft?/ R-8 (Doublewide only)
Total Duct Area (%) DW-423 | SW249
SetpointHeat/Cool 72°F | 75°F

2006 study baseline setpoif 68°F / 78°F

Whole-house Ventilation
(continuousg

DW¢ 55 CFM / SW 32 CFM (exhaust)

Water Heater (electric resistance)

UEF 0.94

2006 study baseline water heat

EF 0.90

Interior Lighting

34% higkefficacy

Appliance & Misc. Equip. (kWh/yr)

Misc./Refrig./Range/Dishwash. 2085/718/500/111

Occupancy

3BR+1=4




Further description of the original baseline model includes a dark shingle, gabled roof with roof
ridge along the long axis of the house. Windows and doors are distributed equally on all four
facades in the four cardinal directions without overhangs. The homes are assumed to have an
unconditioned and ventilated crawlspace and a vented attic.

Mechanical systems are primarily modeled as split systems with an interior mounted air
handler and outdoor unit. The primary air distribution system hasducts located in the belly
above the floor insulation such that they are insulated from below and consi dered inside
conditioned space. Return ducting is minimal and also considered inside conditioned space. All
double-wide models include a small length of R -8 flex duct (64 ft?) located in the crawlspace for
the crossover connection between the two halves.

HUD code requires the provision of a mechanical ventilation system (HUD 1994). This is
typically done in one of two ways: (1) a positive pressure system(POS) which introduces fresh
air on the return side of the HVAC system whenever the air -handler operates;or (2) a
continuous exhaust fan, typically in the bathroom. POS systems arecommon but require the
main air handler to operate in order to properly ventilate the home. Because of this if operated
as intended, a POSrequires considerably more fan energy than doesthe exhaust-fan approach.
It is widely believed, however, that for comfort and cost reasons, many households do not
operate their POS system yearround .

For this effort, we modeled an exhaustfan based system providing the HUD -code required
0.035 cfmper square foot of floor area. This effectively models the additional space-
conditioning load imposed by code -compliant ventilation but does not include the air-handler
fan energy penalty imposed by a POS system.

A significant number of homes bui It for southern climates are designed with overhead ducts
located in the attic. An additional variation found in the South includes packaged units instead
of split systems. Prototype models to represent these scenarios include 1) a split system with
overhead ducts and 2) an exterior mounted package unit with associated supply and return
ducts located in the crawlspace as well as overhead supply ducts in the attic.

In addition to the original baseline, we also considered modifications to the basplite i

intended to reflect the possibility that a large number of new manufactured homes are already

being built more efficiently than assumed in our original baseline. In fact, the market share for
ENERGY STAR® certified homes has grown appreciably in regears: in 2019, one in five

new manufactured homes in the U.S. BAMERGY STARcertified across the natio®BRA

2020). To providesomenotion of the savings implications among this maféicient subset of

themarket we devel oped a second fdefficiento basel
STAR level performace and other aspects ofore efficient home constructiof.
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Table 3 shows the efficient-baseline assumptions.

The prescriptive requirements for ENERGY STAR qualification comprise three packages
(electric heat pump, high -efficiency furnace and envelope-only) that differ in their
requirements: we chose regional values that we believe broadly represent the packages most
used in the respective region.

Some of theother efficient-baseline inputs warrant additional discussion. For windows, beyond
ENERGY STAR requirementsfor U-value and solar heat gain coefficient, there is good evidence
that the manufactured -home market has at least partly shifted to low -E window product s,
which reduce heat loss in the winter and solar gain during the summer. Two major
manufacturers make low -E windows standard for all their homes, and others offer it as part of
an efficiency-package option.

Duct leakage under the efficient baseline is half that of the original baseline. ENERGY STAR
does not have a quantitative requirement for duct leakage. The duct leakage assumption for the
efficient baseline is instead mainly based on field measurements of duct leakage from a
Minnesota field study ( Pigg et al. 201§ suggesting that actual duct leakage among newer
manufactured homes is less than assumed previously.

The efficient baseline also uses regional estimates of setpoints that differ from the national

values used in prior energy modeling for manufactured housing. Thesederive from recent

analysis of data from connected thermostats around the country that suggest regional

differences in preferred setpoints. Specifically we used two data sources to develop regional

average setpoints for the analysis: (1)Ueno and Meier (2020)provide regional average indoor

temperatures on days with heating or cooling operation; and, (2) materials from an EPA

working group on connected thermostats (EPA 201 wUT OpUwUIl 1 DPOOEOWEYIT UET T w?
temperatures, which are defined as the 90" percentile of indoor temperature during the heating

season and the 10 percentile during the cooling season.
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https://www.energystar.gov/sites/default/files/ENERGY%20STAR%20Connected%20Thermostat%20Metric%20Discussion%20Slides.pdf

Table 3. Parameters for alternative (efficient home) baseline. Strike-through text denotes original baseline

values; blue italics denotes efficient-home baseline values).

HUD Zone 3
HUD Zone 1 HUD Zone 2 (Baltimore/Chicago
(Houston/Atlantg | (Raleigh/Phoenix Denver/Seattlg
Envelope Component
Wall (framing / batt insulation) 2x4 [ RAL13 2x4 | R11 2x6 / R19
Ceiling (blown insulation) R30R-38 R30-R-33 R30R-38
Floor(batt insulation) RALR22 RALR22 R22R-30
Window Uval/SHGC 0.52/0.600.35/0.34
Infiltration (ACHh) 8.0
Duct Leakage (Qn) 0:120.06
Duct Leak % Supply/Return 0.674/0-330.95/0.05
Equipment
AC + Electric Furnace SEER 14 + ElResistance SEER 13Hlec Resistance
SEER 14 + SEER 13 +
AC + Gas Furnace Not modeled ARUE-80% AFUE-80%
AFUE 95% AFUE 95%
AC + Heat Pump SEER 14 + HSPF 8.2
Duct Location Ceiling or Belly | Belly only
Crossover Duct area &\Rilue 63 ft?/ R-8 (Doublewide only)
Total Duct Area (%) DW-423 | SW249
Thermostat Setpoints 720k [ 75%F
City BA region Heating (F) Cooling (F)
Houston Hothumid 70.5 74.0
Atlanta Hot-humid 70.5 74.0
Raleigh Mixed-humid 69.5 72.5
Phoenix Hot-dry 70.5 75.5
Baltimore Mixed-humid 69.5 72.5
Chicago Cold 68.5 73.0
Denver Cold 68.5 73.0
Seattle Marine 69.0 73.0
Whole-house Ventilation (contin.) DW¢ 55 CFM / SW 32 CFM (exhaust)
Water Heater (electric resistance) UEF 0.94
Interior Lighting 34% higkefficacy
Appliance & Misc. Equip. (kWh/yr) Misc./Refrig./Range/Dishwash. 2085/718/500/111
Occupancy 3BR+1=4

The Ueno and Meier data reflect actual average temperatures but are likely somewhat biased
toward increased setback behavior because they are rooted in data from advanced connected

U1 UOOUUEUUG wW3T T w$/ wEOOI OUUwWUI Ox1 UEUUUI UwEUI wOl
when awake and at home and can be taken as a rough proxy for setpoints in the abgnce of any

setback behavior. We averaged the two for each region as an approximation of average
regional indoor temperatures reflecting some setback behavior but not as much as would

otherwise be suggested by the Ueno and Meier data. There is additionaluncertainty here in the

fact that all of this derives from connected -thermostat data for the general population of
connected-thermostat owners, and preferences and behavior could be different among

households in new manufactured homes.
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REPRESENTATIVE CITIES

Weather characteristics from eight cities were chosen to represent a combinationof HUD
thermal zones and Building America climate zones, as shown in Figure 1 and Table 4. Cities
were chosen based on themid -point of the shipment -weighted annual temperature for each
region. The eight regions represented by these cities constiute 94 percent of annual new
manufactured home shipments.
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Figure 1. HUD thermal zones and Building America climate zones

HUD Thermal Zone |

Building America
Climate Zones

. Marine

. Very cold
[ cold

[ Mixec-dry
[ Hot-dry

[ Mixed-humid
. Hot-humid

HUD Thermal Zone

Table 4. Selected cities to represent HUD thermal zones and Building America climate zones.

Estimated % of

annual new
manufactured
home
Weather shipments
Region # City HUD ThermaFone BACIlimate Zone (floors)
1 Houston TX I Hot-humid 34%
2 Atlanta GA I Mixed-humid 11%
3 Raleigh NC Il Mixed-humid 16%
4 Phoenix AZ Il Hot-Dry 6%
5 Baltimore MD i Mixed-humid 5%
6 Chicago IL [ Cold (humid summers) 15%
7 Denver CO [ Cold (dry summers) 4%
8 Seattle WA 1 Marine 3%
Total 94%



SIMULATION MODEL AND LIMITATIONS

The energy-modeling processbegan by entering the house into EnergyGauge® to run ACCA
Manual J© and determine system loads and select a capacity for the system Then the home was
entered into BEopt. The BeOpt Energy Plus version 8.8 input deck was then run through Energy
Plus 9.5,which generated annual output results . These results were written to files for
comparison analysis. This process is shown inFigure 2.

Simulation procedures

1. System Sizing Used for Figure 2. Simplified diagram of simulation process
employed for this project.

Modeling
For eachbaseline model we V- B o
determined Manual J8 loads using ' / "V ] . .
-] Determine Baselines
EnergyGauge®, an ACCA approved =

software. The software offers two
options for sizing, using the ACCA 99
percent peak temperatures or using
the TMY3 99 percent peak
temperatures. For cooling these are EnergyGauge’ Use EnergyGauge to
often the same but for heating the i run Manual J

TMY3 peak tend to be lower
providing larger temperature
difference. The TMY3 was chosen.
Also, if there were two climatic data
locations for the city in the software BEOpt
the one with the colder winter Ry
temperature was chosen. The
software follows ACCA procedures,
fixing the interior temperatures at

70°F for heating and 75°F for cooling.
We decided to err on the size of larger
capacities, consistent with observed
practice. The results are shown in
Table 5. In each case the heat pump
size meets or nearly meets the heating
load for most cities because of the
cooling load. However, in Chicago,

the heat pump size is purposely

larger than the straight cooling
systemin order to better handle the
heating requirement.

Energy and Economic Analysis Software

Enter Baseline Homes
zNREL | in BEopt

Transfer BEopt generated
Energy Plus deck
to Version 9.5

EnergyPius

'ih)
MRV

Run simulations
and write results
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Table 5. Calculated heating and cooling loads and furnace, central air conditioner and heat pump sizes

used for simulation, by home type, location, and equipment type.

Single-Wide - Duct in belly

Manual J Load
(kBtu per hour)

Size used in simulations

Htg/Clg
Design Heat
HUD Temp Cooling Electric | Central | pump Gas
Region City °F Heating Total Furnace AC Size Furnace
1 Houston 27197 13.3 14.6 2 ton 1.5ton | 1.5ton NA
1 Atlanta 20/93 15.5 13.0 2 ton 1.5ton | 1.5ton NA
2 Raleigh 18/93 16.2 13.3 2 ton 1.5ton | 1.5ton 2 ton
2 Phoenix 38/109 9.9 16.0 1.5 ton 2 ton 2 ton 1.5ton
Balti-
3 10/93 16.5 11.7 2 ton 1.5ton | 1.5ton 2 ton
more
3 Chicago -6/90 20.8 10.9 25ton | 1.5ton 2 ton 2.5ton
3 Denver 6/95 17.1 10.4 2 ton 1.5ton | 1.5ton 2 ton
3 Seattle 25/82 124 7.8 2 ton 1.5ton | 1.5ton 2 ton
Double-wide - Duct in belly
Manual J Load
Htg/Clg (kBtu per hour) Size used in simulations
Design
HUD Temp Cooling Electric | Central Heat Gas
Region City °F Heating Total Furnace AC pump | Furnace
1 Houston 27197 19.1 20.3 2.5ton 2 ton 2 ton NA
1 Atlanta 20/93 22.1 17.7 2.5ton 2 ton 2 ton NA
2 Raleigh 18/93 23.0 18.3 2.5ton 2 ton 2 ton 2.5ton
2 Phoenix 38/109 14.2 21.9 2 ton 3ton 3ton 2 ton
Balti-
3 10/93 24.0 16.5 2.5ton 2 ton 2 ton 2.5ton
more
3 Chicago -6/90 30.2 15.2 3.0 ton 2 ton 2.5ton | 3.0ton
3 Denver 6/95 24.6 14.4 2.5ton 2 ton 2 ton 2.5ton
3 Seattle 25/82 18.1 10.5 2 ton 1.5ton | 1.5ton 2 ton
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For consistency, we kept the systemsize the same for both the baselines andthe innovation
runs. Note that there were only mild envelope efficiency improvements incorporated in either
the efficient baseline or the innovation with the exception of improved duct leakage. Units with
ducts in attic used the same sizing except for double-wide homes with at tic ducts in Houston.
There we required a 2.5ton cooling/HP system to avoid a high number of unmet hours.

2. Input file generation using BEopt

Using parameter values determined in the baselines, we generated baseline inputs using BEopt
(Building Energy Optimization Tool ). BEopt® developed by NREL provides capabilities to
evaluate residential building designs and identify cost -optimal efficiency packages at various
levels of whole-house energy savings along the path to zero net energy.The latest version is 2.8
and the program is currently not being updated. Considerable work went into BEopt as a front
end for Energy Plus for residential buildings . The most important feature for us was to generate
EnergyPlus input files from the baseline parameters described in Tables3 and 4. A sample input
diagram is provided in Appendix A.

3. Version update into 9.5

BEopt generates EnergyPlus input files with Version 8.8. The latest public release version of
EnergyPlus is 9.5. In order to use the latest features of EnergyPlus for the present project, we
updated the EnergyPlus input file version from 8.8 to 9.5. IDFVersionUpdater .exe was used to
update the input fi le version. The tool is provided in the EnergyPlus installation package.

4. Add output variables to meet project requirements

EnergyPlus has a number of output variables available for users to select. The output variables
have to be defined in the input files . In order to meet the project analysis requirements, specific
outputs were needed. They consisked of annual input energy 5 use for heating and cooling coils,
and associated fan energy use, separated by cooling and heating. In addition, output energy for
coils was also required. These required output variables were added to the EnergyPlus input
files, so that each simulation would provide valuable outputs for analyzing simulation results
further.

5. Perform simulations using group files

After adding the required outputs to the input files, multiple runs can be accomplished using
group files. Since the present project requires a parametric study with multiple runs, several
group files were created based on selected parameters, such as baselines, duct leaga

3 https://www.nrel.gov/buildings/beopt.html
4 https://energyplus.net/
5 All references to energy use and savings represent site energy rather than source energy throughout the report
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variations, highly efficient HVAC systems, etc. Then, groups of simulations were performed
using the Group of Input Files from EP -Launch® feature.

EP-Launch is an optional component of the EnergyPlus Windows installation (it is not available
for Linux and Mac platforms). For users that want a simple way of selecting files and running
EnergyPlus, EP-Launch provides this and more. In addition, EP -Launch can help open a text
editor for the input and output files, open a spreadsheet for the postprocessor results files, a
web browser for the tabular results file, and start up a viewer for the selected drawing file .

6. Process outputs for data analysis

An Excel file using VBA was createdto process all outputs. A sample is provided in Appendix
A.

Model assumptions and limitations

There are somenoteworthy assumptions and limitations associated with some aspects of the
modeling , particularly the modeling of the belly area of manufactured homes and the nature of
air leakage from ducts. The ?belly? area of a manufadured home is the area below the floor but
above the ground. This is the typical location of the ductwork for HVAC system , with the ducts
located above a road barrier and layer of insulation (Figure 3). In theory, the spacecontaining
the main duct systemis close to the temperature of the conditioned space and is isolated
thermally from the outside in the same manner as the rest of the home

However, in practice, the thermal dynamics of the belly area arefar more complex| and often
change over time. The road barrier and belly insulation can be compromised as early as during
initial installation of the home and are commonly seriously degraded over time by vermin and
access for plumbing repairs. Structural members and even the duct system itself compresssthe
belly insulation in areasand reducesits insulating value. Plumbing and other penetrations
through the flooring create infiltration pathways between the living space and the belly area
that affect both the temperature of the space in which the duct system resides,and dynamics
related to what happens to leaks of heated or cooled supply air from the duct system.

Duct leakage itself is also complex andtime varying . Leakage of conditioned HVAC air to the
outside can have a significant effect on energy consumption, but modeling duct leakage for
manufactured homes is especially challenging. For a given home, the degree of leakage to the
outside can be measured in a repeaable way (by sealing the registers and presaurizing the
ducts and the home to a standard level), but this may not represent leakage under actual
operating conditions, and, as noted above, vermin and general degradation of the duct system
over time| particularly the field -installed cross-over duct for multi -section homeq can readily
change the level of leakagewithin a few years of siting .

6 https://bigladdersoftware.com/epx/docs/&/getting-started/ep-launchprogram.html
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None of these important factors are well addressed with current modeling tools , though some
work in the direction has been done in the past (e.g. Francisco and Palmier, 2007, and the
Project Team is aware of an effort currently being undertaken by LBNL to model indoor air
quality in manufactured housing that takes a more sophisticated approach to airflow dynamics
using a software tool specifically designed for that purpose (CONTAM ).

Developing better models of the belly area and duct-leakage dynamicsis sorely needed for the
manufactured -housing industry but was deemedbeyond the scope of thefirst phase of this
project. Here, we rely on a combination of simplifying assumptions and a probabilistic
approach for some key assumptions:

9 311 uWOEPOWEUVUEOwWUaAUUI OwPUWEUUUOI EWUOWET w?DOUDPEIT »

1 Belly insulation is modeled at nominal R -values without adjustment for com pression or
compromise.

1 Duct leakage under actual operating conditions is assumed to be the same as that
measured under a standard duct-pressurization test level of 25 Pascals.

1 Due to issues related to the highly unbalanced nature of duct leaks in manufactured
homes, the modeling for duct leakage usesa lessrefined, mass-conservation approach
for duct leakage DOUUIT EE wOi w$ Olretired airflow detvidnk Dddlel. |

9 For assessing potential innovations that rely on the average level of duct leakage to the
outside for new homes, we consider the uncertainty range to be from 6 to 12 cfm per 100
ft2 of floor area (these values are built into the efficient and original baselines,
respectively).

1 For assessing energy savings for innovations that seek to educe the degradation of duct
systems over time, we take an approach that defines scenario uncertainty ranges for
incidence and magnitude of degradation in a population of homes , and then
probabilistically combines these to produce ranges for savings from mitigating
degradation.

Some of these assumptions and limitations could potentially be addressed in later phases of the
project if warranted.
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Figure 3. Belly sections showing insulation and routing of HVAC ducts, water, and waste pipes.
Longitudinal section at top shows main duct trunk running the length of floor causing insulation
compression. Transverse section at bottom shows floor framing where short trunk or branch ducts run
with full insulation thickness.
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BASELINE MODEL RESULTS

Baseline model simulations were conducted for both single-wide and double -wide
manufactured home types using weather profiles from eight cities to account for a range of
climates and regional construction practices. Three mechanical equipment types were modeled
for most cities based on their prevalence by region. The small percentage of homes produced
with fuel-fired furnacesin Study Region 1 led to this simulation model being dropped in
Atlanta and Houston.

All equipment consisted of a centrally ducted air conditioner with one of three heating types: 1)
electric resistance, 2) gas furnace, 3) electric heat pump. The vast majority of manufactured
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homes utilize split -refrigeration systems with separate indoor and outdoor components , but a
significant number of packaged systems (evaporator and condenser calocated in a single
outdoor unit) are prevalent in hot -humid climates along the gulf coast. Packaged systems thus
require a portion of both supply and return ductwork located in the crawlspa ce to route air
from the outdoor air handler to indoor duct systems. Table 6 shows which mechanical systems
were modeled by HUD Climate Zone and which were excluded from analysis due to low
incidence of use in those regions. A total of 28 simulations were required for each home type
(single/double -wide) resulting in 56 total baseline runs.

Table 6. Mechanical equipment modeled for each city

Mechanical Equipment HUD Zone 1 HUD Zone 2 HUD Zone 3
(ATL, HOU) (RAL, PHX) (BAL, CHI, DEN, SE
Splitsystem AC + Elec.Resistance Hee All cities All cities All cities
Splitsystem AC + Gas Furnace Not modeled All cities All cities
Splitsystem Heat Pump All cities All cities All cities
Packaged AC + resist. heat or heat pur  Houston only ~ Not modeled Not modeled
Floor supply air (ducts in belly) All cities All cities All cities
Ceiling supply air (ducts in attic) All cities Not modeled Not modeled

Modeling results from the original baseline (as defined in Table 2) are presentedin Figure 4 for
each city showing annual heating and cooling energy use. Energy units of kBtu allow side -by-
side comparison of electric and gas fuel sources. Each bar represents mechanical system types
for double -wide (DW) and single -wide (SW) models with colored segments showing
proportions of heating, cooling , and fan energy use. Supplemertal heating is also included for
heat pumps representing second stage electric resistance heating. All ducts are below the floor
in the belly space unless otherwise noted in eachbar chart.

A considerable number of manufactured homes in the warmest climate s are constructed with
attic-mounted ducts which are represented here in Atlanta and Houston only. Models show the
energy penalty for placing ducts in the vented attic versus the belly zone was 7 to 9 percent in
both cities for AC+EF systems but significantly higher at 15 to 20 percent for heat pump
systems. The simulation of outdoor-mounted packaged systems with both attic and crawlspace
ducts was only modeled in Houston and showed a higher penalty of 11 to 18percent over
standard floor ducts.

) ) 16



Figure 4. Modeled HVAC energy use (original baseline) for single-wide (SW) and double-wide (DW)
homes by location and mechanical system type (EF = electric furnace, GF= gas furnace, HP = heat
pump) All ducts in belly unless otherwise noted. At t i ¢/ Cr a \alpatkagksystent. e s
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Denver Baseline Energy
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Comparison of original baseline annual energy use of heat pump systems in all cities for single
and double-wide homes are presented in Figure 5 and Figure 6.

Figure 5. Original-baseline energy use of heat pump systems in eight cities for single-wide homes
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Figure 6. Original-baseline energy use of heat pump systems in eight cities for double-wide homes
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Manuf actured homes built with ducts in the attic are typically found in cooling dominated

climates, thus these were only modeled in HUD Zone 1 (Atlanta and Houston). Figure 7 and

Figure 8 provide a comparison of each of three mechanical system types with ducts in the belly

versus the attic for single and double-wide homes in Atlanta and Houston.

Figure 7. Belly versus attic duct comparison of original-baseline energy use for three mechanical
system types in single and double-wide homes in Atlanta.
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Figure 8. Belly versus attic duct comparison of original-baseline energy use for three mechanical
system types in single and double-wide homes in Houston
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Full modeling results for the original baseline are included in Appendix B.

Modeling results from the efficient baseline (as defined in Table 4) represent amore efficient
reference point for manufactured homes, such as thosethat meet ENERGY STARspecifications.
Full modeling results for the efficient baseline are alsoincluded in Appendix B. An example
comparison of the two baselines for double -wide homes is presented in FHgure 9 for each city
and mechanical-system type and summarized in Table 7.

The two baselines differ primarily in envelope construction with the efficient version having
greater insulation levels throughout. The efficient baseline includes only one equipment
improvem ent over the original, a 95 AFUE furnace in place of the minimum 80 AFUE furnace.
Greater savings are most evident in colder, heating-dominated climates and especially where
gas heating is utilized.



Figure 9. Comparison of baseline modeling results between the Original ( A Orandyeof)f i ci ent
baselines for double-wide homes, by city and mechanical system type (electric furnace, gas furnace, heat

pump).
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Denver Double-wide Energy Comparison
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Table 7. Efficient-baseline total HYAC energy use compared to the original baseline, by city and
mechanical-system type.

(Doublewide home with floor ducts)

City Electric Furnace Gas Furnace Heat Pump
Atlanta -19.0% N/A -16.8%
Baltimore -19.0% -34.9% -20.1%
Chicago -26.3% -41.6% -28.6%
Denver -28.2% -41.7% -28.9%
Houston -16.4% N/A -12.6%
Phoenix -21.2% -25.5% -19.9%
Raleigh -18.8% -32.6% -15.0%
Seattle -33.2% -46.2% -33.0%

SAVINGS FOR HEAT PUMPS

Heat pumps provide a large opportunity for energy savings for residents of manufactured

homes. There areseveral possible solutions for what is often a cost-effective option. One simple

thing that manufactures can do is make the systemheat pump readpy installing a heat pump
equipped air handler in the factory instead of an electric resistance furnace Since matched
systems are rated this may mean specifying the outdoor system to be installed. Other options
include installing heat pump systems at the factory including multi -split options which have
variable speed compressors. Cold climate heat pumps are designed to operate in heat pump
mode at lower temperatures, reducing the amount of supplemental electric resistance heat.
Sizing of heat pumps can also impact the amount of backup heat required although larger

systems may consume more fan power and run in non -steady state more often. Variable speed
systems overcome some of these issues. In this section we explore savings from standard heat

pumps, two-speed high -efficiency units, and variable speed high-efficiency units. We then
explore what sort of difference sizing variable speed units may have, how much some of the
newer heat pump units designed for cold climates may save relative to standard units and

similarly the savings of not having a compressor lock out set where a unit can still provide some

efficient heating.
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Baseline heat pump savings relative to electric resistance

Table 8 shows electric energy savings fora conventional (HSPF 8.2)heat pump over an electric
furnace with standard central air conditioning under the original baseline models . Relative
savings for space heatingare large everywhere, but since spaceheating loads are small in
Phoenix and Houston, overall savings there are small. Homes with ceiling ducts show
somewhat reduced savings in this comparison.

Table 8. HVAC energy savings for a conventional heat pump over an electric-resistance furnace with
standard central air conditioning in a double-wide home.

Electric SavinggJonventionalHeat Pump vs Resistance Heat)

City Floor Ducts Ceiling Ducts
Atlanta 41.3% 35.5%
Baltimore 48.2%

Chicago 48.8%

Denver 49.3%

Houston 24.8% 19.8%
Phoenix 11.7%

Raleigh 44.6%

Seattle 60.2%

Two-Stage and Variable Speed Heat Pump Systems
In addition, we modeled the energy savings over conventional systems for higher efficiency
two -stage and variable-speed heat pumps (Table 9)

Table 9. Efficiency inputs for two-speed and variable-speed heat pumps.

Number of speeds SEER HSPF
2 stage 2 19 9.5
Variable speed 4 22 10

Figure 10illustrates the modeled energy HVAC energy use of various mechanical systemsin
Baltimore, including the three types of heat pumps and two levels of gas-furnace efficiency. The
two -stage heat pump saves 15ercent of the energy used by the standard heat pump and the
variable speed heat pump saves 28percent relative to the standard heat pump. For the sake of
comparison, we also modeled a 90 percent efficient gas furnace: it shows about 15 percent less
energy compared to the standard 80 percent AFUE furnace.”

”The BEOpt model reduces the infiltration rate when thenfge efficiency improves, likely due to reduced
combustion exhaust gas, this reduction in energy use is a little larger than just the AFUE ratio.
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Figure 10. Annual HVAC energy use for single-wide (SW) and double-wide (DW) homes for three types of

heat pump (base, two-stage, and variable-spee

d) and two levels of gas-furnace efficiency (AFUE80 and

AFUE90), for Baltimore with the original baseline.
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Figure 11 shows the annual energy savings for the improved heat pump systems relative to an

electric furnace with conventional central air conditioning in each climate. Savingsare largest in

heating-dominated climates (where heat pumps are relatively rare) and generally above 50

percentin both double-wide and single -wide units.

Savings compared to the efficient baseline are presented in
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Figure 12with the same advanced heat pump systems relative to an electric furnace with
conventional central air conditioning. The efficient baseline represents Energy Star packages
prevalent by region, along wit h reduced duct leakage and regional thermostat setpoints. This
results in a smaller amount of absolute savings than the original baseline but a similar amount
of percentage savings.
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Figure 11. Two-stage and variable speed heat pump savings relative to an electric furnace with
conventional central A/C under the original baseline assumptions.
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Figure 12. Two-stage and variable speed heat pump savings relative to an electric furnace with
conventional central A/C under the efficient baseline assumptions.
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Air SourcelntegratedHeat Pump (ASIHP)

One of the considered innovations in the study is to employ an integrated heat-pump that
serves spaceconditioning and domestic hot water loads, as well asproviding energy -recovery
ventilation. EnergyPlus Version 9.5 hasan ASIHP model, developed by ORNL 8. The model was
determined to have some bugs® and although the bugs have been fixed by authors, the fix is not
available in the public release 9.5 version. The ORNL ASIHP model may be included in future
simulation work under this project .

As afallback we approximated the savings from an ASIHP as the sisapafrately calculated
HVAC savings for the variablepeecheatpump model discussed above, plus typical savings
from a heat pump water hegtas shown in

8Bo Shen Joshua New, Van Baxter, Air source integrated heat pump simulation moésidgyPlus,
Energy and Buildings 156 (2017) 1906
9 Communication with Bo Shen at ORNL on 10/14/21, by Lixing Gu.
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Table 10.

) )

28



Table 10. Estimated energy savings for an air-source integrated heat pump as the sum of savings for a
variable-speed heat pump (ASHP) plus the savings for a heat pump water heater (HPWH), by home type
and city.

SingleWide (kBtu/yr) DoubleWide (kBtu/yr)
City ASHP HPWH  Total ASHP HPWH  Total

Atlanta 12,100 5,550 17,600, 18,200 5,550 23,700
Houston 8,400 4,700 13,100f 12,300 4,700 16,950
Raleigh 14,200 5,850 20,050| 21,550 5,850 27,400
Phoenix 7,800 3,900 11,700, 10,650 3,900 14,500
Baltimore | 15,700 6,300 22,000| 24,850 6,300 31,150
Chicago | 21,050 7,000 28,050, 34,200 7,000 41,200
Denver 16,200 6,800 23,000| 26,700 6,800 33,500
Seattle 13,400 6,600 19,950| 23,150 6,600 29,700

Reference case is electric furnace with central A/C and electric water heater,
originatbaseline assumptions.

SAVINGS FOR DUCT-LEAKAGE REDUCTION AND DUCT-SYSTEM
IMPROVEMENTS

Reductions in duct leakage have the potential for non-trivial savings in new manufactured
homes, and there are several possible solutions. These include manufaduring ductless homes
that use room conditioning, mini -splits, or radiant heating. Potential solutions also include
better construction and duct leakage testing during manufacturing at the factory. SeeTable 1 for
a brief description of duct leakage reduction innovations.

Duct leakage is typically measured by pressurizing the duct system to 25 Pascals and measuring
total leakage and leakage to theexterior of the home. We focus on the latter leakage rate here,
normalized by the conditioned floor area of the home (Qn). Our original baseline assumes that
the average new manufactured home has leakage tothe outdoors of 12 cfm per 100 f& of floor
area, or Qn=12percent (the efficient baseline assumes a Qn of §ercent). In this section we
explore the energy-savings potential by modeling the limits of duct leakage from the baseline
assumption of 12 percent down to zero duct leakage, as well asfrom insul ating cross-over ducts
to R16.

Duct Leakage Savings

Figure 13 (kBtus) and Figure 14 (percent) show modeled savings for different levels of duct
leakage for double -wide homes under the original baseline. Note that the relative savings
between heating dominated climates and cooling dominated climates appear larger in kBtus.
This is because we are showing the electric resistance furnace runs for heating whereas the
cooling efficiency is much greater and thus kBtus savings in those cities dominated by cooling
are smaller.
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Figure 13. Energy savings (kBtu/yr) associated with 50%, 75% and 100% reduction in duct leakage for a
double-wide home with an electric furnace and central A/C, by city.
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Figure 14. Energy savings (percent) associated with 50%, 75% and 100% reduction in duct leakage for a
double-wide home with an electric furnace and central A/C, by city.
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Similarly, Figure 18 shows kBtu/year duct-leakage-reduction savings for a single-wide home in
each location. Since there is nocrossover duct connection, leakage should be less in singlewide
units if factory duct installation is done well. Percentage savings remain similar to double -wide
construction.



Figure 15. Energy savings (percent) associated with 50%, 75% and 100% reduction in duct leakage for a
double-wide home with an electric furnace and central A/C, by city.
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Improved crossovers for double-wide homes can also involve upgraded duct insulation. The
baseline home assumes that thecrossoveris insulated to R-8. We modeled the impact of
upgraded R-16 insulation for the crossover (Figure 16). (Due to limited duct area outside the
conditioned space, this improvement has limited savings .)

Figure 16. Annual energy savings for upgraded R-16 (vs. R-8 baseline) cross-over insulation for a double-

wide home with electric furnace.
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Advanced controls and distribution for ductless heat pumps

Controls to better integrate ductless heat pumps with central forced -air systems could help
offset at least part of the load imposed on these systems with an efficient ductless system. We
estimated the potential savings by combining the variable -speed heat pump model (which has
similar performance characteristics to a ductless system) and adding savings from reduced duct
losses b account for the reduced duct losses associated with the central forcedair systems.
Since the degree to which a ductless system would offset the central system can be flexible, we
considered two levels offset: 25 and 50 percent The estimates for energy savings relative to an
electric furnace with conventional central air conditioning are shown in Table 11

Table 11. Estimated energy savings for ductless heat pump offset of central space-conditioning system,
by level of assumed offset, home type and city.

SingleWide (kBtu/yr) Double-Wide (kBtu/yr)
25% 50% 25% 50%
City offset offset offset offset
Atlanta 3,450 6,950 5,250 10,550
Houston 2,500 5,000 3,750 7,450
Raleigh 4,200 8,400 6,450 12,950
Phoenix 2,350 4,650 3,250 6,450
Baltimore 4,800 9,550 7,650 15,300
Chicago 6,350 12,700 10,700 21,400
Denver 4,850 9,750 8,450 16,850
Seattle 4,050 8,100 7,400 14,800

Reference case: electric furnace with central A/C under orifpas¢line
assumptions.

SAVINGS FOR SMART VENTILATION WITH HEAT PUMP WATER HEATER

Heat pump water heaters are considerably more efficient than electric resistance units. A unit
located in a manufactured home in norther n climates would typically be ducted so that the
cold-air exhaust from the heat pump water heater is exhausted outside. Through a smart
controller that air could be used to reduce the runtime of the standard bath ex haust fan. In
southern climates, the cold air is desired much of the year and may warrant a two-way system
to vent from outside to inside during the cooling season and exhausting inside air to outside
during the heating season Even in southern areas, hel | E0wx UOx wp EUI Uwi T EUI Uz Uw
typical house is small relative to the overall cooling energy use. In a Florida lab study (Colon, et.
al. 2016) a system ducted from the interior back to the interior reduced air conditioning load by
about 4 percent. Researchers also showed thechangein load from outside air by bringing it in
through the heat pump water heater, although they did not have a control case of venting the
house without the heat pump water heater.

We did not model a smart vent system with a heat pump water heater in Energy Plus; however,
we approximated the impact by assigning 4 percent cooling savings in cooling dominated
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climates (Houston, Atlanta , and Phoenix) to which we added estimated domestic hot water
savings from the heat pump water heater. For the latter, we assumed a seasonal energy factor of
2.5 for a heat pump water heater, which yields about 60 percent domestic hot water energy
savings relative to the Energy Plus-estimated consumption of a conventional electric water
heater. Table 12 shows annual savings of aheat pump water heater over a standard 40-gallon,
electric resistance water heater and associated cooling savings in warm clinates at an estimated
4 percent of total cooling per the Florida lab study. Savings are with respect to the original
baseline for single and double-wide manufactured homes with minimum efficiency air

conditioner and floor ducts. The bulk of savings are attributable to the switch to the heat pump
water heater. The results vary by city due to differences in incoming water temperature.

Table 12. Heat pump water heater with smart ventilation control energy savings over 40-gallon, electric
resistance water heater.

Doublewide SavingskBtu/yr) Singlewide SavingskBtu/yr)
City HPWH Cooling Total HPWH Cooling Total
Houston 4,678 570 5,248 4,678 434 5,111
Atlanta 5,536 387 5,923 5,530 298 5,828
Raleigh 5,841 0 5,841 5,835 0 5,835
Phoenix 3,884 858 4,743 3,884 646 4,531
Baltimore 6,305 0 6,305 6,300 0 6,300
Chicago 7,011 0 7,011 7,005 0 7,005
Denver 6,811 0 6,811 6,805 0 6,805
Seattle 6,582 0 6,582 6,576 0 6,576



COMPARISON OF MODELED IMPROVEMENT SAVINGS

Table 13indicates the savingsfor key measures under the original baseline for a double-wide
home with an electric furnace and conventional central air conditioner, and Table 14 provides

the same information under the assumptions for the efficient baseline. Percentage savings

values are relatively unaffected by the choice of baseline, but kBtu savings areabout 15 to 30

percent lower under the efficient baseline for the two heat pump measures and 5 to 60 percent
lower for the duct -leakage reduction measure.

Table 13. Modeled energy savings for a double-wide home with an electric furnace and SEER 14 central

air conditioner using the original-baseline assumptions.

Conventional Heat Pumy

VariableSpeed Heat

75% Reduction in

Pump Duct Le&age
City kBtu/yr % kBtu/yr % kBtu/yr %
Houston 5,800 25% 12,300 53% 1,760 8%
Atlanta 12,200 41% 18,200 61% 2,030 7%
Raleigh 15,500 45% 21,500 62% 3,120 9%
Phoenix 3,000 12% 10,600 41% 1,490 6%
Baltimore 19,100 48% 24,900 63% 4,230 11%
Chicago 27,700 49% 34,200 60% 6,440 11%
Denver 21,200 49% 26,700 62% 5,300 12%
Seattle 19,600 60% 23,100 71% 4,920 15%

Table 14. Modeled energy savings for a double-wide home with an electric furnace and SEER 14 central

air conditioner using the efficient-baseline assumptions.

Conventional Heat Pumyj

VariableSpeed Heat

75% Reduction in

Pump Duct Leakage
City kBtu/yr % kBtu/yr % kBtu/yr %
Houston 4,100 21% 10,200 52% 1,600 8%
Atlanta 9,500 40% 14,800 62% 1,900 8%
Raleigh 11,800 42% 17,400 62% 2,300 8%
Phoenix 2,100 10% 8,400 41% 900 5%
Baltimore 15,700 49% 20,800 65% 2,800 9%
Chicago 21,100 50% 26,100 62% 2,800 7%
Denver 15,400 50% 19,800 64% 2,300 7%
Seattle 13,100 60% 16,000 74% 2,600 12%
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COST SAVINGS AND COST EFFECTIVENESS

In this section we translate the above energy-modeling results into estimates of annual energy
costs and cost savings for theinnovations using regional fuel prices and estimates of heating -
fuel and equipment -type proportions for new manufactured -home shipments. We also apply
life-cycle costing calculations to examine the present value of lifetime energy-cost savings and
assess e potential cost effectiveness of proposed HVAC innovations. This section also rolls up
results from the eight modeled locations into regional and national estimates of baseline energy
costs, energy-cost savings for potential innovations and cost-effectiveness.

METHODS AND ASSUMPTIONS

Assessing the energycost savings life-cycle costeffectiveness of potential innovations requires
knowledge of fuel prices and assumptions about factors such as equipment life and discount
rates. In addition, developing overa Il estimates of savings and cost effectiveness at the regional
or national level requires data on| or assumptions about| the proportion of new manufactured
homes with, for example, different heating -system fuels and types. Here we discuss the
methods and asaumptions used to translate the energy-modeling results into estimates of
energy costs, energycost savings and cost effectiveness.

Regions and weighting factors

As discussed above, the team chose eight citiegor the energy modeling, representing the thr ee
HUD thermal zones as well as differences in Building America climate zones within these.
Here, we further intersect these with the six Study Regions for the purposes of developing
regional fuel prices (described below) and regional weighting factors.

Figure 17 shows the study regions, climate zones and modeling cities, and Table 15 provides the
regional and home-type weighting factors that we used. The weights are scaled to total 100,000
annual shipments of new manufactured homes, which is close to current industry prod uction
levels. Note that the Baltimore and Houston modeling results do double duty here, representing
the mixed-humid and cold climates respectively for Study Regions 4 and 5. Also, the Phoenix
modeling results are used for all of Region 3, though Region 3 actually comprises a diverse
range of climate zones This tends to exaggerate the hotdry portion of the region, though on a
national basis, the entire region represents only 7.5 percent of shipments.

In addition to regional weights, we also developed w eighting factors for HVAC system type
and fuel, along with (for Region 1) duct location. Heating fuel allocations were derived from
Census data; the others are our own estimates based on conversations with industry

0By our estimates, nesnome shipments to Region 3 by climate zone are: 68%pt11% Mixedry, 10%
Marine and 11 percent Cold.

) ) 35



stakeholders. Appendix C provides a compl ete listing of the weighting factors used in the
analysis.

Figure 17. Study regions, Building America climate zones, and selected energy-modeling locations used
in the study.

Table 15. Analysis weighting factors, by study region, Building America climate zone and home type.

HUD Weight
Study Thermal

region City Zone BA Climate Zones | Singlewide  Doublewide Total
1 Houston I All except MixeeHumid 17,927 18,264 36,191
1 Atlanta | Mixed-Humid 5,606 6,141 11,747
2 Raleigh Il Mixed-Humid 8,002 8,914 16,916
3 Phoenix I All 1,807 5,734 7,541
4 Baltimore i Mixed-Humid 1,678 1,840 3,518
4 Chicago 11 Coldand Very Cold 2,381 2,905 5,286
5 Baltimore 1l Mixed-Humid 1,103 489 1,592
5 Chicago 11 Coldand Very Cold 6,821 4,491 11,312
6 Denver 1] Coldand Very Cold 1,384 2,406 3,790
6 Seattle 1l Marine 291 1,816 2,107
Total 47,000 53,000 100,000
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Fuel-prices

We developed regional fuel prices for electricity, natural gas, propane and (for Study Region 4)
fuel oil. These were based on statelevel EIA fuel prices, which we weighted up to the regional
level based on state shipments of manufactured homes.

For eledricity and natural gas, we estimated two price components: the variable (per -kwWh or

per-therm) portion and the fixed (per -month) portion of utility charges. We did this by using

published state (for electricity) or regional (for natural gas) estimates of monthly residential

fixed charges, then calculating the statelevel average variable fuel price by subtracting

estimated aggregate annual fixed charges from EIA total residential revenues and dividing the

result by EIA total annual kWh or therm sales. 1* On average, this resulted in state perkWh

1 Ol EOUUPEPUaAwWxUPETI UwUT EVwPI Ul wEEOUUwWhYwxT UET O0wOI U
combine fixed and variable charges into a single per-kWh price. For natural gas, our state per-

therm prices averaged about 20 percent less than the EIA values.Table 16 shows the regional

fuel prices used in the analysis.

Table 16. Regional fuel prices.

Electricity Natural Gas Propane | Fuel Oll
Study $/mo. $/mo.
region | Modeling City (fixed) ¢/kWh (fixed) ¢/therm $/gal. $/gal.
Houston $11.22 10.5 $12.28 95.6 $2.81
1 Atlanta $13.13 11.1 $12.04 96.6 $2.51
2 Raleigh $12.84 9.7 $12.70 81.3 $2.28
3 Phoenix $14.67 14.2 $7.32 100.7 $2.10
Baltimore $8.68 11.9 $10.98 91.9 $2.90
4 Chicago $11.14 14.7 $13.82 104.2 $2.79 $2.91
Baltimore $11.97 11.2 $11.38 67.0 $1.89
5 Chicago $9.59 12.7 $11.66 63.5 $1.82
Denver $12.70 9.4 $8.98 65.1 $2.02
6 Seattle $10.95 9.3 $4.95 84.6 $2.10

Life-Cycle Costing Inputs

We adopted key life-cycle costing assumptionsfrom the current DOE rulemaking related to
manufactured -home efficiency standards (DOE 2021), whichsplits home buyers into three
categories depending on their financing option ( Table 17). We escalated fuel prices using the
latest supplement to NIST Handbook 135 (Lavappa and Kneifel 2021), using listed regional fuel-

11 Our egimates of statelevel fixed charges for electricity came frompeblic databasef electric utility rates,
which we combined with EIA data on utility sales to estimate staterage fixed chags Electric UtilityRates
(n.d.).Utility Rate Database. Retrieved November 4, 2021, fntims://openei.org/wiki/Utility Rate Database
For natural gas we used regional values publishedZil® American Gas Association stafigustomer charges
(AGA 2015, applying the regional value to each state in the region.
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price indices that include an assumed 2 percent inflation. All results presented here are based

on a 25-year lifetime.

Table 17. Life-cycle costing factors used in the current DOE rulemaking (DOE 2021) and adopted here.

Chattel Realestate Cash
loan mortgage purchase

Percent of home purchases 54.6% 15.4% 30%
Loaninterest rate 9% 5%
Down payment 20% 20%
Loan fees 1% 1%
Term (years) 15 30
Discount rate 9% 5% 5%
Propertytax rate 0.9%
Salegtax rate 3%

Break-Even Incremental Cost

From a life-cycle energy-savings perspective, a particular innovation can be deemed cost
effective if the discounted present value of its costs| mainly the up -front incremental cost but
also any associated ongoing costg is less than the discounted present value of lifetime energy
savings. However, because we do not yet have solid estimates of the incremental cost for some
innovations (primarily those related to duct -system improvements), we turn the analysis

around and rely on the calculated breakeven increnental costAs the name implies, this is the up-
front incremental cost that yields a net present value of zero when combined with the
discounted life -cycle value of energy savings and additional on-going costs, such as increased
property taxes. At the break-even incremental cost, a buyer should be financially indifferent
about whether to choose an innovation over the baseline option. If the actual incremental cost is
less than the breakeven value, it is financially advantageous to choose the innovation over
conventional practice. On the other hand, if the actual incremental cost is greater than the break
even value, it is better to stick with standard practice.

BASELINE ENERGY COSTS

To set the stage for cost savings associated with various HVAC innovations, it is helpful to first
look at estimates of annual energy costs among new manufactured homes.Combining the
energy-modeling results with regional heating -fuel proportions and fuel prices yields estimated
annual energy costs that average $1,410 for a typical singlevide home and $1,760 for a double-
wide nationally ( Figure 18). Climate, heating-fuel proportions, fuel prices and the number of
double- versus single-wide homes all factor into regional energy costs. Region 4 stands out as
having notably higher costs, due to nearly half of new manufactured homes in that region being
heated with propane or fuel oil, which are relatively expensive fuels.

Nationally, heating and cooling energy costs make up roughly half of total energy costs , for an

average of about $775 per year. Regionally these costsrange from $630 in Region 1 to $1,340n
Region 4. Estimated heating and cooling costs vary significantly by system type and location
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(Figure 19). Costs are highest for homes in cold climates with electric or propane furnaces, and
lowest for homes in mild climates with heat pumps, as well as in most regions where natural

gas is the heating fuel. Note however, that systems with high operating costs, such as electric

furnaces in the North, tend to be rare in the population.

Figure 18. Estimated annual energy costs by type of home and region.
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Figure 19. Estimated heating and cooling costs by type of home and modeled location.
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We can alsouse the modeling results and regional fuel prices to estimate the distribution of
annual heating and cooling costs across the country for new manufactured homes. This
analysis suggests that most homes have HVAC costs between about $400 and $800 for single
wide homes, and between about $600 and $1,100 for doublenvide homes (Figure 20). However
about 20 percent of homes are expected to have heating and cooling costs above these ranges:
these are homes in colder climates with electric, propane or fuel-oil furnaces.

Figure 20. Estimated cumulative distribution of annual heating and cooling costs, by home type.
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Individual bars are combinations of region and HVAC system type. The width of the bar represents the proportion of national shipments of new manufactured homes.

All the preceding results are derived from the original baseline. The alternative efficient
baselineresults in lower space-heating costs (Figure 21). The difference between spaceheating
and spacecooling impactsis due to the use of regional setpoint temperatures for the efficient
baseline. Theseare generally lower than the original baseline for both space-heating and space
cooling, which has the effect of reducing spaceheating costs while increasing spacecooling
costy all within the context of a general reduction in heating and cooling loads due to a more
thermally -efficient building shell. The overall effect of the efficient baseline is space
conditioning costs that are 23 percent lower than the original baseline on anational basis.



Figure 21. Space-heating and space-cooling costs for the efficient baseline relative to the original
baseline, by region.
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HEAT PUMPS

Turning to the que stion of the savings and costeffectiveness of heat pumps, we examined the
annual energy-cost savings and breakeven incremental cost for the three modeled types of air-
source heat pumps relative to electric, propane and natural gas furnaces. The analysisshows
that for most regions of the country, there is substantial cost-savings potential associated with
heat pumps over electric and propane furnaces, especially for high-efficiency variable speed
units. Among the 50 percent of new manufactured homes that currently rely on an electric
furnace and central air conditioner, a variable -speed heat pump would save roughly $300 to
$700 per year in heating and cooling costs for singlewide homes and $400 to $1,200 per year in
double-wide homes (Table 18 and



Figure 22). Energy-cost savings are even higher among tte one in ten homes that are heated
with propane ( Figure 23).

Moreover, when compared against electric and propane furnaces, higher-end heat pumps
appear to be financially attractive, with a break -even incremental cost that exceeds $3,000 for
single-wide homes in warm climates to upwards of $15,000 for double -wide homes in colder
areas (see lower half of

) )
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Figure 22 and Figure 23). If| as appears to be the cage most new manufactured homes are
already provided with central air conditioning, the cost to upgrade to a variable -speed heat
pump is likely to be well within the se breakeven values.

Note that all these results are about 30 percent lower under the efficient baselinecompared to
the original baseline results above.

Table 18. Annual energy-cost savings and break-even incremental cost for heat pumps compared to an
electric furnace with central A/C, by home type and region.

Current Annual energycost savings Breakeven incremental cost
electric Conentional Two $age Var Speed| Conentional Two $age  Var Speed
Home _ furnace HP HP HP HP HP HP
type Region | market share
1 62% $140 $210 $290 $1,900 $2,400 $3,100
2 60% $280 $360 $410 $3,800 $4,500 $5,000
_ 3 33% $80 $250 $320 $1,100 $2,500 $3,100
SV'vri‘g('ee 4 24% $520 $600 $670 $7,700 $8,600 $9,600
5 25% $590 $660 $740 $7,700 $8,400 $9,300
6 36% $330 $390 $420 $4,600 $5,300 $5,700
National 50% $220 $290 $370 $3,000 $3,600 $4,300
63% $230 $320 $420 $3,000 $3,700 $4,700
2 62% $440 $550 $610 $6,000 $7,000 $7,700
3 30% $130 $330 $440 $1,800 $3,300 $4,400
D\?v‘iJ dbe'e 4 27% $860 $970 $1,090 $12,800  $14,000  $15,600
5 21% $970 $1,070 $1,210 $12,700 $13,700 $15,400
6 58% $560 $640 $680 $7,800 $8,700 $9,300
National 52% $340 $440 $540 $4,700 $5,500 $6,500

*Blended average of 55% of homi@sanced with a chattel loan, 15% financed with a +estiate loan and 30% purchased in casl



Figure 22. Energy-cost savings and break-even incremental cost for three types of heat pumps compared

to an electric furnace with central A/C, by home type and region.
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Figure 23. Energy-cost savings and break-even incremental cost for three types of heat pumps compared
to a propane furnace with central A/C, by home type and region.

Heat Pump vs. Propane Furnace

Annual energy-cost savings

Single-Wide Double-Wide
$1,500 —
$1,000 —
$500 —
Not Not
$0 modeled modeled
1 2 3 4 5 6 National 1 2 3 4 5 6 National
Average Average
Region Region

Break-even incremental cost*

A Chattel loan @® Cash or mortgage
Single-Wide Double-Wide
$30,000 —
3 [ ]
= [ ]
3 ([ ]
20,000 =
$ 1 1
—: .. AA .. o? ..
g ° ..’ ° ’ °
. A [ ] A AA A
$10,000 = o® AA o® o °® AAA AA A AA
: ¢4 PIa [ia | (a4
_: AA AA A °
E o *x Not 24
$0 ——modeled cTv @TVv CTV CTV CTV | CTV modeled CTV 8v ctv ctv ctv | cTv
1 2 3 4 5 6 National 1 2 3 4 5 6 National
Average Average
Region Region

Heat pump types:

Conventional, single-stage
Two-stage
Variable speed

Baseline: propane furnace; central A/C; electric water heater
Alternative: heat pump for space conditioning; electric water heater

*Break-even incremental cost is the incremental cost that equals the present value
of life-cycle energy-cost savings, less incremental property taxes and up-front loan costs




When it comes to the one in six new manufactured homes that heat with natural gas, however,
the situation is very different | at least at first glance. At current natural gas prices, in much of
the country the operating cost for even a high-efficiency, variable-speed heat pump is actually
higherthan that for a standard-efficiency furnace and central A/C system (Figure 24). The
strongly negative energy-cost savings for the Midwest (Study Region 5) are particularly
noteworthy, because more than 40 percent of new manufactured homes that heat with natural
gas are shipped to tis region.
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Figure 24. Energy-cost savings and break-even incremental cost for three types of heat pumps compared
to a natural gas furnace with central A/C, by home type and region. Assumes a conventional gas water
heater for the baseline (gas furnace) case and a conventional electric water heater for the alternative
(heat-pump) case.
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However, when comparing heat pumps to natural gas furnaces, there is an important additional

consideration: the fuel and type of water heater and the presence or absence of naturalgas

Ul UYPET wPbOwUT 1T wEEUT wOi wOT T wi T EQwxUOx86w#EUEWI UOOwWS
Survey indicate that about 60 percent of manufactured homes with natural gas heat also have a

gas water heater, while 40 percent have electric water heaters. A conventional electric water

heater is generally more expensive to operate than a gas water heater but shifting to an alt

electric home can avoid the need for natural gas service entirely and thus eliminate monthly

gas-service charges?iz Moreover, upgrading to a heat pump water heater can significantly

reduce the cost of using electricity to provide domestic hot water | though at the expense of

additional up -front investment.

Table 19 shows how heating and cooling, domestic hot water and gas service charges compare
for a double-wide home in Chicago when considering a variable -speed heat pump over a
natural gas furnace. At current regional energy prices, a heat pump results in lower energy
costs only if paired with a heat pump water heater | and only in the case of a home that would
otherwise have received a conventional electric water heater.

Table 19. Estimated HVAC, domestic hot water (DHW) and fixed gas-service charges for different DHW
configurations when comparing a variable-speed heat pump to a gas furnace for space conditioning for a
double-wide home in Chicago.

Baseline (gas furnace) Alternative (variablespeed heat pump)
Annual cost* Annual cost* Annual

DHW Gas DHW Gas cost
type HVAC DHW Fixed Total type HVAC DHW Fixed | Total savings

$699 $102  $140 $941 Gas $846 $102 $140| $1,087| -$146
Gas $699 $102  $140 $941 Elec $846 $422 $0 | $1,267| -$326

$699 $102  $140 $941| HPWH $846 $160 $0| $1,006| -$65

$699 $422  $140 $1,261 Elec $846 $422 $0 | $1,267 -$6
Elec $699 $422  $140| $1,261| HPWH | $846 $160  $0| $1,006| $255

DHW types:

Gasg conventional gas water heater (EF=0.67);
Elecg conventional electric water heater (EF=0.95);
HPWHg heat pump water heater (EF=2.5).
*at current regional average price of 63.5 cents per therm for natural gas and 12.7 cents per kWh for electricity

At the regional level (Figure 25), the analysis suggests generally positive savings against natural
gas in Regions 2 and 3 regardless of the watetheater scenario. For Regions 4 through 6,
however, the savings range from strongly negative to strongly positive depending on the region

2Full electrifcation also requires the kitchen range and oven to be electric. RECS data indicate that about 75
percent of manufactured homes with gas space heating also have gas ranges. We assume that electrification of
cooking would also follow from electrification sfpace heating and water heating, but we did not calculate the
energycost impacts of cooking electrification, as these are generally small.
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and scenario. Note that these three regions account for about 60 percent of all new
manufactured homes with natural gas heat.

Figure 25. Annual energy-cost savings for a variable-speed heat pump over a natural-gas furnace and
central A/C for four water heater scenarios, by region and home type.
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Note: Region 1 not modeled due to low incidence of natural-gas heat

*for space heating and cooling, domestic hot water and natural-gas fixed charges $7A [
at current regional average natural-gas and electricity prices.

It is also important to recognize that these results are sensitive to the price of natural gas, which
has been inexpensive for some time but has recently shown signs of increasing Figure 26 shows
how the break-even incremental cost for a variable-speed heat pump over a natural-gas furnace
varies with the price of natural gas for a double -wide home modeled for Chicago under

different water -heating scenarios. For a home that would otherwise receive a gas furnace and
electric water heater, upgrading to the heat pump and heat pump water heater has a break-even
incremental cost in the range of $4,M0 to the $5,000, even at current natural gas prices. The
other water-heating scenarios, however, do not achieve these levels until the price of natural gas
is well over $1.00 per therm.

All of these factors make assessing the coseffectiveness of heat pumps against natural-gas
furnaces a complicated endeavor.Policy goals to promote heat pumps and electrification of
space heatingto mitigate climate change drivers could also lead to incentives that strongly
affect the economics of heat pumps versus naturd gas.



Figure 26. Break-even incremental cost for a variable-speed heat pump compared to a natural gas
furnace in Chicago, for different water heating scenarios.
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Gas - Conventional gas water heater (EF=0.67)
Elec - Conventional electric water heater (EF=0.95)
HPWH - Heat pump water heater (EF=2.5)

*Break-even incremental cost is the incremental cost that equals the present value of life-cycle energy-cost savings for the alternative (heat pump)
over the baseline (gas furnace), less incremental property taxes and up-front loan costs. Accounts for absence of natural gas-fixed charges for the heat-pump case.

Air-Source Integrated Heat Pump (ASIHP)

As described previously, we approximated the savings from an ASIHP system as the sum of
savings from a separately modeled variable-speed heat pump and those from a heat pump

water heater. Figure 27 shows the calculated energy-cost savings and breakeven incremental
cost for this innovation, by region and ho me type. Because the innovation involves substantial
reductions to both space-heating and domestic hot water energy, the savings are the highest of
any of the innovations examined. Even so, the analysis suggests that operating costs will be
higher than conventional systems for many homes with natural -gas heat. This reduces the scope

of this innovation by about 9 percent nationally but eliminates about half of shipments to
Region 5.
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Figure 27. Annual energy-cost savings and break-even incremental cost for an air-source integrated heat
pump versus conventional space-conditioning and domestic hot water systems, by home type and region.
Does not include ventilation savings from heat recovery.
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**Break-even incremental cost is the incremental cost that equals the present value
of life-cycle energy-cost savings, less incremental property taxes and up-front loan costs




DUCT LEAKAGE REDUCTION

Five of the potential innovations considered here involve reducing duct leakage, which has long
bedeviled the manufactured housing industry. Here, the modeling and fuel -price estimates
suggest that each cfm of ductleakage reduction per 100 f& of floor area (that is, each0.01
reduction in Qn) is worth between about $3.50 and $19 in annual energy cost savings andhas a
break-even incremental cost of between $35 and $350, depending on the region of the country
A 75 percent reduction in duct leakage under the original baseline would produce a national -
average of about$50 per year for singlewide homes and $85 peryear double-wides (Figure 28).
Because a doublewide home is significantly larger than a single -wide, a given change in Qn has
a larger dollar impact in the former. In absolute terms, again on a national basis, our analysis
suggests thata leakage reduction of 100 cfmwill result in energy -cost savings of about $60 per
year in both single- and double-wide homes, with a (blended) break-even incremental cog of
about $900.

Translating all of this into savings and break -even incremental cost for specific innovations
requires assumptions about the incidence and magnitude of duct-leakage issues that would be
resolved by the innovation. Figure 29 shows on a national basis how the breakeven incremental
cost varies with the assumed percent of homes that have a duct leakage issue and the assumed
average leakage reduction achieved when addressed by the innovation: higher incidence rates
and higher average reductions mean higher incremental costs that can be supported by energy
savings from the innovation.
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Figure 28. Energy-cost savings and break-even incremental cost for 75 percent duct leakage reduction.

75% Duct Leakage Reduction*
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From,Qn=0.12 to Qn=0.03 cfm of duct leakage to the outside at 25 Pascals of duct pressurization
per ft” of conditioned floor area.

**Break-even incremental cost is the incremental cost that equals the present value
of life-cycle energy-cost savings, less incremental property taxes and up-front loan costs




Figure 29. National average break-even incremental cost for resolving duct-leakage issues, by home
type.

Break-Even Incremental Cost* for Duct-Leakage Reduction
National Average
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*Break-even incremental cost is the incremental cost that equals the present value of
life-cycle energy-cost savings, less incremental property taxes and up-front loan costs

**duct leakage to the outside in cfm at a duct pressurization level of 25 Pascals

The actual incidence and magnitude of leakage reductions for the innovations is difficult to
know. But given ranges for these, the results above can be used to roughly bound the
supportable incremental cost for innovations that seek to reduce duct leakage. Table 20 shows
national-averageranges for energy-cost savings and breakeven incremental costs for what we

consider to be plausible rangesof incidence and magnitude for the innovations that seek to
reduce duct-leakage.
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Table 20. Approximate national-average HVAC energy-cost savings and break-even incremental cost
associated with scenario ranges for duct-leakage related innovations.

HVAC energy savings
Scenario Ranges for Percent Breakeven
Innovation Innovation Impacts $ per year incremental cost
Simplified inplant testing of
every home reduces average
duct leakage by 70 to 90% 5-10% $35-$70 $500- $950
ImprovedHVAC | relative to baseline of 6 to 12
D1 Quality CFEM25 per 100 iof floor area.
Assurance Simplified field diagnostics
Protocols identifies and remedies an
average of 50 to 100 CFM25 of] 4-8% $30- $55° $50- $100
leakage in 5 to 15% of homes
tested.
ImprovedCross
D2 cE))veeSrigDr:cht Pfrever(ljts 1(I) taf_lo%I ofkhotr;:e;s
- rom developing leaks tha
t((:eztr?nr;agafltlve average 50 t@00 CFM25 and 0.54.0% $5-$30 $50 - $400°
D2a different cross develop afterl to 5years
overapproaches
70-90% reduction in duct
AeroSeal in a leakage relative to baseline of €
D3 | Factory Setting | to 12 CFM25 per 100%%of floor | > 10% $35-370 $500- $950
area
Interior duct 100% reduction in duct leakage
D4 designs to relative to baseline of 6 to 12 7-13% $45- $85 $650- $1,150
eliminate leakage| CFM25 per 100 fof floor area
Notes

a) Results based or"&nd 93" percentiles from Monte Carlo simulation (n=10,008ing input ranges above (assumed to be
uniform distributiong and modeled energy impacts per unit of leak reduction. Uncertainty in fuel costs and otheydiéecosting
parameters is not included.

b) For homes where leaks are identified and remediated.

c) Includes effect of reduced present value due to delayeskbaf crossover failure.

d) Does not include savings from improved insulation level (see next report section for combined impact).

IMPROVED CROSS-OVERS

Innovation D2 (improved cross -overs) involves improving traditional under -belly cross-overs to
both reduce the potential for later cross-over failure resulting in duct leakageas well as
upgrading the level of insulation for the cross-over. In the prior section, we examined the cost-
savings potential for reducing leakage associated with down -the-road cross-over failure: here
we add in the effect of increasing the crossover insulation level to look at the cost-savings
potential for the package.

Figure 30shows the energy-cost and break-even incremental cost implications of the modeled
energy savings from increasing cross-over insulation from standard practice (R -8) to R-16. The
annual energy-cost savings ranges from about$3 to $11, with a national average of about $8.
This translates into regional break-even incremental costs of between roughly $40 and $210.
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On a national basis, the improved cross-over R-value has a breakeven incremental cost of about
$100. When added to the reducedleakage for this innovation shown in Table 20, the break-even
incremental cost range for the package becomes $200 to $550.
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Figure 30. Energy cost savings and break-even incremental cost for improved (R-16) cross-over duct
insulation, by region.
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**Break-even incremental cost is the incremental cost that equals the present value
of life-cycle energy-cost savings, less incremental property taxes and up-front loan costs




INTEGRATION CONTROLS FOR DUCTLESS HEAT PUMPS

Innovations H2 (Advanced Controls and Distribution for Ductless Heat Pumps) and H3 (Quick -
Connect Fittings for Ductless Heat Pumps) call for integrating a ductless heat pump with a
central ducted HVAC system, with the latter innovation also providing a potentially more cost -
effective way of installing the ductless system.

For modeling purposes, we assume that the ductless system takes over somehere between 25
and 50 percent of the total load of the home, with a commensurate reduction in duct leakage.
We thus estimate the costsavings and break-even incremental cost as a combination of half the
previously shown savings from a variable-speed heatpump, plus the savings associated with a
50 percent reduction in duct leakage.

As with the preceding heat pump analysis, energy savings are negative against natural-gas heat
in most parts of the country at current fuel prices. Figure 31shows the regional and national
annual energy-cost savings and breakeven incremental cost for a 50 percent load offset when
cases with negative life-cycle savings are excluded. Nationally, this eliminates only about 11
percent of new-home sales, but more than half of annual new homes in Region 5 are excluded in
this analysis. Impacts at the low-end estimate of a 25 percent ductlessheat-pump load offset
would be half the values shown in the figure.

In addition to the question of how much of the total heating and cooling load of the home

would be taken up by the ductless unit, uncertainty in the average baseline duct leakage level
creates some uncertainty in the estimates for these innovdions. The preceding analysis uses the
original baseline estimate for duct leakage to the outside of 12 cfm per 100 square feet of floor
area. If we instead use the leakage estimate under the efficient baseline (6 cfm per 1003y, first-
year energy-cost savings and the break-even incremental cost are reduced by about 8 percent.

Combined, uncertainty in the amount of load offset by the heat pump and the duct leakage
savings suggests a national average range of energycost savings between about $65 and $125
per year (8 to 15 percent of HVAC operating costs), and a breakeven incremental cost range of
$950 to $1,800.

All these results are about 30 percent lower if calculated with the alternative efficient baseline.
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Figure 31. Energy cost savings and break-even incremental cost for integration of a ductless heat pump
with central ducted HVAC system.
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