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Residential New Construction Energy Optimization Cost Study
This study was designed to help estimate capital and ownership costs of various combinations of shell and
mechanical systems in new single-family and low-rise multifamily homes in Massachusetts. Energy
Optimization (EO) refers to a philosophy of fuel-neutral energy reduction to maximize benefits relative to
costs. Different market actors (e.g., builders, renters, or homebuyers) prioritize benefits and costs based on
their goals (e.g., construction costs, utility bill savings, long-term ownership costs, or emissions savings). This
study modeled thousands of combinations of home characteristics (i.e., “packages”) to help market actors
identify optimal construction techniques to meet their specific goals.
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The chart to the right shows costs and site savings for optimized
packages for a new single-family home in Worcester as an
example. The point at the bottom of the curve represents the
most energy savings for the least long-term costs to the
homeowner, including construction and utility costs.

Colonial, stud-framed, furnace/CAC
Worcester
AERC ($1,000)

EO can produce homes that are more affordable, more
energy efficient, and less carbon intensive than a typical
home, regardless of heating equipment type.
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Builders can save on their bottom line while constructing more energy-efficient homes—
resulting in lower utility bills for occupants. Many homes could be built to reduce energy
use by 15% or more for no additional construction costs.
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A Reference home: typical MA home with a given
HVAC type, based on 2019 Baseline Study
B Payback Period Package: optimized with measures
that minimize payback period for upgrades
C Ownership Cost Package: optimized to reduce
long-term ownership costs for the owner
D Site Savings Package: optimized to yield the most
site savings from among modeled options

AERC - Annualized Energy Related Costs:
includes constructions cost annualized over a
30-year mortgage with interest, equipment
replacement costs, and annual utility costs with an
escalation rate

Site Energy Savings

Common Practices in Optimized Homes
•
•
•
•

2x6 Stud framing placed 24 inches apart
Installing insulation properly
Avoiding ducts in unconditioned space
Insulating hot water pipes

Prioritization of Costs
1.
2.
3.
4.

Energy optimization during design
No-cost measures
Shell measures
HVAC measures

Electrification

Gas homes have the lowest ownership costs, but optimized electrically-heated homes can
achieve greater site energy savings at similar levels of affordability.
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The furnace/CAC Ownership Cost package is
the most affordable package (AERC of $4,074
and site energy savings of 24%).
However, all four heat pump packages have
site energy savings of at least 24%. The
Ownership Cost packages for heat pump
homes have twice as much site energy
savings as the Ownership Cost package for
furnace/CAC homes.
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Site Energy Savings Relative to Furnace/CAC Reference

• Payback Period package for ASHPs costs builders
$1,556 less than a typical furnace/CAC home
and uses 42% less energy on site.
• Payback Period package using MSHPs costs
builders $8,252 less than a typical furnace/CAC
home and uses 46% less energy on site.
• Heat pump homes’ utility bills range from 8% to
22% more than a furnace/CAC home due the
higher price of electricity.

Energy Efficiency Related
Construction Costs

Construction costs for all-electric single-family homes can be similar to natural gas homes,
achieving greater site energy savings but with the drawback of higher utility bills.
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Heat pump systems can serve optimized homes with minimal reliance on backup heat. Modeling
accounted for the coldest days of winter. With an optimized shell, cold-climate heat pumps maintain most of their
capacity at cold temperatures and can satisfy most of the home’s heating needs without switching to backup heat.

Regardless of HVAC type, emission reductions of about 20% are possible without increasing
costs relative to a typical home. For example, the model of a stud-framed, Colonial home in Worcester
with an oversized ASHP system saved more than double the emissions that could be saved from an optimized
furnace/CAC home, for only $455 more a year (AERC) over a 30-year mortgage.

Key Study Limitations
•
•
•
•
•

Analysis relies on models and economic assumptions that would differ from any specific home.
Analysis covers only energy-efficiency-related costs of homes and assumes other costs such as
countertops and flooring are constant across models.
Analysis does not include onsite renewable generation.
Analysis does not account for increasing shares of renewables on the electric grid.
Future utility costs do not account for climate change’s impacts on heating and cooling loads.
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Glossary
Term

Definition

ACH50
AERC

Air Changes per Hour with a 50-Pascal pressure gradient
Annualized Energy-Related Costs, i.e., utility bills, mortgage, and replacement costs

AFUE

Annual Fuel Utilization Efficiency

ASHP
BEopt

Air-Source Heat Pump; a ducted fixed refrigerant flow heat pump
NREL’s Building Energy Optimization modeling tool (more info available here)

BTU

British Thermal Unit; a measure of energy consumption

BTUh

British Thermal Units per Hour

CAC

Central Air Conditioner

CFA

Conditioned Floor Area

CFM25

Cubic Feet per Minute with a 25-pascal pressure gradient

CO2e
COP

Carbon dioxide equivalent, a measure of greenhouse gas emissions
Coefficient of Performance; a measure of equipment efficiency, usually heating

DHW
EF
EPS
EO
ERI
ERV

Domestic Hot Water
Energy Factor; a measure of equipment efficiency, variations include CEF, IMEF, MEF and UEF
Expanded Polystyrene; friable foam like a coffee cup
Energy Optimization; an approach to efficiency that maximizes savings benefits relative to costs
Energy Rating Index; summarizes a home’s overall efficiency, lower is better
Energy Recovery Ventilation; higher performance option to an HRV

FGB
Grade

Fiberglass Batt; a pad of loosely felted glass fibers that traps air
Insulation installation quality; Grade I is best.

GSHP
HDD
HERS
HPWH

Ground Source Heat Pump
Heating Degree Days; often followed by a number indicating reference temperature
Home Energy Rating System; summarizes a home’s efficiency, lower is better
Heat Pump Water Heater

HRV
HSPF
HVAC

Heat Recovery Ventilation
Heating Season Performance Factor; a measure of electric heating efficiency
Heating, Ventilation and Air Conditioning

IECC
kWh
MSHP

International Energy Conservation Code
Kilowatt-Hour; a unit of electricity consumption
Mini or Multi-Split Heat Pump; variable refrigerant flow heat pump, usually ductless

NREL
NREMDB

National Renewable Energy Laboratory
NREL’s National Residential Efficiency Measures Database, that provides measure costs

PAs
R-value
RNC

Massachusetts Gas and Electric Program Administrators
Measure of a material’s resistance to the flow of heat, higher is better
Residential New Construction

SEER

Seasonal Energy Efficiency Ratio; a measure of cooling system efficiency

SHGC

Solar Heat Gain Coefficient; a measure of how much infrared light passes through a window

SIP
TDL

Structural Insulated Panel, an alternative to conventional framed construction
Total Duct Leakage

U-factor
UCB

Measure of a material’s resistance to the flow of heat, lower is better
Unconditioned Basement

UDRH

User-Defined Reference Home; the hypothetical baseline home for the RNC program

XPS

Extruded Polystyrene; rigid foam sometimes used as padding in packaging

ES
Executive Summary
The MA20R23 RNC Energy Optimization Cost study is designed to help estimate capital and
ownership costs of various combinations of shell and mechanical systems for end-users, owners,
and builders of new single-family and low-rise multifamily homes of three-stories or less. Energy
Optimization (EO) refers to the incorporation of energy-efficiency related measures into a home
design that maximize benefits relative to costs. Different benefits and costs may apply to different
market actors based on their personal goals (e.g., saving money on utility bills, reducing upfront
costs, or reducing greenhouse gas [GHG] emissions) and relationship to the home (e.g., the
builder or the homeowner). Decision makers of different types can employ EO to maximize the
benefits that are most important to them, as outlined in Table 1.

Table 1: Potential Benefits of EO, by Market Actor
Market Actor
Builder
Renter
Homebuyer

Eco-minded Homebuyer
Fuel-particular Homebuyer

Benefit
Creating the most energy savings possible for little to no extra
capital costs
Achieving low utility bills, regardless of upfront capital costs
Achieving low ownership costs, including utility bills, maintenance,
equipment replacement costs, and the installation costs of energyefficient upgrades built into a 30-year mortgage
Creating a highly efficient low carbon home, regardless of upfront
costs
Achieving selected goals above with a preference for a
particular HVAC or fuel choice

The study included energy modeling that examined tens of thousands of combinations of home
characteristics, such as building framing, insulation levels, windows, air tightness, HVAC
equipment, and water heating equipment, to identify optimal packages of measures that can be
included in a new home to achieve those various benefits.
The findings in this study are specific to Massachusetts. Readers can use the findings in this study
to identify optimal construction practices to meet their specific goals when building a new home,
but should recognize that all homes are different, and no real home will perfectly align with the
costs or performance of the modeled results included here.

STUDY OBJECTIVES
As baseline construction practices continue to improve and EO gains momentum as a tool for
achieving cost-effective savings, it is important to obtain robust data on the costs associated with
upgrading shell measures and upgrading to more efficient mechanical systems of various fuel
types and in various configurations and combinations. The results of this study can be used to
inform program design and planning efforts.

1

RESIDENTIAL NEW CONSTRUCTION ENERGY OPTIMIZATION COST STUDY (20R23)

This study sought to address the following research questions about the Massachusetts RNC
market:
•

What are the incremental costs (capital and ownership costs) associated with upgrading
to various high-efficiency HVAC and water heating equipment configurations, focusing on
both electric and natural gas systems?

•

What equipment and fuel type combinations best balance energy savings (annual and
peak demand) and installation costs?

•

What is the relationship between capital costs and ownership costs when upgrading to
more efficient HVAC and water heating equipment?

•

How does the relationship between building shell efficiency and HVAC efficiency affect
cost-effectiveness of various system types?

•

How do maintenance and replacement costs compare for equipment of various types and
efficiency levels?

METHODOLOGY OVERVIEW
BEopt EO modeling. The study relied on NREL’s BEopt modeling tool to identify combinations
of energy-efficient measures (packages) that optimize various benefits and costs 1 NREL
describes BEopt as allowing users to “evaluate residential building designs and identify costoptimal efficiency packages at various levels of whole-house energy savings along the path to
zero net energy.” BEopt software simulates construction costs, ownership costs, and energy
savings associated with different combinations of building features, such as insulation levels and
HVAC equipment choices. Designers, builders, and other specialists can use BEopt to help select
building characteristics that meet their specific goals.
Core model prototypes. NMR created 48 core prototypes of single-family homes to model with
BEopt, and additional prototypes to test various configurations of interest. The prototypes
consisted of both ranch and colonial-style homes. The prototypes were located in Barnstable,
Boston, and Worcester – the climate zones where most new homes in Massachusetts are built.
NMR also created eight multifamily building prototypes in Boston and Worcester (the climates
where most multifamily homes are built in Massachusetts). The multifamily prototype buildings
had 30 units and three stories.
Full optimization models were run for home designs with natural gas and electric HVAC systems,
including furnace/central AC, ducted ASHP, MSHP, and GSHP. Models with each of those HVAC
systems could select between natural gas storage tank, natural gas tankless, or electric heat
pump water heaters. Additional analysis included an assessment of dual-fuel systems (Appendix
C.4) and homes with propane systems (Appendix C.9).

1

https://www.nrel.gov/buildings/beopt.html
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Packages – measure combinations within each prototype. For each prototype, NMR used
BEopt software to model hundreds of packages – variations on the basic prototype with different
combinations of building features. This process tests these various combinations to find optimal
packages that best meet various criteria of interest. From the hundreds of packages for each
prototype, NMR isolated four key packages: a typical, new construction home (i.e., a UDRHlevel reference home) and three different optimized packages, as described below (none of
which include onsite renewable generation).
1. The Payback Period Package provides the most energy-savings for little to no extra
upfront costs. This fast payback package maximizes benefits for the builder looking to
avoid additional upfront costs.
2. The Ownership Cost Package balances upfront construction and long-term ownership
costs, and prioritizes benefits to the homebuyer or owner who will pay the bills and
mortgage for 30 years. It includes all the energy-efficiency upgrades with utility bill savings
that exceed their initial upfront costs, when considered over a 30-year period.
3. The Site Savings Package achieves the maximum site energy savings possible when
choosing between the measure-level model inputs used in this study, which are readily
available in the Massachusetts market.2 It prioritizes energy savings, regardless of upfront
or operational costs, and would be of most interest to the eco-minded homebuyer or
owner. Readers should note that the Site Savings package does not represent the most
energy savings technologically possible in a new home. It represents only the maximum
savings achievable when using combinations of measure-level options included in this
study. These measure-level options are based on the range of practices seen in the
MA19X02 baseline study.3 This grounds the results in achievable savings with reliable
measure-level cost estimates. As a supplemental task, the study explored homes
optimized for even higher levels of performance. The results for these packages – Site
Savings with Uncommon Efficiencies (SSUE) – can be found in Appendix C.1.1.
EO rather than electrification. Because this study focuses on EO rather than electrification, it
did not include full optimization models for all-electric homes. However, it does include some
supplemental analyses to provide feedback about all-electric homes. Based on the selected
packages listed above, NMR compared home packages with electric heat to those with nonelectric heat (Section 3.2). Additionally, the team developed costs for all-electric homes for
informational purposes (Section 3.3), though these packages may not represent the most
affordable all-electric options available because they are not fully optimized.
Massachusetts-specific measure costs. NREL’s BEopt software includes average national
costs for installing measures in new homes. NMR adjusted these costs to reflect the
Massachusetts market using two methods: one for shell measures and one for mechanical
equipment measures. For shell measures, NMR adjusted the national costs using Massachusetts-

2

Site energy represents energy consumed by the building onsite, as opposed to source energy, which represents the
amount consumed to supply the energy consumed onsite. Appendix B.3.4 provides assumptions about source ratios
used in modeling. Appendix E provides source savings values for models. This report focuses on customer costs,
hence using site energy. https://www.energy.gov/eere/analysis/energy-intensity-indicators-terminology-and-definitions
3
https://ma-eeac.org/wp-content/uploads/MA19X02-B-RNCBL_ResBaselineOverallReport_Final_2020.04.01_v2.pdf
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specific multipliers provided by the U.S. Bureau of Labor Statistics. The cost estimates were from
December 2020 and pre-date the pandemic-related spike in lumber and window costs seen in
2021. For mechanical equipment, NMR first conducted a literature review to identify previous
research on Massachusetts-specific costs and then fielded a web-survey with 34 Massachusetts
HVAC contractors to get cost estimates. NMR also conducted eight in-depth interviews with
survey respondents to delve deeper into the drivers of cost differences between mechanical
equipment types.
The analysis focuses on three types of costs:
•

Construction costs: The upfront labor and material costs of all energy-efficiency related
components of the home. This includes costs of components, such as framing, windows,
insulation, and mechanical equipment, but is not the total construction cost of a home, and
excludes non-energy related costs, such as flooring or standard plumbing fixtures. Other
examples of excluded costs are described in Section 2.2.3; estimates of connections to
gas utilities costs are provided separately, as utilities do not charge for these in all cases.

•

Utility costs: The annual electric and gas bills for the home.

•

Annualized Energy Related Costs (AERC): The total construction and ownership costs
calculated for each year over a 30-year period. AERC incorporates construction costs into
a 30-year mortgage and includes mortgage interest payments and tax deductions. The
AERC also includes replacement costs for energy-related components that are expected
to fail within the 30-year analysis period. This cost metric allows readers to compare the
upfront and long-term costs of energy-efficient components with the savings of reduced
utility bills, providing a more holistic perspective of construction and ownership costs.

Focus on single-family home models in Worcester. To simplify the presentation of results, this
report focuses on five single-family prototype designs. These five prototypes reflect each of the
following HVAC equipment choices for a colonial, stud-framed home in Worcester: Furnace and
Central AC (referred to as “Furnace/CAC”), ASHP, ASHP (Oversized), MSHP, and GSHP. The
report focuses on these prototypes because Worcester (1) represents the part of the state with
the most construction activity, and (2) has the most variance between hot and cold in its climate
data, and thus represents a worst case scenario for energy consumption. Results for other
prototypes, including multifamily homes, are available in a separate spreadsheet (see Appendix
E).
While the report focuses on the five Worcester, colonial, stud-framed prototypes, the overall
findings are similar across all prototypes, as discussed in Section 3.2. At a high-level, the five
example prototypes modeled with Worcester’s climate have annual utility costs that are a few
hundred dollars higher than other prototypes due to the increased heating needs in Worcester
compared to Boston and Barnstable. Still, the relative comparisons and trends in utility costs and
energy savings between HVAC types are consistent across most prototypes.
Billing analysis. The study also included a billing analysis to compare recently built homes in
Massachusetts with the modeled prototype homes generated using the BEopt modeling software,
though the results were largely inconclusive.
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KEY FINDINGS
Optimization yields flexibility of approach. Similar levels of home performance are possible
across all types of construction and HVAC equipment. Regardless of HVAC type, homes can
reach similar Energy Rating Index (ERI) values.4 However, modeling indicates that homes with
MSHPs are consistently the lowest construction cost option for high-performance new homes.5
Models showed a slight construction cost premium for packages using SIPS rather than studframing. As with all such results, these estimates are based on energy models and cost
assumptions; real-world costs will vary from home to home and builder to builder.
EO can produce homes in Massachusetts that are more affordable, more energy efficient,
and less carbon intensive than a typical home, regardless of heating equipment type. For
each home considered, the study identified packages of energy-efficient upgrades with utility bill
savings that outweigh their additional upfront costs over a 30-year period. As described in
Table 2, Ownership Cost packages provided energy savings, long-term cost savings, and
greenhouse gas emissions savings relative to a baseline home. Additional savings are possible
depending on one’s priorities, as new homes could include measures beyond those considered
for this study.

Table 2: Range of Savings in Modeled “Ownership Cost” Home Packages
Single-Family

30-unit Multifamily

14–40%

8–14%

Cost savings over 30 years (AERC)

$8,040–$128,250

$41,340–$312,750

Greenhouse gas emissions savings6

14–42%

7–14%

Site energy savings over baseline home

Builders can save on their bottom line while constructing more energy-efficient homes. Of
the 48 single-family prototypes, the study identified 30 that could be built with packages resulting
in greater energy efficiency (4% to 24%) and lower energy-related construction costs ($19 to
$609) than a typical new home with the same type of HVAC equipment. Another 15 prototypes
could be built 7% to 22% more efficiently with negligible additional construction costs (less than
$850) than a typical home. Builders can achieve these savings in any region of the state and with
any type of heating equipment. Energy-saving approaches, such as moving ducts and mechanical
equipment into conditioned spaces, may need more encouragement; contractors reported it is
easier to install systems in basements and attics, and floor plans often do not leave room for them
in conditioned space.

4

ERI is analogous to the HERS Index in which lower values are better , and either rating may be used to
demonstrate compliance with the Massachusetts Building code as clarified in an advisory from the Board of Building
Regulations and Standards on October 13, 2020: https://www.mass.gov/doc/780-cmr-ninth-edition-residentialchapter-11-energy-efficiency-bbrs-advisory-as-of-10132020-0/download.
5
The MSHP costs include extra indoor heads beyond those required for heating or cooling loads, as described in
Appendix B.3.3.9. NMR included the extra heads to account for the desire for greater zonal control.
6
GHG reductions are underestimates; modeling tool cannot account for future increases of renewables in the grid.
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EO can result in substantial utility bill savings. Builders can generate utility bill savings for
occupants without increasing construction costs. Of the 30 prototypes that had packages offering
energy savings without additional construction costs, first-year electric and gas bill savings ranged
from 3% to 23%. When not considering construction costs, the analysis also identified packages
that could reduce utility bills over a typical new home with the same HVAC type by up to 25%,
using only common building practices and without using onsite renewables.
Certain practices were frequently selected in optimized packages regardless of home type,
location, or heating fuel. Cost-effective and energy-efficient practices include the following:
•

Placing 2×6 stud framing 24 inches apart saves money on lumber and increases the
available space for insulation.

•

Installing insulation properly (i.e., at Grade I) improves the performance of insulation
compared to standard practice with no additional material costs.

•

Avoiding duct placement in unconditioned space reduces heating and cooling load
and prevents duct leakage. HVAC systems can be designed with ducts entirely in
conditioned space, deeply buried in attic insulation, or with ductless distribution systems.

•

Insulating hot water pipes saves energy by reducing heat loss from water sitting in pipes.
Installing R-5 pipe insulation is simple and inexpensive.

•

Gas storage water heaters provide cost-effective water heating in every optimized
package besides the Site Savings packages. No optimized package included
instantaneous water heaters due to their expensive installation costs. The Site Savings
packages selected unitary HPWHs (for a higher installation and/or ownership cost).

•

Split heat pump water heaters yield the greatest energy savings in optimized
packages, with high-efficiency values and no negative interactive effects that increase
heating consumption, but high costs limit their cost-effectiveness. Split heat pump water
heaters locate the condenser and compressor outside, like a MSHP system, while the
storage tank remains indoors; they are uncommon in the market. Note that the study only
modeled split heat pump water heaters in a few selected models to explore the interactive
effects between space and water heating using heat pump technologies (see Appendix
C.7).

Prioritize additional spending on shell measures over HVAC measures. Optimization can
provide highly sophisticated tradeoff analyses, pointing builders to the best practices for their
homes. In general, however, this study’s modeling suggest that if builders want to increase their
upfront investment in a home’s energy efficiency, they should put more of that investment into
shell than in HVAC measures. Improving the shell reduces heating and cooling loads, which can
reduce HVAC costs. The study assesses incremental costs for shell and HVAC measures relative
to a reference home, and found that optimization typically prioritized shell investment. As an
example, the Operating Cost package of a stud-framed, colonial home in Worcester with a
furnace/CAC has incremental shell construction costs of $4,201, and only $565 for HVAC, relative
to the furnace/CAC Reference package. The Operating Cost package of a similar home with
MSHPs includes $5,154 of incremental shell construction costs and only $2,637 for HVAC.

6

RESIDENTIAL NEW CONSTRUCTION ENERGY OPTIMIZATION COST STUDY (20R23)

However, optimization can provide specific guidance on the best tradeoffs for a particular home
that may or may not prioritize shell measures.
While gas homes have the lowest ownership costs, optimized electrically-heated homes
can achieve greater site energy savings at similar levels of affordability. The Ownership
Cost package for a home with a gas furnace and central AC often offers the lowest AERC.
However, optimized packages of homes with electric heating and cooling (such as with an ASHP)
can offer similar AERC with substantial energy and GHG savings. For example, for a colonial,
stud-framed, home in Worcester, the Ownership Cost package of a home design with a furnace
and CAC uses 24% less energy than a typical, UDRH-level furnace/CAC home; however, an
optimized home with an oversized, ducted ASHP uses 58% less energy than a typical
furnace/CAC home and only costs $455 in additional AERC. (While counterintuitive, an oversized
ASHP can yield energy savings by reducing duct losses and the use of lower-efficiency auxiliary
heat.)
Looking specifically at construction costs, optimized, all-electric single-family homes can be built
for approximately the same cost as optimized gas-heated homes, and all-electric multifamily
buildings can be built at lower costs than gas-heated multifamily buildings.7 Utility costs for allelectric single-family homes are between 7% and 10% more expensive than gas-heated homes,
due to the substantially higher price for electricity compared to gas.
Heat pump systems can serve optimized homes with minimal reliance on backup heat.
Modeling accounted for real-world heating needs, including during the coldest days of winter.
Modeling showed that cold climate heat pumps can easily satisfy the vast majority of a home’s
winter heating load without using backup heat. One reason for this is that heat pumps maintained
a significant portion of their capacity at cold temperatures. For example, while the modeling
accounted for even colder temperatures, MSHP packages retained at least 70% of their capacity
at 17°F, and around 90% at 35°F, limiting the need for backup heat or dual-fuel HVAC systems.
Additionally, while optimized heat pump packages had minimal reliance on auxiliary heating, the
packages had lower overall heating loads than the furnace packages due to the increased
efficiency of heat pumps. 8,9 If desired, dual-fuel systems appear to be more cost-effective in
Worcester/Western Massachusetts.
In a qualitative web survey, contractors reported that installation quality, not system type,
most determines overall reliability. To quantify repair costs, contractors estimated average
repair costs per event and repair frequency for each mechanical equipment type. For heating
equipment, MSHPs had the highest average repair costs per incident ($420), and furnaces had
the lowest ($285); central ACs were $291, on average. While heat pump costs are higher than
the furnace or central AC values individually, heat pumps provide both heating and cooling. The
combined costs of repairing furnace and central AC systems in a single visit would likely be similar
if not higher than repairing a single heat pump system. On average, furnace equipment was
7

In the analysis, all colonial homes have the same conditioned floor area (CFA), all ranch homes have the same
CFA, and all multifamily buildings have the same CFA.
8
See Section 3.2.6.
9
The examination of heat pump dependence on auxiliary heating did not include oversized ASHPs, which would
have even less of a dependence on auxiliary heating than would standard ASHPs. See Table 54 for auxiliary heating
data.
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indicated to need repairs most frequently (2.6 years), followed by MSHPs, central ACs, boilers,
and ASHPs. Based on small sample sizes, GSHPs reportedly had the lowest average repair
costs, but needed repairs more frequently than other HVAC equipment. The average water heater
repair costs were cheapest for HPWHs ($230), followed by instantaneous ($299) and standalone
tanks ($395). However, instantaneous water heaters (7 years) need repairs less frequently than
the standalone tanks (4.9 years) and HPWHs (3.8 years). Repair costs are not included in the
modeling outputs for this study.

KEY LIMITATIONS AND SOURCES OF UNCERTAINTY
The analysis in this report is based on models of idealized homes, and relies on economic
assumptions that would differ from any specific, real-world home. While this study explored
thousands of possible home configurations, the results are based on models built upon
assumptions; they do not describe real homes. Market actors should not use the values in this
report to estimate the cost to build any particular home, and individuals should not use the utility
costs to predict their own utility expenses. The models do not account for all the specific
circumstances a builder or homeowner may encounter in their project (e.g., rocky soil increasing
the cost of a GSHP installation, large swings in mortgage rates, or unexpected changes in the
relative price of gas or electricity). Should economic, legislative, or regulatory factors result in
major changes to the price of electricity or gas (beyond the anticipated rate increases built into
the study’s modeling), the modeled cost values would need to be reconsidered.
The analysis covers only the energy-efficiency-related costs of homes, not the full
construction costs. Cost analyses in this report include home components, such as wall framing,
insulation, windows, mechanical equipment, water heating equipment, and building tightness, but
do not include all costs associated with a home. For example, countertops and flooring are not
included in cost estimates since they do not affect energy consumption. Most appliances, such
as refrigerators, are also omitted because they are held constant across all examined models.
Costs associated with ovens and ranges are included because models were allowed to select
between electric and gas options.10 The previous baseline found that the vast majority of dryers
in new homes are electric, so these were held constant and excluded from the analyses. Finally,
the modeled costs do not include costs associated with utility hookups or meters since these costs
were assumed constant across homes (for electricity) or are generally paid by the utility and not
passed on to the customer (for gas).11
The analysis does not account for rapidly increasing construction prices in 2021. In 2021,
construction material costs increased due to the COVID-19 pandemic and high-demand. These
increased costs are not considered. However, increases would likely be relatively constant across
examined models and would not change differences in costs between models.

10

Gas-heated homes could optimize to electric or gas stoves.
The PAs provided typical costs to bring a gas line to the home. These can be treated as add-on costs. NMR did not
include them in modeling. Eversource representatives estimated gas connections for single-family homes to be
$2,500. Berkshire Gas estimated that gas connections for single-family homes cost $4,725. The PAs reported that
these costs are not passed on to the homeowner if the length of the connecting pipe is 100 feet or less.
11
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The analysis does not include onsite renewable generation. At some point, the incremental
costs of increased energy efficiency become more expensive than the costs of generating
renewable energy onsite. This study did not include onsite renewable generation as an option in
the BEopt modeling and therefore contains no analysis regarding renewables. Future research
could examine the impact of onsite renewable generation by taking packages from this study and
adding solar photovoltaic (PV) configurations or by running certain optimization models to allow
for solar PV.
The GHG emissions analysis does not account for increasing shares of renewables on the
electric grid. The Renewable Portfolio Standard in Massachusetts requires increasing shares of
renewable energy on the electric grid annually. Since BEopt cannot account for variable carbon
intensity over time, the analysis uses the actual 2018 Annual Emission Rates for ISO New
England System, the most recent record at the time of this study.12 Therefore, the lifetime GHG
emission savings are likely underestimated for electrically heated homes relative to gas-heated
homes. Future research could consider a time-averaged constant value of carbon intensity based
on projections of the future fuel sources for the grid. Additionally, readers can use the energy
assumptions in Table 43 and the data in Appendix E to further explore emission savings and
calculate results using various fuel mixes.
Changing climate may reduce heating loads and increase cooling loads, affecting model
results. The study relies on TMY3 (typical meteorological year) climate data, in accordance with
building code guidelines. However, NOAA released new climate data at the end of this study,
pointing to increased winter and summer temperatures, which appears to reduce heating and
water heating13 energy consumption and increase cooling consumption, likely for a net reduction
in consumption.
Additional methodological limitations and general study caveats can be found in Appendix B.

CONSIDERATIONS AND RECOMMENDATIONS
Consideration. Encourage and reduce barriers to EO analysis during the design phase of
construction.
Rationale. EO modeling can offer win-win scenarios resulting in better homes for lower costs. EO
can also maximize specific objectives, such as reducing utility bills or GHG emissions in costeffective ways. This may also represent an opportunity for the RNC program to tackle the split
incentive problem because it can help identify practices that reduce utility bills for the occupant,
with lower construction costs than builders might see using their typical practices. The program
could encourage the incorporation of optimization analysis in project designs by offering trainings,
educational materials, or even incentives for conducting the analysis. It could also provide cheatsheets and trainings to builders and code officials about simple practices that are likely to lead to
more optimized homes. For example, cheat-sheets or trainings could include things like
encouraging builders to place stud framing 24 inches apart, designing systems without

12

Table 1-1 https://www.iso-ne.com/static-assets/documents/2020/05/2018_air_emissions_report.pdf#page=10
Reduced water heating energy consumption results from decreased heat loss from DHW tanks due to higher air
temperature. The impact on water heating assumes the same level of water consumption.
13
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unconditioned ducts, and insulating hot water pipes beyond typical levels. These materials could
also highlight other findings that may be helpful to builders, such as how MSHP homes improve
ERI for a given construction cost, how optimized packages always included gas storage or heat
pump water heaters over gas tankless units, or how optimized ASHP and GSHP homes can have
similar AERCs to much lower performing furnace/CAC homes.
Consideration. Conduct further research with energy optimization
electrification, greenhouse gas emissions, and onsite renewable generation.

regarding

Rationale. This study focused on fuel-agnostic EO, not electrification. Accordingly, this study did
not specifically look at how to build the most cost-effective all-electric homes. The recently-passed
Massachusetts Climate Protection and Green Economy Act 14 increases the importance
Massachusetts gives to reducing GHG emissions and building net-zero homes. Optimization
modeling represents an opportunity to help meet future goals that may stem from this legislation
or related regulations. Future research could be designed to maximize cost savings while limiting
homes to electric fuel. Research could also more accurately assess the GHG emissions of various
packages by accounting for projected changes in the grid’s carbon intensity. Additionally, such
research could examine balancing renewable energy generation with additional energy-efficiency
measures on a path towards net-zero homes. Costs could be assessed from both a customer and
a total resource cost perspective. The research could also consider best practices for electric
HVAC and water heating systems, including placement, sizing, and ducting methods. Given the
directive in the law to include the social cost of carbon in program cost-effectiveness calculations,
specifically studying how to optimize electric homes to reduce GHG emissions could serve future
program efforts. At time of writing, the PAs were considering plans for research into some of these
topics.
Consideration. Examine barriers between industry standard practice and “no-cost”
upgrades.
Rationale. Modeling revealed certain practices that result in energy savings beyond industry
standard practice (i.e., reference packages) without raising construction costs. One example
includes using framing that is spaced 24 inches apart rather than 16 inches. Other no-cost
practices result from using optimization to identify trade-offs that increase efficiency while
reducing costs, such as improving insulation to decrease the costs of windows. Future research
could examine barriers and hidden costs associated with adopting these practices. Such research
could also estimate required incentive levels to achieve various program goals.

14

https://malegislature.gov/Laws/GeneralLaws/PartI/TitleII/Chapter21N
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Section 1 Introduction and Background
The goal of this study is to estimate capital costs and ownership costs of homes constructed with
various HVAC equipment, water heating equipment, and building shell types (i.e., framed walls
or SIPS) to identify combinations, or packages, of building features that maximize performance
on a variety of different metrics. The study provides estimates for single-family and low-rise
multifamily homes. Readers can use the findings in this study to identify measure combinations
that best meet their personal objectives, based on energy modeling that identifies optimal
combinations to meet those goals. For example, those constructing new homes could have some
of the following objectives:
•

Creating the most energy savings possible for little to no extra construction costs

•

Achieving low utility bills regardless of upfront capital costs

•

Achieving the lowest possible lifetime ownership costs, including utility bills,
maintenance, upfront construction costs, and equipment replacement costs

•

Creating the most energy-efficient home from available options, regardless of
construction or utility costs

•

Achieving selected goals above, constrained by a particular HVAC or fuel
preference15

The results provided in this report can help guide readers on the upfront and long-term costs
associated with achieving whichever goals they have for their residential new construction project.

1.1 STUDY BACKGROUND
Energy Optimization (EO) has become an important focus for the PAs as they look for ways to
cost-effectively reduce energy consumption and promote clean energy technologies. Recent
research in Massachusetts has described the costs customers face in installing high-efficiency
mechanical systems in new housing units.16 However, this research has been limited in scope,
was focused on fossil-fuel systems more than electric systems, provided limited information about
the interactions of mechanical and building shell systems, and was not focused on lifetime
ownership costs. To move the EO effort forward in new construction, the PAs must be able to
communicate the cost impacts of different measure combinations to participants to allow them to
make informed decisions about what measures they might want to use in their projects.
The study assesses upfront and long-term ownership costs for a variety of mechanical and
envelope system types, efficiencies, and configurations in new homes, helping to better
understand the cost tradeoffs for different measure combinations. This insight into economics for

15

Note that home models in the study were not forced to be completely electric or all fossil-fuel. Energy modeling
allowed for home models to select from among different combinations of fuels to identify optimal measure
combinations.
16
https://ma-eeac.org/wp-content/uploads/RLPNC_17-14_RNCIncrementalCost_26JUL2018_Final.pdf
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both the builder and the occupant provides context to baseline, attribution, and incremental cost
studies, and will help guide the PAs’ program designs. It also uses modeling to identify optimal
measure combinations that can maximize energy and/or cost savings.
Massachusetts policy makers and the public have grown increasingly interested in EO, a
component of which is strategic electrification. Some municipalities have proposed or enacted
bans on fossil-fuel heating and water heating systems in new housing units. NMR’s RNC
incremental cost study for mini-split heat pumps17 – an add-on task for the RLPNC 17-14 RNC
Incremental Cost Study18 – was cited in Brookline public debates as a justification for that city’s
attempt to ban fossil fuels in new buildings.19 That study compared installation and ownership
costs for only two home models: one with natural gas systems and the other with electric. That
study, and related studies, have not described the cost implications – upfront and long-term – of
the variety of available options for heating, cooling, and water heating systems in new housing
units. This study builds on those previous efforts by analyzing costs across thousands of home
configurations in various locations across Massachusetts. It provides a detailed comparison of
estimated costs for installing and operating natural gas and electric mechanical systems at
various efficiency levels in different project types (single-family and low-rise multifamily) with
different shell efficiencies. Supplemental analysis on propane systems is available in Appendix
C.9.

1.2 RESEARCH QUESTIONS
This study addresses the following research questions about the Massachusetts RNC market:
•

What are the incremental costs (capital and ownership) associated with upgrading to
various high-efficiency HVAC and water heating equipment configurations?

•

How do maintenance and replacement costs compare for equipment of various types and
efficiency levels?

•

What is the relationship between capital costs and ownership costs when upgrading to
more efficient HVAC and water heating equipment?

•

What equipment and fuel type combinations best balance energy savings (annual and
peak demand) and installation costs?

•

How does the relationship between building shell efficiency and HVAC efficiency affect
cost-effectiveness of various system types?

•

What are the impacts on GHG emissions?

NMR did not design this study to explicitly look at electrification. Nonetheless, during analysis,
NMR used model data to gain some insights into the costs and site energy savings for a limited
range of all-electric home configurations.

17

https://ma-eeac.org/wp-content/uploads/RLPNC_17-14_MiniSplitCost_27NOV2018_Final.pdf
https://ma-eeac.org/wp-content/uploads/RLPNC_17-14_RNCIncrementalCost_26JUL2018_Final.pdf
19
https://www.wbur.org/cognoscenti/2019/12/02/brookline-bylaw-gas-ban-frederick-hewett
18
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1.3 REPORT ORGANIZATION
The main body of this report is organized into the following sections:
•

Section 2 Methodology Overview

•

Section 3 Modeling Findings

•

Section 4 Survey and Interview Findings

Appendices provide findings from the literature review (Appendix A), detailed study methodology
(Appendix B), additional modeling results (Appendix C), billing analysis results (Appendix D), and
detailed model outputs (Appendix E).

13

2
Section 2 Methodology Overview
This section provides an overview of the methodologies and research tasks used in this study,
including (1) the primary and secondary research activities that informed the optimization
modeling task, and (2) the EO modeling. The optimization modeling subsection provides readers
with important guidance on interpreting the study results.
Appendix B provides additional detail about study methodology. Appendix C provides additional
considerations, assumptions, and caveats that may help inform the optimization modeling
included in this study.

2.1 RESEARCH TASKS TO INFORM ENERGY MODELING
Review of existing literature and secondary data sources. NMR conducted a comprehensive
review of available data sources that helped inform cost estimates for installation, operation, and
maintenance for electric and fossil fuel mechanical systems. NMR reviewed a total of 20 relevant
evaluations published between 2016 and 2019. NMR also reviewed the NREMDB cost database
and websites, such as HomeAdvisor.com, for additional measure-level cost estimates. In addition,
NMR determined some early modeling assumptions, such as labor and material adjustment
factors, energy costs, and escalation rates.. NMR provided a literature review memo that
summarized the findings and the recommended mechanical systems to include in the subsequent
research tasks (Appendix A).
Web-scraping mechanical system costs. NMR compiled mechanical system costs from
internet-based sources via web-scraping. Sources include local distributors, home improvement
centers, online retailers, and online wholesalers/distributors. NMR compiled mechanical system
costs for equipment types of interest, identified during the literature review. Overall, the webscraping effort yielded dozens to thousands of additional cost data points per equipment category.
Contractor web survey. NMR conducted a web survey with HVAC and water heating installation
contractors that operate in the new construction market in Massachusetts. The survey gathered
primary mechanical system costs for materials, labor, and maintenance costs. NMR included
estimated materials and labor cost ranges derived from the secondary data reviews and webscraping in the survey. This allowed respondents to adjust these values based on their
experience. A total of 34 contractors completed the survey.
Contractor interviews. NMR conducted eight follow-up interviews with web survey respondents.
NMR conducted the follow-up interviews to clarify cost estimates, gather additional details on
what factored into cost estimates, and understand respondent perspectives on the costs of
installing and maintaining various system types.
Billing analysis. NMR conducted a billing analysis on 1,794 newly constructed homes in
Massachusetts with either natural gas or electric mechanical systems and compared the energy
costs and energy use intensity (EUI) of those homes based on 12 consecutive months of realworld consumption data. NMR did not use the findings from the billing analysis in modeling.
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2.2 ENERGY OPTIMIZATION MODELING
This study used BEopt, the National Renewable Energy Laboratory’s (NREL) home efficiency
optimization software, to explore trade-offs between investment in different parts of a home that
affect energy consumption, primarily the building shell and mechanical equipment. This section
describes the characteristics and assumptions built into the modeled prototype homes.
Prototype Models. NMR initially created 48 core single-family home prototypes and eight
multifamily building prototypes using BEopt energy modeling software (Table 3). The single-family
prototypes varied by three locations, four HVAC types, two framing types, and two structure types,
which comprised the 48 single-family prototype models. The multifamily prototypes varied by two
locations, two HVAC types, and two framing types, yielding eight multifamily prototype models.

Table 3: Modeled Prototypes
Location
ASHP
Furnace/CAC
Structural Insulated Panels (SIPs)
Barnstable
Colonial, Ranch
Colonial, Ranch
Boston
Colonial, Ranch
Colonial, Ranch, MF
Worcester
Colonial, Ranch
Colonial, Ranch, MF
Stud Framing
Barnstable
Colonial, Ranch
Colonial, Ranch
Boston
Colonial, Ranch
Colonial, Ranch, MF
Worcester
Colonial, Ranch
Colonial, Ranch, MF

GSHP

MSHP

Colonial, Ranch
Colonial, Ranch
Colonial, Ranch

Colonial, Ranch
Colonial, Ranch, MF
Colonial, Ranch, MF

Colonial, Ranch
Colonial, Ranch
Colonial, Ranch

Colonial, Ranch
Colonial, Ranch, MF
Colonial, Ranch, MF

Additional ASHP prototypes. The 12 ASHP prototypes shown in Table 3 contain central, ducted
ASHPs with capacities no larger than that allowed by Manual J and Manual S guidance. NMR
also created 12 prototypes each for two additional types of ASHP systems (24 total): oversized
systems and dual-fuel systems. Based on modeling, oversized ASHP systems can yield energy
savings through reduced duct losses and reduced auxiliary heating, such as back up electric
resistance heating.20 Dual-fuel heat pumps are central ASHPs paired with a gas heating system
for backup. The report includes results for code-compliant and oversized ASHPs. Dual-fuel heat
pump data has been provided with the overall data for this study, but is not a focus of this report
given the limitations of the modeling process for this equipment type.
Additional Site Savings (Uncommon Efficiencies) Models. This report focuses on measure
efficiencies generally within the ranges observed in the MA19X02 baseline study. This grounds
the results in achievable savings and reliable measure-level costs estimates. However, as an
addition, the study explored homes with uncommon, higher measure-level efficiencies than those
listed in Appendix B.3.3 (including induction stoves). See Appendix C.1.1 for more details.

20

Oversized systems reduce duct loss by decreasing the time air needs to flow through ducts to condition a space.
Manual S sizing guidance limits the heating capacity of a heat pump to a multiplier of the home’s cooling load.
Accordingly, in cold climates, a code-compliant heat pump may be undersized relative to the home’s full heating load,
triggering the need for supplemental heat. This modeling approach bypasses that issue and includes systems sized
to the full heating load, which is larger than Manual S might suggest. Note that oversizing systems can cause short
cycling, though VRF/inverter-driven compressor technology should allow for systems to vary their capacities
according to the demand, reducing this concern.
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Propane vs. natural gas. The energy modeling process modeled natural gas mechanical
equipment, rather than propane, to limit the number of model variants included in the study. After
completing the modeling, the team conducted additional analyses that relied on natural gas and
propane pricing data to identify how models using propane might differ from those using natural
gas. See Appendix C.9 for more details.
Location. NMR modeled single-family homes in three climate locations and multifamily in two to
capture regional climate impacts on energy consumption and costs. NMR used TMY3 weather
data from the Department of Energy (DOE) EnergyPlus in BEopt for Barnstable, Boston, and
Worcester.21
Focus on single-family home models in Worcester. To simplify the presentation of results, the
written study focuses on stud-framed, colonial-style, single-family prototype designs in Worcester.
Worcester represents the region with the most construction activity and has the most variance
between hot and cold in its climate data, and thus represents a worst case scenario for energy
consumption. Detailed results for all other prototypes are available in a separate spreadsheet. As
discussed in Section 3.2, the colonial home type represents a common home size, and the
overarching trends seen in the stud-framed, colonial-style, Worcester homes, generally apply to
other prototypes.
Building type characteristics based on Massachusetts values. NMR modeled the prototype
building structures using the characteristics shown in Table 4. Single-family home sizes are
derived from the single-family new construction baseline study (MA19X02-B-RNCBL, referred to
as MA19X02 in this report)22 and the multifamily size characteristics (number of units and CFA)
were informed by the on-going multifamily baseline study (MA20R30). The efficiency
characteristics for both single-family and multifamily reference homes are based on statewide
averages and the user-defined reference home (UDRH) was developed as a part of MA19X02.

Table 4: Modeled Home Sizes
Bedrooms
Bathrooms
Conditioned floor area (ft2)
Ceiling Height (ft)
Basement
Stories above grade

30-unit Multifamily
54
32
33,000
9.7
Unconditioned
3

Colonial (SF)
4
3
2,730
9.0
Mixed
2

Ranch (SF)
3
2.5
1,970
10.0
Unconditioned
1

NMR used BEopt to evaluate each prototype model. For each single-family prototype modeled,
BEopt tested on average 600 combinations of home characteristics and efficiencies (referred to
as “packages” throughout the report).23 Overall, the study modeled 36,088 single-family packages,
based on the 48 core single-family prototypes.24 BEopt produced an average of 7,804 packages

21

https://energyplus.net/
NMR Group. (April 2020). 2019 Residential New Construction Baseline/Compliance Study (MA19X02-B-RNCBL).
https://ma-eeac.org/wp-content/uploads/MA19X02-B-RNCBL_ResBaselineOverallReport_Final_2020.04.01_v2.pdf
23
Prototype models had a range of 199-1,354 packages computed in BEopt.
24
Additional packages beyond this were modeled for the oversized ASHP and dual-fuel ASHP effort.
22
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for each multifamily prototype modeled. Overall, there were 62,424 packages modeled for the
eight core multifamily prototypes. The packages varied based on different efficiency options for
the measures listed in Table 5. The specific measure-level efficiencies that NMR included as
options for BEopt are detailed in Appendix B.3.3.
The study selected these measures to vary in the optimization models because they have the
largest impact on energy consumption or were of particular interest in terms of EO. For example,
oven/range type and fuel do not have a large impact on overall energy consumption, but the
measure is relevant for all-electric packages that avoid fossil fuel use or the added costs of
bringing natural gas pipe infrastructure to the home. In addition, regardless of the HVAC system
included in the design, optimized packages could include electric or gas water heaters of various
efficiencies.25
BEopt factors in many additional home characteristics beyond those shown in Table 5, but NMR
kept all other characteristics constant among the various prototypes.

Table 5: List of Optional Building Characteristics for Modeling
Category
Walls
Ceilings/Roof

Foundation

Windows
Airflow
Space heating and cooling

Water heating
Appliances‡

Optional Modeling Building Characteristics
•
Exterior wall framing, insulation type, and insulation level
•
Interzonal† wall framing, insulation type, and insulation level
•
Sheathing Type
•
Attic framing, insulation type, and insulation level
•
Foundation wall framing, insulation type, and insulation level
•
Basement ceiling framing, insulation type, and insulation level
•
Interzonal† floor insulation type, insulation level, and insulation
installation quality
•
Window efficiencies
•
Air leakage levels
•
Mechanical ventilation system presence and efficiencies
•
System efficiencies
•
Duct locations, leakage levels, and insulation levels
•
Equipment type and fuel
•
Equipment efficiency
•
Hot water pipe insulation level
•
Oven / range type and fuel

† Interzonal floors and walls are those that separate the heated and cooled part of the home from unconditioned
spaces, such as the garage, attic, or basement.
‡ As a reminder, dryers were set to all-electric since the MA19X02 baseline study found that more than three fourths
of new homes with dryers were conventional electric units.

25

It was observed in the MA19X02 baseline study that some builders may use electric heating systems to primarily
heat the home but still use gas water heaters and gas cooking appliances in the home. Additionally, a few homes had
fossil fuel backup heating systems, such as a gas furnace or gas fireplace.
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Out of the roughly 600 packages for each prototype, NMR developed a reference home and
identified three optimal packages, described below. The reference home is based on the average
observed efficiency values of non-program new homes as observed in the MA19X02 baseline
study. The three optimal packages below each include different levels of energy-efficiency
upgrades from the reference package:
0. Reference Package: This package consists of measures that represent the baseline
efficiency values for a given design, roughly comparable to a UDRH home with a given
HVAC system type. This package represents how homes are typically built based on
findings from the 2019 RNC Baseline Study.
1. The Payback Period Package: This package, known as the “minimum payback period”
in BEopt, represents the highest energy savings achievable with little-to-no extra
construction costs over the reference home. This package might appeal to a builder who
wants to build or market an energy-efficient home, but will not be paying the utility bills. It
yields energy savings, but is less ambitious than other packages.
2. The Ownership Cost Package: This package, known as the “minimum (operating) cost
package” in BEopt, maximizes the energy savings per dollar to own and operate the home
Annualized Energy Related Costs (AERC), and balances maximizing savings and longterm costs. The ownership and ownership costs (AERC) include the incremental costs of
energy-efficiency upgrades incorporated into mortgage payments plus utility bills. 26, 27
AERC also includes replacement costs over a 30-year period. The Ownership Cost
package includes all of the measure-level energy-efficient upgrades with utility bill savings
that exceed the incremental costs of the upgraded measure. This is the package that
optimizes the financial impact for someone who is purchasing the home and/or paying
utility bills.
3. The Site Savings Package: This package, known as the “maximum energy savings
package” in BEopt, represents the maximum site energy savings possible from the menu
of measure options from which the optimization modeling tool could select, regardless of
upfront or long-term cost (see Appendix B.3.3 for model inputs). The efficiency options
used in this study are representative of the range of practices found during the MA20X19
study, but designers could go beyond these values.28 Note that the parameters of this
package do not require it to be all-electric; however, for electrically-heated home designs

26

This cost metric assumes that since this is a new home, the incremental cost of the energy-efficiency upgrades will
be built into the home purchase price and thus included in the 30-year mortgage.
27
NMR performed sensitivity analysis on mortgage terms including down payment, length, and rate. Modeling results
were relatively insensitive to varying mortgage terms since the energy related costs comprise only about 10% of the
price of a home. Down payments increase the AERC by slightly less than the cost of down payment due to
discounting of future costs.
28
Appendix C.1.1 provides a limited modeling analysis using high-efficiency options that are less common in the
market. Additionally, this study did not look at on-site renewable energy. For example, at some point on the optimization
curve, the cost of additional energy-efficiency upgrades would be more expensive than the installation of solar
photovoltaic panels. This study does not consider on-site renewable generation.
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(i.e., homes with heat pumps), this package is all-electric because HPWHs offer more site
savings than fossil fuel water heaters.
Figure 1 shows an example of the 600 modeled packages for a prototype. In it, each point
represents one of the hundreds of combinations of measure options modeled by BEopt. In this
example, the black line is the optimal ownership cost-energy savings curve and the four
highlighted points correspond to the reference and three optimal packages described above.
The optimal ownership cost-energy savings curve for each prototype has a U shape, as shown in
Figure 1. The left-most dot is the reference home, showing how homes are typically built. Starting
at the reference home, advancing right-ward down the curve represents packages with more
energy-efficiency upgrades. Along the downward sloping portion of the curve, one will reach the
Payback Period package. This package provides some savings, sometimes at a lower initial cost
(a perk for a builder), but is generally less ambitious than other packages. There are additional
cost-effective savings available – beneficial to a homeowner or long-term operator who pays the
utility bills – until one reaches the bottom of the U, which represents the Ownership Cost package.
At this point, the home includes all energy-efficient upgrades for which utility bill savings exceed
the additional construction costs. The right-most point on each curve is the Site Savings package.
This package yields the most energy savings from among the available measure-level options,
but has higher long-term costs than the Ownership Cost package due to increased construction
and/or ownership costs. See Appendix C.2.2 for annotated versions of the plot in Figure 1 for
each of the core HVAC types.

Figure 1: Example of Modeled Packages for a Prototype in BEopt ‡
(Stud-Framed Colonial Homes in Worcester with MSHP)

‡ See Figure 19 for guidance in interpreting the gray dots located loosely along a line higher than the drawn black
optimization curve. Those dots represent packages that include different hot water heating systems and higher AERCs.
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2.2.1 Design and Package Naming Conventions
The study and accompanying datasets use the following coding system to refer to the hundreds
of home designs and optimized packages discussed above.

Table 6: Design and Package Naming Convention Key
Walls
D: Stud
P: SIP

Home Style
30: 30-unit MF
C: Colonial
R: Ranch

HVAC
A: ASHP
F: Furnace
G: GSHP
M: MSHP
2: Dual-fuel
L: Propane furnace

Location
B: Boston
C: Barnstable
W: Worcester

Optimization Focus
0. Reference (None)
1. Payback Period
2. Ownership Cost
3. Site Savings
4. Site Savings
(Uncommon Efficiencies)
+: Non-Manual J Compliant ASHP
sized to heating load

For example, “DCMB.0” refers to a stud-construction Colonial with mini-split heat pump HVAC in
Boston, built to reference home standards. “P30FW” describes a SIP-construction multifamily with
furnace/CAC in Worcester. For brevity, the report focuses on stud-construction, colonial designs
in the Worcester climate.

2.2.2 Calculating Costs
The main body of this report focuses on energy-efficiency related construction costs, utility
costs, and a BEopt cost output, called AERC. AERC includes the construction and key ownership
costs over a 30-year period (the length of a typical mortgage). This allows readers to balance the
initial incremental costs of installing energy-efficiency upgrades with the lower utility bills resulting
from increased energy efficiency over the duration of a typical mortgage life. The costs for each
future year are converted to present value and then summed. Only costs associated with the
measures in Table 5 are included. The AERC includes the following costs:
•

Construction material costs: The cost of energy-efficiency related materials and
supplies. Costs generally vary by measure efficiency. For example, a high-efficiency
furnace is more expensive than a low-efficiency furnace. Costs come from NREL’s
NREMDB and are adjusted to reflect the Massachusetts market specifically using the
methods described in Section 2.2.2. The construction material costs are annualized,
meaning they are wrapped into the mortgage amount and paid off over 30 years.

•

Construction labor costs: The cost of all labor associated with the construction and
incorporation of energy-efficiency measures. Costs can vary by measure option since
certain options are more labor intensive than others. For example, installing a furnace
requires labor for duct work that is not required for MSHPs. Like material costs, the cost
data is from NREMDB and adjusted to reflect Massachusetts labor costs. The construction
labor costs are also annualized into the mortgage.

•

Utility bills: The cost of electricity and gas consumption billed to the home’s occupant
including variable and fixed costs. The price of electricity and gas is the most recent
average available from the EIA at the time of modeling, with rate escalation rates of 3.8%
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for electricity and 0.3% for propane 29 and natural gas. The full set of energy related
assumptions is in Appendix B.3.
•

Mortgage Interest: The interest payments on a 30-year mortgage for the increased labor
and material costs of the more efficient home. The model does not attempt to estimate the
actual sale price of the home. Mortgage interest tax deductions are factored into cost.30

•

Replacement costs: 31 The replacement costs for all features in Table 5, particularly
heating, cooling, and hot water equipment. Replacement costs are from the NREMDB
database or contractor survey, and are based on effective life data from the former. For
example, the effective life of a MSHPs in the NREMDB is 15 years, which means the
AERC for a home with MSHPs would include the present value of buying new MSHPs at
the end of their expected useful life of 15 years.

2.2.3 Excluded Costs
Since the analysis focused on energy-related measures that could vary between prototypes, the
following list describes examples of costs that were not considered in the modeling analysis:
•

Land preparation, excavation, or pouring a foundation

•

Connecting to utilities (e.g., gas line connections, upgraded electric panel capacity, etc.) 32

•

Roofing and siding

•

Partition walls (i.e., interior walls that separate rooms in conditioned space)

•

Lighting, since all homes were assumed to use 100% LEDs

•

Non-cooking appliances, which were held constant at baseline efficiencies

•

Upgraded electric panels; modeling showed that all packages (including all-electric) are
viable with 200 Amp service, the level most commonly seen in the last RNC baseline

•

In-home gas or electric distribution systems, such as wiring or plumbing 33

29

The historic trend for propane costs suggests negative price growth, which is unlikely in the long term. Therefore, we
use the same rate as for natural gas since propane production is tied to that of natural gas. This escalation rate is on
par with EIA’s low oil price projections.
30
The analysis does not include a $10,000 cap on mortgage tax deductions, but since BEopt is only modeling energyefficiency related features, tax deduction in the models rarely exceed $2,000.
31
Repair costs are not included in the modeling process, but the contractor survey and interviews asked respondents
to describe typical repair costs, as described in Section 4.2.
32
The PAs provided typical costs to bring a gas line to home. These can be treated as add-on costs. NMR did not
include them in modeling. Eversource representatives estimated gas connections for single-family homes to be $2,500.
Berkshire Gas estimated that gas connections for single-family homes cost $4,725. The PAs reported that these costs
are not passed on to the homeowner if the length of the connecting pipe is 100 feet or less.
33
Perfectly capturing these costs are outside of the scope of this modeling effort. Electric cooking, for example, might
require additional wiring and electrical costs, but also would displace gas piping, as would selecting a heat pump system
over a gas water heater. The study also found that the prevailing wages for Massachusetts plumbers and electricians
are comparable, based on BLS data, meaning that labor for additional wiring may be offset by reduced pipe-laying.
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Section 3 Modeling Findings
3.1 KEY FEATURES OF OPTIMIZED HOMES
By examining the measures commonly selected in the optimized packages for each of the singlefamily and multifamily prototypes, the study identified the following design choices that can result
in greater energy and cost savings in new homes.
•

Use 2×6 stud framing, spaced 24 inches apart. The 2019 RNC baseline study found
that the typical new single-family has 2×6 stud framing, spaced 16 inches apart. Increasing
spacing to 24 inches increases the amount of insulation that can fit inside walls and limits
thermal bridging of the studs, increasing the home’s thermal efficiency. This framing
technique also reduces the amount of lumber required, which reduces construction costs.
Models showed a slight construction cost premium for packages using SIPS rather than
stud-framing. These estimates are based on energy models and cost assumptions; realworld costs will vary from home to home and builder to builder.34

•

Install insulation properly. The 2019 RNC baseline study found that new single-family
homes usually have insulation installations of Grade of II or III, which are mediocre and
poor quality, respectively. Grade I installations, without the gaps or compression found in
Grade II and III installs, improve energy performance at minimal additional cost.35

•

Locate ducts in conditioned space, deeply buried in attic insulation, or design
systems without ducts. The single-family reference home energy models estimated
anywhere from 6 to 13 million BTU/year are lost due to duct leakage (LTO of 4.3
CFM25/100 ft2 CFA) and modest insulation levels (R-6). Duct losses and lower insulation
levels reduced the efficiency of heating systems between 11% and 17% relative to
optimized packages.36 Improvements in the delivery of conditioned air can have significant
impacts on home performance. This can be achieved by better duct sealing, increasing
insulation, locating ducts in conditioned space, or eliminating ducts (e.g., using MSHPs).

•

Choose gas storage water heaters or HPWHs. Tankless water heaters were not part of
any optimized package. Ownership Cost packages always included standalone gas
storage water heaters (given their cost-effectiveness), while the Site Savings packages
always included HPWHs (given their high-efficiency ratings).

34

Note that prefabricated framing products, such as SIPs, can represent an opportunity for builders to reduce labor
costs associated with traditional stud-framing or decrease construction timelines. NMR did not explore these
considerations as a part of this study. The study also did not include primary data collection for building shell
construction costs in Massachusetts.
35
This is consistent with findings from the 19X07 code attribution study exploring Massachusetts amendments to the
IECC 2018 code.
36
Multifamily homes were modeled with in-unit HVAC systems and conditioned ductwork.
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•

Put HPWHs in garages or unfinished basements. HPWHs draw heat from their
surroundings, which can increase heating load if they are located in conditioned space.
Modeled results suggest that locating a HPWH in a garage or unfinished basement may
yield positive energy impacts compared to locating within conditioned space. 37 However,
locating the HPWH outside conditioned space may lengthen the distance hot water travels
to reach the tap, increasing losses from hot water sitting in a pipe. A split HPWH can
mitigate interactive effects since the heat pump is located outside the thermal boundary,
but they are less cost-effective due to higher costs.

•

Insulate hot water pipes. Insulating hot water pipes with R-5 insulation leads to energy
savings with minimal extra costs.38

Additionally, installing oversized ASHPs can lead to energy savings. While counterintuitive, an
oversized ASHP can yield energy savings by reducing duct losses and the use of lower-efficiency
auxiliary heat. However, oversized ASHPs are not code compliant and could adversely impact
dehumidification due to short cycling. The benefits of oversized ASHPs are mainly to underoptimized homes, such as the reference or payback period packages.

3.2 COST AND ENERGY USE FINDINGS
As explained in Section 2, the team made models of 48 single-family and eight multifamily core
prototypes. NMR also modeled 24 additional single-family prototypes for ASHPs. To simplify the
presentation of results, this section focuses on five single-family prototypes that reflect each of
the following HVAC systems for a colonial, stud-framed home in Worcester:39
1. Furnace and Central AC (referred to as “Furnace/CAC” throughout the rest of this report)
2. ASHP
3. ASHP (Oversized)
4. MSHP
5. GSHP
Results focus on Worcester; homes modeled in other areas yield similar optimization
trends. Results focus on the Worcester model because it represents the region with the most
construction (Figure 2), and has the most temperature variance in its climate data, making it a
worst case scenario in terms of energy consumption. Multifamily results are available in Appendix
C.12. Detailed results for all prototypes and packages are available as a separate spreadsheet
(described in Appendix E).
While the analysis in the section focuses on Worcester as an example, overarching themes were
similar across all prototypes. Optimized packages for each prototype included the same practices
as highlighted in Section 3.1. The following bullets summarize the cost findings across all
37

The modeling tool accounts for the ambient temperature of the water heater location and resulting loss in
performance when the HPWH was located in colder spaces, such as a garage or unfinished basement.
38
The incremental insulation cost for hot water pipes was $220 for ranch homes and $380 for colonial homes, but
NMR did not model cost savings directly attributable to hot water pipe insulation.
39
For reference, the design codes for these prototypes are, in order, DCFW, DCAW, DCAW+, DCMW, and DCGW.
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prototypes.40 As a reminder, these findings should not be taken as a guarantee or prediction of
outcomes for any specific homes. These results are based on energy models and rely on various
economic assumptions, which will not perfectly describe any real-world project.
•

For any given HVAC type, annual utility costs are typically lowest in Barnstable and
highest in Worcester. Worcester’s high utility costs are driven by Worcester having the
most HDD, as shown in Table 34. In contrast, Barnstable has lower HDD and CDD. For
any given HVAC type, annual utility costs for single-family prototypes in Barnstable are
roughly $100 to $500 less than prototypes in Worcester.

•

Furnace packages yield lower annual utility costs but the least site energy savings.
This is due to the cheaper price of gas compared to electricity. Heat pump packages
consistently result in more site energy savings than furnace packages, but the higher price
of electricity still results in higher utility bills for the heat pump packages. An exception is
single-family ranch homes, where MSHP systems offered lower utility costs in Boston and
Barnstable due to lower HDD.

•

For any electrically heated home, construction costs vary by a few hundred dollars
to a few thousand dollars by location. The variation is larger in colonial homes, while
construction costs for furnace/CAC homes are relatively consistent regardless of location.
The variation typically comes from different ceiling insulation and window options included
in the optimization results, as well as HVAC capacity.

•

The use of MSHPs yields packages with lower construction costs than similar
prototypes with other types of heating equipment. This is largely due to avoiding the
costs of installing duct systems. This remains true even though the MSHP packages in
this analysis were given increased costs to allow for extra indoor heads (beyond what
might be sufficient to meet the home’s heating load), to increase room-level temperature
flexibility.

•

Optimized SIP and stud-construction homes (same location, style, and HVAC
equipment), have utility costs within $50 of each other. However, SIP homes
consistently cost about $5,000 more to construct than framed homes without accounting
for potential cost savings resulting from using prefabricated products.

•

For multifamily buildings, prototypes in Worcester have higher annual utility costs
than similar prototypes in Boston. Construction costs are similar in both locations,
but MSHP prototype buildings have construction costs that are about $200,000
lower (for the entire 30-unit building) than furnace packages.

The following subsections provide detailed results based on different optimization priorities,
including optimizing for construction costs, utility costs, AERC, site savings, and GHG emissions.

40

Comparisons are based on Ownership Cost packages across prototypes.
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Figure 2: New Home Construction Activity in Massachusetts (2017–2018)41

Other, narrower sets of results for various special scenarios can be found in Section 3.3 (allelectric homes), and also in Appendix C, including dual fuel heat pumps (C.4.2), propane-fueled
systems (C.9), packages with uncommonly high efficiencies (C.1.1), and multiple water heater
variants (C.7).

3.2.1 Caveats to Modeling Results
The modeling included in this study does not describe actual homes, and relies on economic and
energy-related assumptions that will differ from the factors affecting any particular new
construction project. Accordingly, the following caveats should be kept in mind when interpreting
results. These results are discussed in the findings sections that follow, with additional associated
methodological detail in Appendix B.3 and modeling details in Appendix C.
Summary of Caveats and Considerations
➢ All MSHP packages include ductless, wall-mounted blowers; other configurations
with comparable performance are available at increased cost.
➢ Optimized packages with ductwork locate ducts in conditioned space.
➢ Optimized packages have low heating capacities due to right-sizing but include
comparable amounts of heat across system types.
➢ Small capacity MSHPs cannot support air handlers in all rooms, which may require
design or behavioral changes to ensure comfort. Ducted MSHPs may allow for more
even temperatures, but this incurs duct losses, reduced efficiency ratings, and higher
costs.
➢ Oversized, ducted ASHPs (in contrast to variable speed MSHPs) can yield positive
performance outcomes by reducing duct losses and reducing the need for auxiliary
heat due to shorter run times of the mechanical system.

41

Note that the Census Bureau permit data is known to include both townhouses and mid-rise (>3 story) construction
within the multifamily statistics.
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➢ Locating HPWHs in conditioned space can yield negative interactive effects with
small-capacity HVAC systems (particularly MSHPs), increasing auxiliary heating
use. Although there is an additional benefit of reduced cooling loads when the
HPWH is located in conditioned space, the energy consumption associated with
cooling end-uses is much smaller than heating end-uses.

3.2.2 Energy Rating Index Findings
Table 7 shows the Energy Rating Index (ERI) value of each optimized package for colonial, studframed homes in Worcester. ERI is a measurement of a home’s energy efficiency in which lower
values represent more efficient homes and a value of “0” signifies that, over the course of a year,
a home uses no more energy than it produces onsite. The ERI is analogous to the Homer Energy
Rating System (HERS) index but can differ by a few points since the ERI and the HERS are based
on slightly different standards.42
The Massachusetts stretch code and the performance path of the Massachusetts base code
require a HERS index value of 55 if there is no renewable energy onsite. In addition, the
Massachusetts building code (R406.4.1) increases the code compliance threshold by five points
(from 55 to 60) for homes with ground source heat pumps as the primary heating system. Homes
in base code communities can comply with the building code by meeting the same rating
requirements as stretch code, following prescriptive insulation requirements, or providing
calculations that indicate the home’s average insulation levels meet or exceed those of the
prescriptive requirements.
Note that BEopt provides ERI values but not HERS Index values. This section discusses ERI
values since ERI values were calculated for every package using BEopt software. For analysis of
HERS ratings using a few selected models, see Appendix C.8.
For colonial, stud-framed homes in Worcester, the three optimized packages all result in ERIs
that are likely to comply with the 55 HERS index value requirement since ERI values can be a
few points higher than HER values. Looking at the Operating cost packages, electrically heated
packages have ERIs that are at least 21% better than the furnace/CAC package.

Table 7: Package ERI Scores
(Stud-Framed Colonial Homes in Worcester)
HVAC \ Package
Furnace/CAC
Furnace/CAC
Air-sourceHeat
HeatPump
Pump
Air-source
Ground
Source
Heat
Pump
Ground Source Heat Pump
Mini-splitHeat
HeatPump
Pump
Mini-split

42

Reference
Reference
64
80
51
59

64
80
51
59

Payback
Payback
Period

Operating Cost
Cost
Operating

Site Savings
Savings
Site

56
58
43
55

52
41
39
39

40
36
33
41

56
58
43
55

52
41
39
39

40
36
33
41

See https://www.resnet.us/articles/the-iecc-energy-rating-index-and-hers-index-whats-the-difference/
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Across Operating Cost and Site Savings packages for all electrically-heated, single-family
prototypes, regardless of location (Boston, Cape Cod, Worcester) or construction (stud, SIPS),
the maximum ERI is 51 and the minimum is 33. Across all Operating Cost and Site Savings
packages for single-family prototypes with furnaces, the maximum is 58 and the minimum is 39.

3.2.3 Construction Cost Findings

Construction Cost

The following subsection describes the estimated upfront construction costs associated with the
energy-efficiency related components of the modeled home packages. These results describe
how optimization can help identify home packages with reduced initial construction costs.
Figure 3 shows upfront construction costs, of particular interest to
builders who will not pay operating or utility costs. The y-axis shows
energy-efficiency-related upfront construction costs. This includes
material and labor costs associated with framing, insulation, duct
work (if applicable), HVAC equipment, water heating equipment, air
tightness, and windows. The x-axis shows the percent of site
savings relative to the reference furnace/CAC home. The curves are
no longer in U shapes, as shown in Figure 1, because the upfront
costs do not account for utility bill savings. In order from left to right,
the dots on each line are the Reference package, the Payback
Period package, the Ownership Cost package, and the Site Savings
package.

Builder goals:
• Reduce costs
• Build desirable homes
Suggested techniques:
• Frame 2×6 walls at 24”
on center, not 16”
• Insulate to Grade I
standards, not II or III
• Insulate hot water
pipes to R-5

The Payback Period package for each equipment type shows
how a builder can build a more efficient home at no to little
additional cost. For example, by choosing the Payback Period package, a builder can build a
furnace/CAC home that is 21% more efficient and $342 less expensive than a typical furnace/CAC
home in terms of construction costs. Some of the optimizations include increasing basement
insulation, increasing the gap between studs, putting ducts in conditioned space, increasing the
Grade of insulation installation, and insulating hot water pipes. These optimizations, which have
low incremental costs, allow builders to spend less on the building framing, HVAC equipment,
and windows.
Using heat pumps, builders can build homes that are more energy efficient than homes
with furnaces and central ACs while saving on upfront construction costs. The Payback
Period package for ASHPs costs builders $1,556 less to build than a typical (i.e., reference)
furnace/CAC home and uses 42% less energy on site. The Payback Period package using
MSHPs costs $8,252 less to build than a typical furnace/CAC home and uses 46% less energy. 43

43

Note that site energy savings are not equivalent to utility bill savings when comparing homes that use different
heating fuels (e.g., gas in the furnace/CAC home and electricity in the MSHP home) since electricity and gas have
different costs per equivalent amount of energy.
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Figure 3: Construction Cost Curves by HVAC Type

Construction Cost

(Stud-Framed Colonial Homes in Worcester)

The MSHP prototype offers the lowest construction costs for the builder because they
avoid duct work. While MSHPs offer the lowest construction costs, they have higher Annualized
Energy Related Costs (AERC) than other packages. AERC accounts for construction costs, utility
bills, and replacement costs. The high AERCs for MSHPs are the result of configuring MSHP
systems in models to have extra blower units (heads) to meet the typical homeowner’s preference
to have greater room by room flexibility with MSHPs systems. These extra heads increase
replacement costs. Given the low-load nature of the optimized packages, many of the MSHP
packages could achieve lower AERCs if the occupants and builders were willing to reduce the
number of heads installed in the home. Low-load homes can be heated with small capacity
systems, with the drawback of not being able to separately zone every room in the home.

3.2.3.1 Investing in Shell vs. HVAC Improvements
Table 8 shows the incremental shell and HVAC construction costs for the Payback Period,
Operating Cost, and Site Savings packages for each of the four core HVAC types included in the
modeled designs. Shell figures include incremental costs associated with framing, insulation,
windows, air sealing, and duct sealing. HVAC figures include incremental costs associated only
with choosing heating, cooling, or water heating systems of different sizes or efficiencies. HVAC
costs also include mechanical ventilation system and oven/range incremental costs.
Incremental costs are relative to the reference package for each HVAC type. Negative
incremental costs signify that given package is less expensive to build than the reference home
for the given HVAC type. Negative incremental shell costs result from practices that increase
efficiency but reduce construction costs relative to the reference home. For example, negative
incremental shell costs result from spacing studs 24 inches apart rather than 16 inches. Negative
incremental HVAC costs result from shell improvements reducing the size of the HVAC system.
Note that the costs shown are the sum of all measure-level incremental costs shell or HVAC costs
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for each optimized package and thus represent the sum of measure-level trade-offs as opposed
to only upgrades. For example, the total incremental shell costs may include an increase in ceiling
insulation costs offset by a decrease in wall insulation costs.
This incremental cost analysis (Table 8) suggests that when determining how to spend limited
funds, decision makers should generally prioritize measures in the following order:
1. No-cost practices and choices that increase overall efficiency while reducing costs
2. Shell measures
3. HVAC measures
Payback Period packages typically only include no-cost practices or shell measures that result in
reduced HVAC costs. The Operating Cost packages include higher incremental shell costs and
occasionally increases in HVAC system costs. The Site Savings package include all of the shell
upgrades available in the model and the highest efficiency HVAC system available to the model,
sized to meet the home’s load.

Construction Cost

Table 8: HVAC and Shell Incremental Construction Costs by HVAC Type and
Package
(Stud-Framed Colonial Homes in Worcester)
Package
Payback Period

Operating Cost

Site Savings

Shell
HVAC
Payback (yr)
Shell
HVAC
Payback (yr)
Shell
HVAC
Payback (yr)

Furnace/CAC
-$262
-$80
0.2
$4,201
$565
8.4
$11,597
$4,526
N/A

ASHP
-$295
$0
0.0
$6,071
$927
2.76
$11,597
$2,840
6.8

GSHP
$6,225
-$9,494
0.0
$5,154
-$8,417
1.6
$11,597
-$6,504
13.0

MSHP
$5,682
-$5,785
0.1
$4,612
-$7,813
5.9
$11,597
-$2,619
17.5

The charts in Figure 4 show the greater impact of spending on shell measures rather than HVAC
measures. The figures show the energy savings for various packages and equipment types,
ranging from the reference home with no savings (point 0) to the Site Savings package (point 3),
compared to the relative investment in the building shell. The slope of the fitted line indicates
which investments generally yield the best results. GSHP has the steepest slope, indicating
that a far greater benefit results from investments in the shell than in the system efficiency. This
is due to the substantial savings that come from reducing the size of GSHP systems. The other
plots have shallower slopes that still slightly favor investments in the building shell. See Appendix
C.2 for an expanded figure that displays the shell investment ratio results for all 48 single-family
prototypes and the eight multifamily prototypes, along with sample shell and HVAC construction
costs.

29

RESIDENTIAL NEW CONSTRUCTION ENERGY OPTIMIZATION COST STUDY (20R23)

Figure 4: Shell Investment Ratio versus Site Energy Savings
Construction
Cost

(Stud-Framed Colonial Homes in Worcester)

3.2.4 Utility Cost Findings

Utility Cost

The following subsection describes the estimated annual utility costs (i.e., what a hypothetical
consumer would pay in gas and/or electricity bills) for the modeled home packages. These results
describe how optimization could impact gas and electric utility bills for the residents or bill payers
of a hypothetical home.
Figure 5 shows the annual utility bills associated with different home packages and mechanical
systems. The y-axis shows total gas and electric costs for the first year – this includes costs for
heating, cooling, ventilation, hot water, 100% LED lighting, plug loads, ceiling fans, and baseline
appliances. The x-axis shows the energy savings relative to a typical home with a furnace and
CAC. Packages farther to the right have greater savings relative to a reference furnace/CAC
home; packages farther down have lower utility costs. Optimized packages can yield utility
bill savings not only relative to a reference furnace/CAC home, but also to a reference home with
the same HVAC equipment type. For example, the Ownership Cost package of the furnace
prototype results in $553 (16%) annual utility bill savings over the reference furnace/CAC home.
The Ownership Cost package for MSHP results in $1,385 (30%) annual utility bill savings relative
to the reference MSHP home.
Similar utility costs are achievable regardless of selected HVAC equipment type. Using
optimization, annual utility costs between approximately $2,900 (furnace) and $3,200 (GSHP) can
be achieved for prototype homes of any HVAC type. Electric packages may yield greater energy
savings, but the lower relative cost of natural gas yields comparable utility costs.
It may seem counterintuitive that the Site Savings packages have slightly higher utility bills than
the Ownership Cost packages, since the Site Savings packages use the least energy. The
modeling yielded Site Savings packages that include electric heat pump water heaters, while the
Ownership Cost packages have gas storage water heaters. The gas water heaters are lower
efficiency than the heat pump water heaters, but cheaper to operate given the lower price of gas.
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Figure 5: First Year Utility Cost Curves by HVAC Type

Utility Cost

(Stud-Framed Colonial Homes in Worcester)

AERC

3.2.5 Annualized Energy Related Cost (AERC) Findings
The following subsection describes the estimated AERC for the modeled home packages. As
mentioned previously, the AERC includes the construction costs of all the energy-related
measures (e.g., HVAC equipment and wall insulation) incorporated into mortgage payments plus
utility bills and system replacement costs. This approximates the perspective of someone
purchasing a house and then paying the utility bills and replacing failed systems over a 30-year
period.
Figure 6 shows cost optimization curves for each of the five colonial, stud, Worcester prototypes
mentioned previously. The y-axis shows the total AERC. Each chart shows costs and savings
relative to the Reference package for that HVAC system type (e.g., the furnace/CAC Ownership
Cost package shows savings relative to the furnace/CAC Reference package, while the GSHP
Ownership Cost package shows savings relative to the GSHP Reference package).44,45

44

Note that due to Beopt constraints, HVAC systems were modeled as different prototypes and thus are shown
separate from one another. Conversely, water heaters varied across packages within prototypes just like other
efficiency options in Appendix B.3.3 (e.g., insulation levels) and thus are not graphed separately. In other words,
water heater types are treated as characteristics to be selected in optimized packages.
45
See Table 7, Appendix C.1, and Appendix C.8 for ERI and HERS ratings associated with some of the packages in
Figure 6.
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Figure 6: Cost Optimization Curves by HVAC Type

AERC

(Stud-Framed Colonial Homes in Worcester)

Regardless of HVAC equipment type chosen, builders can create homes that offer both
energy savings and AERC savings. For example, by selecting the Ownership Cost package of
measures for a home that uses a furnace/CAC, builders can create a home that is about 32%
more efficient than a typical home with a furnace/CAC system and that saves about $500 per year
(AERC) when accounting for the costs of the energy-efficient upgrades and lower utility bills.
The Site Savings package can have lower AERC than the Reference package. For studframed, colonial homes in Worcester, the Site Savings package for ASHP, GSHP, and MSHP
homes is less costly (in terms of AERC) and between 25% and 30% more efficient than the
comparable reference home with the same type of mechanical system. For furnaces, the Site
Savings package is about 42% more efficient than the baseline and only $266 of AERC more
expensive.
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Optimized homes with furnace/CAC are the most affordable in terms of AERC, but they use
more energy than homes with electric heating. Figure 7 shows the same cost optimization
curves as Figure 3, except the energy savings are relative to a reference home with a
furnace/CAC. The most affordable option is the furnace/CAC Ownership Cost package (see the
bottom point on the furnace/CAC curve), which has an AERC of $4,074. This option is more costeffective than a typical furnace/CAC home and uses 24% less energy. Every electrically heated
package achieves at least 24% site energy savings and most achieve at least 42%.

Figure 7: Cost Optimization Curves by HVAC Type – Relative to Furnace/CAC

AERC

(Stud-Framed Colonial Homes in Worcester)

Decision makers can build optimized homes with ASHPs and GSHPs that have AERC
similar to a typical furnace/CAC home while consuming 58% less energy onsite. A typical
(Reference package) furnace/CAC, stud-framed, colonial home in Worcester has an AERC of
$4,611. Alternatively, the Ownership Cost package of the ASHP (Oversized) prototype has an
AERC of $4,529 and uses 58% less energy onsite than that reference furnace home. The
Ownership Cost package of the GSHP prototype has an AERC of $4,730 and also uses 58% less
site energy than the reference furnace/CAC home.46

46

As previously noted, savings are site savings. For each modeled design referenced in this report, site and source
savings can be found in the detailed spreadsheet described in Appendix E. Source savings for the ASHP+ and GSHP
packages referenced are both 36%.
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3.2.5.1 Measure Transitions Along the Optimization Curve
As BEopt optimizes a home design, it tests different measure combinations to find the most costeffective package at different levels of performance. As it tests these combinations to develop an
optimization curve, it crosses thresholds where a lower efficiency measure is no longer costeffective, and the model will switch to a different measure to meet higher levels of performance.
Figure 8 to Figure 11 show the transitions to new efficiency levels for air leakage (ACH50), stud
wall insulation (cavity + continuous R-value), and ceiling insulation (total R-value), along with
heating and water heater efficiencies (HSPF or AFUE, and UEF respectively). For example, all
Reference homes start off with baseline ceilings of R-44 fiberglass batts; in the first figure below
(MSHP), this remains a cost-effective option until the system approaches the bottom of the
optimization curve, at which point R-49 fiberglass batts become more cost-effective, and in turn,
R-60 cellulose quickly becomes more cost-effective than the R-49 batts. For the most part, the
initial upgrades moving from left to right along the optimization curves (reducing costs and
increasing savings) are for shell measures. MSHP and ASHP are exceptions, with some HVAC
efficiency upgrades becoming cost-effective before the bottom of the curve.

Figure 8: MSHP Measure Transitions47
(Stud-Framed Colonial Homes in Worcester)

47

As described in Appendix B.3.3.9, the switch from the 18 SEER / 12 HSPF MSHP option to the 29 SEER / 14
HSPF option requires a reduction in indoor heads, as multi-split systems at that higher level of performance are not
yet commercially available as of the writing of this report.
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Figure 9: GSHP Measure Transitions
(Stud-Framed Colonial Homes in Worcester)

Figure 10: Furnace Measure Transitions
(Stud-Framed Colonial Homes in Worcester)
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Figure 11: ASHP Measure Transitions

3.2.6

End-Use Consumption

Figure 12 describes the consumption by end use for the stud-framed colonial home packages
located in Worcester. Heating consumption dominates in the Reference and Payback Period
packages, but greater optimization, such as in the Ownership Cost and Site Savings packages,
yields significant reductions in heating consumption. The modeling tool included HPWHs in Site
Savings packages, which lowered hot water consumption compared to other packages, all of
which included gas storage water heaters. However, HPWHs can have interactive impacts on
other end-uses (see Appendix C.7 for an exploration on HPWH interactive effects). Ventilation
consumption increases as the building shell becomes tighter; however, the increase in ventilation
consumption is more than offset by the reduced heating consumption. 48,49 (See Table 47 for
underlying data.)

48

Similarly, as described in Appendix C.7, the bump in heating energy for the Site Savings MSHP package is due in
part to the addition of a heat pump water heater.
49
Note that furnace packages have a slightly higher consumption in the “Other” category, which is attributed to these
packages having a gas cooktop rather than electric.
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Figure 12: Consumption by End Use for Stud-Construction Colonials in
Worcester
(Million BTU/yr, Site)

See the Data ►
Cooling represents only a small portion of the modeled energy consumption. This can be
attributed to three factors:
1. Massachusetts is a heating dominated climate. The amount of heating required for
homes in Worcester is more than 50 times the amount of required cooling.
2. Equipment cooling efficiency is generally higher than heating efficiency. The lowest
efficiency equipment in this study (baseline furnace/CAC) is 95% efficient at heating and
401% efficient at cooling (14 SEER), while the most efficient (29.3 SEER / 14 HSPF
MSHP) is 410% efficient at heating and 859% efficient at cooling.
3. Thermostat settings vary. The modeling tool used a temperature of 75 degrees
Fahrenheit during the cooling season, which will vary in the real world.
Factors one and two alone mean that cooling energy is less than a percent of that required for
heating. However, cooling energy consumption is likely to increase in the future as climate
patterns change.
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3.3 ELECTRIFICATION COSTS
This study focused on EO, rather than electrification. Modeling identified optimal packages
regardless of HVAC fuel, and home packages could include electric or gas water heaters.
Therefore, the study did not focus on finding the cheapest all-electric packages. For
example, the Site Savings packages for MSHP homes happen to be all-electric, but they have
higher costs due to the inclusion of additional energy saving measures, such as premium windows
and heat pump water heaters (see Appendix E for additional details). While not focusing on
electrification, the team did investigate cost differences between all-electric and gasheated homes by looking at specific optimized packages.50
•

Construction cost comparisons in Figure 13 focus on the Ownership Cost packages,
comparing construction costs for packages with low long-term ownership costs (AERC).
The optimization modeling process selected gas storage water heaters for the Ownership
Cost packages of the electrically-heated home prototypes. Accordingly, to build
comparable low-cost, electric-only packages, NMR adjusted the construction costs for
these electric heat/gas hot water packages to include electric resistance water heaters,
rather than gas units. (Electric resistance water heaters are the cheapest electric water
heaters to install.51)

•

Utility cost comparisons in Figure 14 use the Ownership Cost package for the
furnace/CAC homes and the Site Savings packages for the all-electric homes. The former
has the lowest utility costs across all prototypes and the latter have the lowest utility costs
for all-electric prototypes. (The Site Savings packages include electric HPWHs.)

The costs in this section focus on stud-framed, colonial homes in Worcester. Similar results
averaged across all locations and building types are presented in Appendix C.
Construction costs for all-electric single-family homes can be similar to that of gas-heated
homes. Figure 13 shows the energy-efficiency-related construction costs of the Ownership Cost
packages across for each HVAC type in stud-framed, colonial home in Worcester. As a reminder,
the term energy-efficiency-related construction costs does not refer to all construction costs – it
only refers to building characteristics that impact energy performance, such as insulation levels
and HVAC equipment types.
The first bar in Figure 13 represents the construction costs of the Ownership Cost package for a
furnace/CAC home. This home uses a gas furnace, electric central air conditioner, gas water
heater, and a gas oven/range. The remaining bars show the construction costs of the
complementary Ownership Cost packages for each electric HVAC equipment type. NMR adjusted
the costs for those electric packages to reflect the selection of an electric resistance water heater

50

A study focused on electrification would optimize homes without including fossil fuel options for space or water
heating. It could include additional electric water heater options, appliance efficiency options, solar panel options,
demand response options, and additional shell measures.
51
The labor and materials costs for a gas storage water heater are estimated to be approximately $1,324 and the labor
and materials costs for an electric resistance water heater are $1,128, a $196 difference. Since Ownership Cost
packages of ASHP Oversized, MSHP, and GSHP included gas storage water heaters, NMR subtracted $196 from their
construction costs to reflect an electric water heater. No adjustment was made to the Furnace packages, leaving them
with gas water heaters in this example.
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instead of a gas storage water heater – making them electric-only packages, but without the cost
of installing a HPWH. These homes also include electric ovens and ranges. The all-electric
construction costs are similar to the gas-heated home construction costs ranging from $5,390
less expensive (for MSHP) to $1,973 more expensive (for GSHP).
Overall, these differences in construction costs are limited, particularly given that the construction
costs discussed here only include energy-efficiency related measures. These estimated
construction costs do not include any feature of construction that is not related to energy efficiency
(e.g., interior finishes) or costs that were assumed constant between prototypes (e.g.,
refrigerators). This analysis also does not include costs associated with gas piping inside the
home. The gas-heated homes require material and labor costs associated with gas pipes, none
of which would be required in the all-electric homes. Additionally, hook-up costs of the gas-heated
homes to the gas grid are not included because utility companies cover the first 100 feet of gas
hook-up lines.52

Figure 13: Single-Family Construction Costs Comparison – Gas Heat vs. AllElectric
(Stud-Framed Colonial Homes in Worcester)

52

Eversource representatives estimated gas connections for single-family homes cost the utility $2,500. United
Illuminating – Berkshire Gas estimated that gas connections for single-family homes cost the utility $4,725. None of
these costs are passed on to the homeowner if the length of the connecting pipe is 100 feet or less.
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All-electric homes have slightly higher utility costs than gas-heated homes because of the
higher price of electricity relative to gas. Figure 14 compares the average first year utility costs
of Ownership Cost furnace/CAC prototypes to the average of Site Savings packages for the allelectric home prototypes. It also shows the incremental construction costs for each package
relative to the furnace/CAC Ownership Cost package. The Ownership Cost furnace/CAC package
offers the lowest utility bills of any design. The Site Savings packages for the electric-HVAC
homes offer the lowest utility bills of any design limited to all-electric. Therefore, Figure 14
compares the most affordable all-electric homes in terms of utility bills to the most affordable
option of all homes in terms of utility bills. The all-electric homes have utility bills that range from
8% to 22% more expensive than the furnace/CAC home annually.

Figure 14: Single-Family Utility Costs Comparison – Gas Heat vs. All-Electric
(Stud-Framed Colonial Homes in Worcester)
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3.4 PROPANE PACKAGES
Combustion equipment (furnaces, hot water heaters, cooking ranges) in the core designs of this
study were modeled with natural gas. However, as shown in Figure 31 from the MA19R19
Residential New Construction Non-Program Model Review, much of Central and Western
Massachusetts does not have natural gas service available, and many new homes in Bristol
County are constructed without gas hookups.53 NMR explored the differences between propane
and natural gas packages. This section highlights some of those findings. For a full analysis see
Appendix C.9.
The Ownership Cost package of a propane furnace prototype costs about $8,000 more
than the natural gas prototype and includes greater air sealing, greater attic insulation,
more efficient mechanical equipment, and mechanical ventilation. Note that builders rarely
face a choice between propane and natural gas. Instead, the choice is typically between the fossil
fuel (i.e., propane or natural gas) available at the location and electricity. Many Ownership Cost
packages for propane homes include tankless water heaters, an option which was not selected
for the optimized packages of any natural gas or electrically-heated homes.

53

Half of stretch code homes in both the 2019 Residential Baseline and Non-Program Model Review studies were
heated with propane, while one third of base code homes used propane in the former compared to 94% in the latter.

41

RESIDENTIAL NEW CONSTRUCTION ENERGY OPTIMIZATION COST STUDY (20R23)

3.5 GREENHOUSE GAS EMISSIONS
Regardless of HVAC type, carbon dioxide equivalent (CO2e) emissions reductions of at
least 20% are possible without increasing costs relative to a typical home. Figure 15 shows
the percent source-based CO2e savings for each optimization package relative to the reference
emissions for each HVAC type. Note that this includes emissions related to energy consumption
with the current grid, not refrigerants, embodied carbon of materials, or any future decarbonization
of the electric supply. Along with saving energy, optimizing packages can lower carbon dioxide
equivalent (CO2e) emissions and AERCs.

Figure 15: Percent CO2e Savings by AERC by HVAC Type
(Stud-Framed Colonial Homes in Worcester)
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The Ownership Cost electric home packages have between 47% and 51% less CO2e
emissions than the furnace reference home (Figure 16). The Ownership Cost package of the
ASHP oversized prototype has 51% less CO2e emissions than the furnace/CAC Reference
package and costs $82 less in AERC. Additionally, the Ownership Cost ASHP oversized package
saves more than double the emissions saved by the Ownership Cost furnace/CAC package for
only $455 AERC more. CO2e emissions estimates rely on the current mix of electric generation
in Massachusetts and do not account for increasing renewables as required by Renewable
Portfolio Standard (RPS) legislation. Accordingly, these values underestimate future CO2e
savings from electrically fueled homes.

Figure 16: Percent CO2e Savings Relative to Furnace/CAC Reference by AERC
(Stud-Framed Colonial Homes in Worcester)
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Section 4 Survey and Interview Findings
The study included a web survey with 34 contractors who install HVAC and/or water heaters in
new homes to provide Massachusetts-specific installation costs. NMR used these survey results
to develop the measure-level installation costs included in the energy modeling, as described in
Appendix B.2.3. The survey also asked respondents about factors affecting HVAC equipment
installation costs. Eight survey respondents participated in follow-up interviews that provided
additional feedback. This section summarizes findings from the survey and interviews. Given the
small sample sizes, interview results are provided as qualitative assessments, and are not
statistically significant or necessarily representative of the broader contractor population.

4.1 MECHANICAL EQUIPMENT INSTALLATIONS
The contractor web survey results for equipment installation costs and the costs for ductwork are
presented in Table 9. The interviewees provided the following insights into these costs.

Table 9: Average Equipment and Labor Costs from Web Survey
Type

Efficiency

Capacity /
Quantity

Materials
n
Mean

n

Labor
Mean

21
20
18
18

$3,438
$4,158
$3,761
$4,642

21
20
20
20

$2,334
$2,584
$1,496
$1,537

15

$8,067

15

$7,867

6

$30,550

6

$18,958

22

$13,329

25

$9,332

25

$14,836

25

$9,274

24

$955

23

$641

20

$2,125

20

$1,111

Average home load

25

$2,344

25

$1,774

630 ft2, Ranch home

24

$3,833

26

$4,061

Unspecified‡

22

$3,409

23

$3,801

Heating & Cooling
Furnace
CAC
ASHP
GSHP

MSHP
Water Heaters
Gas Stand-Alone
Electric Heat
Pump
Gas Tankless
Ductwork
Conventional
Ducts
Ducts for Ducted
MSHP

95 AFUE
98.5 AFUE
14 SEER
16 SEER
≥18 SEER
11.5 HSPF
≥17 EER
3.6 COP
≥20 SEER
10 HSPF
≥18 SEER
12 HSPF

96 kBTU/h (8 ton)
48 kBTU/h (4 ton)

Heating:
96 kBTU/h (8 ton)
Cooling:
≥48 kBTU/h (4 ton)

≥0.67 UEF
≥3.0 UEF
≥0.87 UEF

Average, ~50 gallons

‡ The ductwork for ducted mini-splits is typically shorter than for a conventional HVAC system.
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4.1.1 HVAC Installations
MSHP equipment can be simpler to install than more traditional HVAC equipment due to
the elimination (or reduction) of ductwork. Half of the interviewees highlighted that MSHP
systems were the easiest system to install since they can eliminate ductwork. Seven of the eight
interviewees stated that MSHPs are the easiest installation compared to other heat pumps due
to the flexibility in equipment placement and configuration options. The only interviewee that did
not install MSHPs cited market skepticism, the need for backup heating systems, and difficulties
with servicing or obtaining parts.

“As far as installation and the quickness of installing it, I would probably say the
MSHP is slightly faster to install because you're not having to find a home for the
ductwork.” – HVAC Contractor
Two contractors suggested that furnace/CAC installations are the simplest and most costeffective HVAC systems to install, given familiarity with the technologies. One of those
contractors said, “I was trained on a kind of equipment that I thought looked good, [furnaces and
central ACs], and I stuck with it.” One of these two interviewees confirmed that MSHPs were also
simple to install.
Some interviewees suggested that installing ducts and/or
multiple systems increase installation costs and challenges.
Interviewees noted that ducted systems add challenges and
increase installation costs due to the added labor and materials
associated with installing and meeting energy code duct sealing
requirements. Additionally, interviewees mentioned installing
multiple types of systems, such as hydro-air boilers with an air
conditioner, as difficult because of the complicated controls and
interconnections.

“The ducts are
harder now because
new codes require
duct work being
[more] insulated and
sealed. That’s
added a good deal
of cost.”

The equipment type, configuration, and capacity determine
cost, in addition to the presence of duct systems. For example, one interviewee cited the
increased costs of an ASHP condenser relative to another system (such as a furnace/CAC), “I’ll
add roughly $1,000 more for the condenser. The job is
the same exact job, except for the fact that the
“Mini-splits can be expensive
condenser is more expensive.” Some other
because they require more
interviewees suggested that while MSHP installations
equipment. You might still have
can be easy, the configuration creates varied
installation costs. Large homes typically will have
one outdoor unit, but with the
multiple indoor heads, which drive up installation costs.
multiple indoor units, and
The installation costs for MSHPs can increase further
depending on how far apart they
as the system design is further customized, such as
are, you're going to run some
concealing the indoor heads in ceilings, floors, or walls.

serious costs with the copper
line sets, and stuff like that.”

Ductless, wall-mounted blower units are the most
common MSHP distribution configuration. Seven
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interviewees suggested wall-mounted indoor heads were the most frequently installed MSHP
configuration in new homes. Interviewees noted that these were the most cost-effective, easiest
to install, and can be placed almost anywhere within the home.

4.1.2 Water Heater Installations
Five of the eight interviewees said instantaneous water heaters are the most expensive to
install, compared to gas storage and electric storage systems. This aligned with the modeling
results, as optimized packages did not include instantaneous systems due to their high costs
relative to minimal energy savings. Interviewees said instantaneous systems had high costs
relative to tank water heaters due to higher equipment costs and increased labor to mount the
system, add ventilation, and install condensate pumps.
Installers reported that electric water heaters in general are simple to install, but electric
resistance tanks are much cheaper to install than HPWHs. Electric resistance tanks were
described as inexpensive and can be installed nearly anywhere, as they are quiet, do not produce
condensate, and do not need to be ventilated. HPWHs were not considered an especially
complicated installation, but they do have additional limitations regarding their placement. Two of
the eight interviewees said they do not install HPWHs due to their additional installation
requirements, such as how they can increase the space heating load by drawing heat from the
space (see Appendix C.7 for further discussion on placement of HPWHs).

4.2 MAINTENANCE AND REPAIR
Table 10 shows mechanical equipment repair costs and frequency estimated by HVAC and
plumbing contractors who responded to the web survey.

Table 10: Mechanical Equipment Repair Costs and Frequency
(Source: Web Survey)

n

Min

Repair Cost
($)
Mean
Max

14
25
15
23
4
19

$150
$185
$150
$150
$185
$150

$316
$400
$291
$285
$219
$420

$800
$1,200
$700
$500
$250
$1,500

8
12
8
14
2
12

2
2
2
2
2
2

4.8
4.1
4.0
2.6
2.0
3.7

10
10
7
7
2
7

19
11
18

$150
$100
$100

$299
$230
$395

$650
$500
$1,500

5
10
13

2
2
2

7.0
3.8
4.9

20
6
10

Equipment
HVAC
ASHP
Boiler
Central AC
Furnace
GSHP
MSHP
DHW
Gas instantaneous
HPWH
Gas storage

Repair Frequency
(Years)
n Min Mean Max
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MSHPs have the highest average repair costs
“[MSHPs] have less
($420/incident) and furnaces have the lowest average
repair costs ($285/incident) however, MSHPs require
going on. Furnaces have
maintenance less frequently.54 However, it should be noted
venting, drains, and
that MSHP equipment provides heating and cooling, while
gas… there is just more
repairs to furnaces only address heating. In the event that
there. Whereas MSHPs,
both the furnace and central AC system would need repairs,
you have your
costs would likely be higher than the furnace value alone.
refrigeration cycle circuit,
These repair cost estimates exclude seasonal or annual tuneelectrical, drain, and
ups. Web survey respondents indicated that MSHPs require
that's it.”
maintenance less frequently than furnaces (3.7 years for
MSHPs vs. 2.6 years for furnaces). Survey respondents
indicated that ASHPs require maintenance less often than any other space heating or cooling
equipment type (once every 4.8 years).
The interviewees indicated that proper installation is a greater driver of system reliability
than a specific equipment type is. Four of the eight interviewees said furnaces and central ACs
are the most reliable since those technologies are mature in the marketplace and well known by
contractors. Three interviewees said MSHPs were the most reliable since they are a simple
system with few opportunities for malfunctions.
Half of the interviewees think that MSHPs are the most reliable and the other half think
furnace and central ACs are the most reliable. In addition, four interviewees reported that
maintenance and repair costs were comparable between fossil fuel and heat pump heating
systems.
Survey respondents suggested that despite instantaneous water heaters being the most
expensive to install, they are the most reliable water heater, only needing repair every
seven years. However, interviewees gave mixed reviews for instantaneous water heater
reliability. Two said they were the most reliable, while one said they “do not have very good life
expectancy.” Two interviewees said HPWHs and standard electric resistance tanks were the most
reliable.

“[The most reliable are] either HPWHs, or just a plain old electric water heater.
There's not a lot of moving parts.”

54

Respondents gave an even lower repair cost estimate for the GSHPs ($219 / incident), but the sample size of four,
is small and thus excluded from discussion.
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4.3 BUILDING PRACTICES
Five of the eight interviewees said they consider building shell efficiency when sizing the
HVAC system for a home. A contractor properly using heat load calculation tools to size
mechanical systems will consider the performance of the building
shell as the envelope factors heavily into the necessary heating
“I've recommended
capacity of the system. Two interviewees stated that they were
that builders tighten up
more likely to install a single-speed fossil-fuel heating system in
the house because it
leaky homes as they expect it to perform better for long periods
allows them to get a
of time at full load.

slightly smaller
system, which is
cheaper to install and
run.”

Mechanical equipment is installed in unconditioned space
due to ease of installation, lack of consideration in design,
impacts on the square footage of the home, and low
awareness on benefits and installation practices. Table 11
shows the web survey responses on why builders locate HVAC
equipment in unconditioned space. Survey respondents most frequently said because it is “easier
to install in basements and attics” and because “plans do not provide room for equipment in
conditioned space.” Two other respondents suggested product design changes to make the
equipment smaller or more visually appealing.

Table 11: Why is it common to install equipment in unconditioned spaces?
(Source: Web Survey, n=28, multiple response)
Response
Easier to install in basement and attics
Plans do not provide room for equipment in conditioned space
Reduces square footage of the home
Low awareness of the benefits, such as energy savings
Contractors / builders not used to this practice
Low awareness of this practice
Potential energy savings not a priority for project team
Increased costs
Other

n
20
20
17
11
10
9
4
4
2
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Web respondents identified barriers to installing deeply buried ducts in attics, including
coordinating across trades, awareness of this as practice, and awareness as a compliance
option. Building code allows for a practice in which ducts that are deeply buried in insulation can
be considered to be heavily insulated (Figure 17 shows a visual representation of this practice).
Table 12 shows the barriers to this practice identified by web survey respondents.

Table 12: Barriers to Deeply Burying Ducts
(Source: Web Survey, n=29, multiple response)
Response
Coordinating across trades (i.e., insulators and HVAC installers)
Awareness of this duct insulation practice
Awareness of this code compliance option
Educating contractors of the benefits of this approach
No challenges
Increased costs
Other

n
20
13
12
11
5
4
2

Figure 17: Example of Deeply Buried Ducts

Primary barriers to install ducts in conditioned space are contractor awareness of the
benefits and guidance on how to best coordinate across trades. Table 13 shows the barriers
cited by web survey respondents for putting ducts in conditioned space. The most frequently cited
barrier was coordinating across trades.

Table 13: Barriers to Locating Duct Systems in Conditioned Space
(Source: Web Survey, n=29, multiple response)
Response

n

Coordinating across trades (i.e., insulators and HVAC installers)
Educating contractors of the benefits of this approach
Awareness of this duct insulation practice
Awareness of this code compliance option
No challenges
Other

18
16
13
12
2
2
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Appendix A Literature Review
This literature review was provided in a memorandum to the PAs, delivered on September 18,
2020. This literature review has been slightly modified for this report (e.g., removing
recommendations that applied to early study phases and are not relevant to the broader report).
The memo, largely as presented, is below. Findings from this memo reflect the status of the study
at the time this memo was presented, and should not be considered final study results.
As described in Appendix B, NMR compiled the cost data described in this literature review task
(below) and the costs gathered from the web-scraping task. They presented those measure-level
values (as a range) to HVAC installers via survey. The survey respondents then provided their
own installation costs, informed by those ranges, ultimately yielding the estimates described in
Section 4.
This memo includes a literature review and aggregation of available data sources that begin to
address the following research questions:
•

What are the incremental costs (capital and operating) associated with upgrading to
various high-efficiency HVAC and DHW equipment configurations?

•

How do maintenance and replacement costs compare for equipment of various types and
efficiency levels?

•

Which HVAC and DHW equipment types have cost data from previous evaluations and
regional data sources?

•

How do costs compare between data sources?

•

Which HVAC and DHW equipment types are recommended for subsequent research
tasks (summarized as tasks two through four of the workplan)?

Mechanical systems. The literature review focuses on mechanical system costs. We examined
available cost information for key measures that represent the major mechanical systems
identified in recent Massachusetts residential new construction baseline studies. 55 These include
the following:
Heating and cooling measures:
•
•
•
•
•
•

55

Furnaces
Boilers
Central air conditioners (CAC)
Air-source heat pumps (ASHP)
Mini/multi-split heat pumps (MSHP)
Geothermal or ground source heat pumps (GSHP)

See studies published in 2020, 2017, and 2016 at http://ma-eeac.org/studies/residential-program-studies/
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Domestic hot water measures:
•
•
•

Storage tank water heaters
Tankless (i.e., on-demand or instantaneous) water heaters
Heat pump water heaters (HPWH)

Shell measures. Though we intended to exclusively focus on mechanical systems in the literature
review, we also began the process of identifying relevant cost information for other measures that
have a significant impact on home construction costs and/or energy performance. These shell
measures include air sealing, windows; and insulation.
The literature review includes a review of air sealing costs from relevant studies. We did not
include window costs in the literature review, but costs for windows were covered via the webscraping effort in Task 2 of this study. Similarly, we did not compile insulation costs for inclusion
in this memo, but we have confirmed that we have sufficient data to inform the costs of insulation
materials (which are relatively commoditized) from existing studies and recent research
performed by NMR.
While gathering cost information, the team also developed a plan for how to incorporate climate
data and Massachusetts-specific cost adjustment factors into the results of the BEopt optimization
modeling work. The team’s approach can be found in Appendix B.
This memo includes the following information:
•

A summary of key findings from the literature review, including the relevant measure-level
costs identified in the reviewed materials

•

Recommendations for the MA20R23 study approach based on those findings

•

Details about the reviewed materials, including what equipment types they include, what
market segments they cover, and the methodologies they used to develop cost estimates
(Appendix A.1)

•

Detailed measure-level cost estimates from the reviewed materials (Appendix A.2)

KEY FINDINGS FROM THE LITERATURE REVIEW
The following subsections provide key findings from the literature review task, which were used
to inform and guide the direction of the study.

Cost Findings
Measure-level installation cost estimates are available at varying levels of granularity.
Some studies present the equipment and labor components of installation costs separately.
Others only provide total installation cost, limiting comparability across studies. No measure had
more than six relevant resources with cost information. The level of detail and type of cost data
also varied by resource. For example, four resources included furnace installation costs, but only
two of those provided separate estimates for equipment and labor costs. Table 14 summarizes
the measure-level costs covered in the materials included in the literature review. The cost ranges
reflect the lowest and highest estimates for each measure type for all relevant studies. This means
that the cost ranges are high-level estimates for all efficiencies, configurations, and capacities of
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a measure type unless otherwise noted. The detailed characteristics factored into each cost
estimate can be found in Appendix A.2.
The cost values for different types of equipment across studies are not perfectly comparable, as
some might include ancillary equipment costs that are not factored into the estimates from other
studies (e.g., the costs of duct work or other ancillary supplies). These cost ranges were the
starting point for this study, which were refined via contractor surveys and optimized home energy
models that were conducted in subsequent research tasks. This study factors in duct costs for
forced air systems and ground-loop costs for geothermal systems in the optimization modeling.
Note that the costs in Table 14 are from relatively recent studies, but they have not been adjusted
for inflation or for the Massachusetts market. Also, the costs in Table 14 include both new
construction and retrofits. Reviewed materials did not indicate a consistent relationship between
costs in the new construction and retrofit markets. While labor costs varied between the two
markets, one market was not clearly more cost-effective. Sometimes labor costs were more
expensive in new construction projects and sometimes labor costs were more expensive in retrofit
projects.

Table 14: Measure Cost Estimates Included in Reviewed Resources
Measure

Resources with
Cost Info.

Costs Per Unit
Totala

Equipment

Installation
(Labor, Parts)

HVAC
Furnace

4

$2,011-$6,661

$954-$4,550

$1,229-$2,802

Boiler

4

$3,500-$10,522

$1,340-$7,189

$1,934-$4,804

CAC

4

$1,056-$10,549

$2,740-$4,157b

$421-$856

b

ASHP

5

$4,500-$8,000

$3,136-$4,443

$438-$1,310
$1,100-$1,349
(per indoor unit)

MSHP

6

$2,000-$14,000

$2,589-$5,571c

GSHP

4

$10,530$12,920

$4,720-$6,072d

$5,810-$7310

4

$650-$5,643

$250-$3,221

$400-$2,921

4

$550-$7,600

$400-$2,044

$150-$1,191

2

$550-$991

$396-$1,600

$150-$600

5

$1,772-$3,500

$999-$2,399

$595-$1,087

DHW
Tankless
Fossil fuel
storage
Electric
resistance
storage
HPWH
Shell
Air sealing
2
$350-$700
NA
NA
a
Total costs may not equal the sum of equipment and labor costs because some studies include total
costs but not itemized costs.
b
Equipment costs for CACs and ASHPs are based on estimates for two-ton systems.
c
Equipment costs for MSHPs are based on two-ton, three-head systems.
d
Equipment costs for GSHPs are based on one and a half ton systems.
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Estimates of operational costs are less common and less comparable than installation
costs. When operational costs are reported in studies, they are often reported as savings
compared to a baseline rather than as the actual annual costs. This makes it more challenging to
readily compare operational costs between system types across studies due to differences in
baseline and utility price assumptions.
Incremental cost studies often do not report the full costs of measures. Incremental cost
studies often only include the incremental cost between baseline and high-efficiency measures,
rather than the full cost of each measure. Other incremental cost studies provide cost estimates
at the whole-house rather than measure-level, limiting their use for estimating measure-level
costs.
Costs in Massachusetts for equipment and labor tend to be higher than national average
costs. Available studies indicate that this dynamic may be more pronounced for conventional
systems, such as furnaces, boilers, and CACs, than for heat pump technologies. For this study,
the team accounted for potential cost differentials between Massachusetts and other regions. The
team adjusted values from non-Massachusetts sources accordingly.

HVAC, DHW, and Shell Findings
Studies provide limited installation and operational cost data for low-penetration
mechanical systems. The literature review found that the key mechanical system types identified
above represent the most common types of equipment observed in recent evaluations of new
construction in Massachusetts. Lower-penetration systems, such as indirect or solar hot water
heaters, or emerging technologies, such as split-HPWHs, have limited historical pricing data
available.
Heat pump installation costs are variable and may be changing. Based on the team’s
experience and on recent studies, the team believes that the costs for some key technologies of
interest, particularly heat pumps, continue to shift as they increase in efficiency and configuration
options. For example, heat pump water heaters with efficiencies less than 3 UEF have virtually
disappeared from the market. Cold climate heat pumps also appear to be increasingly available
in the market.56
HVAC and DHW equipment costs vary by equipment size, efficiency, and project type (e.g.,
Replace on Burnout [ROB] or new installation). Certain measures have a wide variety of
installation configurations and, accordingly, a large range of cost estimates. For example, minisplits can vary widely in efficiency, number of indoor air distribution units (heads), system
configuration (e.g., floor-mount, wall-mount, ducted, and ceiling cassettes), ability to perform in
cold weather, and so forth. Therefore, available resources provide a wide range of installation
costs, from $2,000 to $14,000 for a modest-sized system. A $2,000 project may have only one
indoor head, while a $14,000 project would likely include multiple.

56

Including those that meet the NEEP Cold Climate Heat Pump standard, as well as models tuned to favor heating
(HSPF) over cooling efficiency (SEER), e.g., 12 HSPF / 18 SEER models rather than a more conventional 11 HSPF /
22 SEER model.
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Windows substantially impact the construction and operation costs. The MA-REC analysis
within the MA19X02-B-RNCBL baseline study suggests that windows account for 20% to 30% of
the space conditioning load in typical new homes. Based on the team’s preliminary modelling,
windows also represent an estimated 15% to 20% of the energy-related construction costs, similar
to the proportion for mechanical equipment. In line with the importance of this measure, the
Massachusetts building code includes an amendment requiring a U-factor of 0.30 or less for
homes using the prescriptive compliance path.57 This favors the use of more higher-end windows
than the IECC code requirement of 0.32.58 In fact, the recently completed MA19R19 Residential
New Construction Non-Program Model Review found the mean U-factor of windows to be 0.29 in
base code communities, and 0.28 in municipalities that have adopted the stretch code.59 While
this suggests that the average new home complies with code, it also indicates even more of a
shift toward high end models. A Delphi panel conducted by Apex Analytics projected a shift toward
even lower U-factors in the near future.60 Furthermore, the same study found that incremental
costs increase dramatically as U-factors decrease.

Methodological Findings
Sufficient data exists to adjust national cost estimates to Massachusetts-specific values
that account for local climate and economic conditions. We explored data sources that could
be used to make state-specific adjustment factors for this study. Single-family and multifamily
energy models were customized to incorporate climate data from U.S. Census metropolitan
statistical areas (MSAs) for Boston, Worcester, and Barnstable.61 Cost estimates applied in this
study that reflected national averages were adjusted to the state-level using U.S. Bureau of
Economic Analysis (BEA) and U.S. Energy Information Agency (EIA) data.
Very few TRMs had applicable cost information. Only the Illinois, Vermont, and Mid-Atlantic
TRMs included applicable cost estimates for any of the key measures. In these instances, the
cost estimates were provided as “deemed measure costs”.

A.1 MATERIALS INCLUDED IN LITERATURE REVIEW
The team reviewed relevant evaluations and other datasets that could inform installation,
operating, and maintenance cost estimates for electric and fossil fuel systems in new homes in
Massachusetts. The review also compares findings from relevant evaluations to NREL’s National
Residential Efficiency Measures Database (NREMDB) data, which were leveraged for the study.

57

State Board of Building Regulations and Standards. 780 CMR Chapter 51 (Residential Volume): Massachusetts
Amendments to International Residential Code N1101 through N1111. (Aug. 2016). N1102.1.2 and N1102.1.4.
https://www.mass.gov/doc/chapter-51-n1101-through-n1111-aug-2016/download.
58
State Board of Building Regulations and Standards. 780 CMR Chapter 51 (Residential Volume): Massachusetts
Amendments to International Residential Code N1101 through N1111. (Aug. 2016). N1102.1.2 and N1102.1.4.
https://www.mass.gov/doc/chapter-51-n1101-through-n1111-aug-2016/download.
59
NMR Group. (June 2020). http://ma-eeac.org/wordpress/wp-content/uploads/MA19R19_NonProgramModelReview
_Final_2020.06.26.pdf
60
Apex Analytics. (Sep. 2018). Energy Trust of Oregon 2018 Windows Market Research Report. https://
www.energytrust.org/wp-content/uploads/2019/02/Energy-Trust-of-Oregon-Windows-2018-Market-Research-final.pdf
61
Barnstable will be used for single-family only.
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The following subsection summarizes the types of resources included in this literature review. It
also describes the measures they include, and the methodologies employed to develop cost
estimates.

Overview of Materials Reviewed
Types of resources reviewed. Overall, NMR found 20 relevant resources published between
2016 and 2019. These included five different types of resources:
1. Massachusetts studies: Studies sponsored by the Massachusetts PAs that included
state-specific HVAC and DHW cost estimates for several scenarios (residential new
construction or “RNC”, retrofit, or ROB). We found six relevant Massachusetts studies.
2. Non-Massachusetts studies: Studies from elsewhere in the United States relating to
HVAC, water heating, and building shell measure costs. We found six relevant nonMassachusetts studies.
3. Technical Reference Manuals (TRMs): State-level TRMs that include estimates of
HVAC-related costs. For example, some TRMs include estimates of deemed costs to use
in cost-effectiveness calculations. We examined TRMs for Massachusetts, Pennsylvania,
Vermont, New York, the mid-Atlantic region, and Illinois.
4. NREL’s Building Energy Optimization tool (BEopt): The BEopt software incorporates
measure-level labor and materials cost estimates from NREL’s NREMDB. The NREMDB
is intended to serve as a standardized national reference for the costs of home efficiency
improvements that can be used in modeling tools. The database is developed by NREL
for use in multiple DOE programs and includes costs sourced from public comment and
retrofit program data, is periodically updated, and includes new construction and retrofit
costs.62
5. HomeAdvisor.com: HomeAdvisor.com is a referral website for home improvement
projects that connects homeowners to contractors. It provides cost estimates for various
project types based on quote data from participating contractors and other sources.
Methods used in reviewed resources. These studies and data sources utilized a variety of
methods to develop cost estimates, often relying on multiple methods to collect sufficient data to
create comprehensive equipment cost totals and to correct for potential biases. Detailed
descriptions of the study methodologies can be found in Appendix B. At a high-level, the studies
used a combination of the following data collection techniques:
•

Surveys or interviews with contractors: Web surveys or phone interviews with
contractors in which the contractors provide estimates for the costs of various projects.
This method only provides estimates for costs associated with installation (e.g., equipment
and labor costs) rather than costs associated with operation (e.g., energy consumption).

62

The most recent version of BEopt, which will be used in this study (v2.8.0), includes an extract of the most recent
NRMEDB (v3.1.0), released in January of 2018.
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•

Web-scraping: Automated retrieval of equipment pricing displayed online by retailers or
distributors.

•

Program file reviews: Reviews of invoices and other documentation submitted during
program participation. This method is limited to program participants and thus only reflects
efficient systems and contractors who work with a program. This method typically only
provides costs associated with installation, rather than maintenance or repair.

•

Modeling: Modeling of prototype homes to estimate annual energy costs, often based on
assumed utility rates. Only studies that included modeling provided estimates for energy
consumption costs.

•

Public submission: NREMDB is regularly updated via public submission of cost data
from real-world experiences or from data provided by researchers or other industry
stakeholders. HomeAdvisor.com develops costs based on cost estimates provided by
users of the site.

Market types covered in reviewed resources. Examined resources provided cost estimates for
one or more of the following markets:
•

RNC: Installing measures in new homes as part of the original home construction.

•

Retrofit New: Installing additional capacity in existing homes or installing a new type of
system that was not previously present.

•

Retrofit ROB: Replacing old systems with new systems.

•

Any: Installing measures in any situation (some studies do not specify their market type
or differentiate between the three scenarios stated above).

Cost types included in reviewed resources. Finally, resources provided estimates for one or
more of the following types of costs:
•

Total install: All costs associated with the installation of equipment or measure. This
could include equipment costs, labor costs, and additional supplies or permitting costs in
some cases.

•

Equipment: Only the costs of the installed system equipment.

•

Labor: The costs of labor to install equipment. This includes costs of supplies in some
cases.

•

Energy: The costs of energy consumed to run the equipment.

•

Incremental: The marginal (i.e., additional) cost associated with installing a highefficiency system rather than a baseline-efficiency system. Some incremental cost studies
did not include data on the actual costs of the baseline and efficient scenarios, just the
incremental cost itself.

56

RESIDENTIAL NEW CONSTRUCTION ENERGY OPTIMIZATION COST STUDY (20R23)

Markets, Measures, and Cost Types Included in Reviewed Studies
Table 15 identifies the resources of primary interest included in the literature review.63 It describes
the year published, the region covered, and the market segments included in each resource (i.e.,
whether they provide costs for installing mechanical systems in new homes, adding systems to
existing homes, replacing old systems in existing homes, or in any scenario).

63

It does not include the scope of TRMs. We examined TRMs for Massachusetts, Pennsylvania, Vermont, New York,
the mid-Atlantic region, and Illinois. The Illinois TRM included installation cost estimates for all examined HVAC and
DHW equipment. The Vermont TRM had installation cost estimates for MSHPs. No other TRM provided the
necessary installation cost estimates for this study.
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Table 15: Markets Covered by Reviewed Resources
Study
MA19R18: Residential
New Construction
Incremental Cost
Update64
Energy Savings and
Cost-Effectiveness
Analysis of the 2020
NYStretch Energy
Code Residential
Provisions65
NYSERDA Net-Zero
Retrofit Modeling66
Cost Study of Heat
Pump Installations for
Dual Fuel Operation
(RES 23)67
Ductless Mini-split
Heat Pump Cost Study
(RES 28)68
Energy Optimization
Study (RES 21)69
Northwest Ductless
Heat Pump Initiative
MPER #670
RLPNC 17-14:
Massachusetts
Residential New
Construction
Incremental Cost71

Year

Region

2020

MA

2019

NY

2019

NY

2018

MA

2018

MA

2018

MA

2018

Northwest (NEEA)

2018

MA

Market Segment
RNC

Retrofit (New)

Retrofit (ROB)

Any

64

http://ma-eeac.org/wordpress/wp-content/uploads/MA19R18_RNCIncCostUpdate_Final_2020.03.27_clean.pdf
https://www.nyserda.ny.gov/-/media/Files/Programs/energy-code-training/Residential-Cost-Analysis-Report.pdf
66
Non-public study.
67
http://ma-eeac.org/wordpress/wp-content/uploads/RES23_Task2_AC-HP_Cost_Study_Results_Memo_v3_clean.pdf
68
https://fileservice.eea.comacloud.net/FileService.Api/file/FileRoom/9407360
69
http://ma-eeac.org/wordpress/wp-content/uploads/RES21_Energy-Optimization-Study_09OCT2018.pdf
70
https://neea.org/resources/northwest-ductless-heat-pump-initiative-market-progress-evaluation-report-6
71
http://ma-eeac.org/wordpress/wp-content/uploads/RLPNC_17-14_RNCIncrementalCost_26JUL2018_Final.pdf
65
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Water Heating, Boiler,
and Furnace Cost
Study (RES 19)72
NYSERDA Ductless
Mini-split Heat Pump
Market
Characterization
Study73
2016/2017 Home
Insulation Energy
Savings Program
Evaluation: New
Brunswick Power74
Emerging
Technologies
Incremental Cost
Study75
Heat Pump Water
Heaters Impact Study
HomeAdvisor.com
NREMDB

2018

MA

2017

NY

2017

Various

2016

New England (NEEP)

2017

MA

2020

ZIP Code

2018

US

72

http://ma-eeac.org/wordpress/wp-content/uploads/RES19_Task5_FinalReport_v3.0_clean.pdf
https://www.nyserda.ny.gov/-/media/Files/Publications/PPSER/Program-Evaluation/2017ContractorReports/Ductless-MiniSplitHeatPumpMarketCharacterizationStudy.pdf
73

74

https://dsmevaluations.esource.com/system/files/evaluations/newbrunswickpower_2017_20162f2017_home_insulation_energy_savings_program_evaluation.pdf
75
https://neep.org/sites/default/files/resources/NEEP%20Incremental%20Cost%20Study%20FINAL_061016.pdf
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Table 16 describes the types of costs and equipment types covered in each reviewed resource. Resources rarely estimated
maintenance or operation costs.

Table 16: Costs Covered by Each Study
Cost Categories
Resource
Water Heating, Boiler, and
Furnace Cost Study
(RES 19)
Cost Study of Heat Pump
Installations for Dual Fuel
Operation (RES 23)
Energy Optimization Study
(RES 21)
Ductless Mini-split heat
pump cost study (RES 28)
NYSERDA Net-Zero
Retrofit Modeling
Energy Savings and CostEffectiveness Analysis of
the 2020 NYStretch
Energy Code Residential
Provisions
RLPNC 17-14:
Massachusetts Residential
New Construction
Incremental Cost
MA19R18: Residential
New Construction
Incremental Cost Update
Emerging Technologies
Incremental Cost Study

Total

Equip-

Install

ment

NA

NA

Labor

Energy

NA

NA

Equipment Type
Incremental

NA

Furn

Boil

CAC ASHP MSHP GSHP

NA

NA

NA

NA

NA

NA

Tank-

Strg.

less WH WH

NA

NA

HPWH Shell

NA

NA
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Cost Categories
Resource

Total

Equip-

Install

ment

Labor

Energy

Equipment Type
Incremental

Furn

Boil

CAC ASHP MSHP GSHP

Tank-

Strg.

less WH WH

HPWH Shell

Northwest Ductless Heat
Pump Initiative MPER #6
NYSERDA Ductless Minisplit heat pump Market
Characterization Study
2016/2017 Home
Insulation Energy Savings
Program Evaluation: New
Brunswick Power
Heat Pump Water Heaters
Impact Study
HomeAdvisor
NREMDB

(via
BEopt)
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Methodologies Employed in Reviewed Studies
Table 17 summarizes the methodologies used in each reviewed resource to develop the included cost estimates.

Table 17: Methodologies Used by Reviewed Studies
Resource

Year

State/
Region

Water Heating, Boiler, and
Furnace Cost Study (RES 19)

2018

MA

Cost Study of Heat Pump
Installations for Dual Fuel
Operation (RES 23)

2018

MA

Energy Optimization Study
(RES 21)

2018

MA

Methodology
Survey of 11 contractors;
Web scraping
Review of sample of 100 program rebate
records for CACs;
Review of sample of 100 program rebate
records for heat pumps
Modeling using inputs including installation
costs, baseline efficiencies, fuel price,
loads, weather, and HVAC system electric
consumption

Ductless Mini-split Heat Pump
Cost Study (RES 28)

2018

MA

Web survey of 13 HVAC contractors;
Web scraping;
Review of program invoice data

NYSERDA Net-Zero Retrofit
Modeling

2019

NY

BEopt energy modeling

NY

U.S. DOE code cost-effectiveness
methodology using building prototype
models;
Qualitative assessment of anticipated
energy impact

Energy Savings and CostEffectiveness Analysis of the
2020 NYStretch Energy Code
Residential Provisions

2019

Other Notes
–
Finds that installing new systems is more
expensive than replacing a heat pump and
that oversizing heating systems leads to
“grossly” oversized cooling systems
Includes recommendations for future EO
studies
Considered multiple configurations,
exterior wall material, exterior unit
locations, indoor unit locations, and multisystem installations;
Reports costs for cold-climate and noncold-climate systems
Annual costs modeled as whole-home
packages, including upgrades to building
shell
Energy costs at the whole-house level;
Does not report costs specifically
associated with HVAC equipment
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Resource
RLPNC 17-14: Massachusetts
Residential New Construction
Incremental Cost
MA19R18: Residential New
Construction Incremental Cost
Update
Emerging Technologies
Incremental Cost Study
Northwest Ductless Heat Pump
Initiative MPER #6
NYSERDA Ductless Mini-Split
Heat Pump Market
Characterization Study
2016/2017 Home Insulation
Energy Savings Program
Evaluation: New Brunswick
Power
Heat Pump Water Heaters
Impact Study

Year

State/
Region

2018

2020

2016
2018

Methodology

Other Notes

MA

Surveys and quotes from contractors

–

MA

Surveys and quotes from contractors;
NREMDB cost data

Update of RLPNC 17-14 using more recent
baseline data and NREMDB costs

Market actor interviews;
Research by subject matter experts

–

Survey of 38 installers

–

Review of HARDI MSHP sales data;
Interviews with market actors

–

Literature review

–

Survey

–

User submissions

–

User, stakeholder, and researcher
submissions

–

New
England
Northwe
st

2017

NY

2017

Various

2017

MA

HomeAdvisor

2020

ZIPCode

NREMDB

2018

US
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A.2 DETAILED COST FINDINGS FROM REVIEWED SOURCES
The subsections below provide additional detail about the installation costs for HVAC, water
heating, and building shell measures from the resources included in this literature review.76 The
costs described below have not been adjusted for inflation or regionality but are as presented in
the various materials. The energy modeling and final report of this study included adjustments for
any such issues.

HVAC Cost Estimates
A.2.1.1 Furnaces
Furnace installation costs vary by system capacity, efficiency, and technology, including whether
or not the furnace is a condensing model, as those tend to come with additional labor costs (e.g.,
running condensate lines or ensuring that condensate cannot freeze in certain installation
locations).

Table 18: Furnace Costs from Reviewed Resources
Resource

Fuel

Efficiency /
Input Capacity

Installation Costs Per Unit
Total

Equipment

Labor
Noncondensing:
$2,111
Condensing:
$2,802
Noncondensing:
$1,889
Condensing:
$2,635

Res 19

Natural
gas

80-98% AFUE /
80 MBH

$3,966-$6,661

$1,164-$4,550

Res 19

Propane

80-98% AFUE /
80 MBH

$3,589-$6,242

$954-$4,353

NREMDB

Natural
gas

78-98% AFUE /
Any

Propane

80-96% AFUE /
Any

Equipment + Labor

HomeAdvisor

Any

Any

$2,600-$6,300
($5,594 in Boston)

NA

NA

Illinois TRM

Any

80-96% AFUE /
Any

$2,011- $3,611

NA

NA

NREMDB

Equipment + Labor

($712/unit +
$2.7/kBtuh input)
to ($1,677/unit +
$3.86/kBtuh input)
($661/unit +
$2.7/kBtuh input)
to ($2,977/unit +
$3.86/kBtuh input)

New: $1,229
Replace:
$1,130
New: $1,229
Replace:
$1,130

76

The tables exclude studies that only reported the incremental costs of installing high-efficiency measures relative to
lower efficiency measures. The summaries only include studies with full measure costs.
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A.2.1.2 Boiler
Costs for boilers vary by fuel and boiler type (e.g., non-condensing, condensing, combination
boiler, steam boiler, hot water boiler).

Table 19: Boiler Costs from Reviewed Resources
Installation Costs Per Unit

Fuel

Efficiency /
Input Capacity

Res 19

Natural gas

84-95.5% AFUE
/ 110 MBH

$6,042-$9,471

$1,340-$6,400

Res 19

Propane

84-95.5% AFUE
/ 110 MBH

$6,595-$9,525

$1,791-$6,341

Res 19

Oil

84.3-90% AFUE
/ 119 MBH

$6,866-$10,552

$3,503-$7,189

Natural gas
and propane

80-96% AFUE /
Any

$21.19/kBtuh$42.52/kBtuh

HomeAdvisor

Any

Any

Equipment +
Labor
$3,500-$7,700
($7,412 in
Boston)

Non-condensing:
$3,071
Condensing:
$4,702
Non-condensing:
$3,184
Condensing:
$4,804
Non-condensing:
$3,363 (90%
AFUE)
New: $1,933.5
Replace: $3,084

NA

NA

Illinois TRM

Any

82-95% AFUE /
Any

$3,543-$5,328

NA

NA

Resource

NREMDB

Total

Equipment

Labor

A.2.1.3 Central Air-Conditioner
Costs for CAC vary by efficiency, system capacity, and whether the project is a new installation
or replacing an old CAC system.

Table 20: CAC Costs from Reviewed Resources
Resource
Res 23

NREMDB

HomeAdvisor
Illinois TRM
a

Efficiency

Installation Costs Per Unit
Total

Equipment

Labor

Any

New: $4,156/ton
Replace: $4,074/ton

NA

NA

13-24.5 SEER

Equipment +
Installation

($1,732/unit + $42/kBtuh)
to ($3,149/unit +
$42/kBtuh)

New: $421
Replace: $856

Any

$3,810-$7,472
($4,818-$10,549 in
Boston)

NA

NA

14-18 SEER

$1,056-$1,572a

NA

NA

Total costs for a one ton system.
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A.2.1.4 Air-Source Heat Pump
Costs for ASHPs vary by efficiency and system capacity.

Table 21: ASHP Costs from Reviewed Resources
Resource

Efficiency

Res 23

16 SEER

Res 23

18 SEER

NREMDB
NYSERDA
Net-Zero
Retrofit
Modeling
HomeAdvisor

Illinois TRM

Installation Costs Per Unit
Total
New: $5,121/ton
Replacement:
$4,685/ton
New: $5,259/ton
Replacement:
$5,033/ton

Equipment

Labor

NA

NA

NA

NA

13-22 SEER;
7.7-10 HSPF

Equipment +
Labor

($2,128/unit + $42/kBtuh)
to
($3,435/unit + $42/kBtuh)

New: $1,310
Replace: $873

22 SEER;
10 HSPF

$5,511

$5,073

$438

$4,500-$8,000
$1,381/ton +
($123 low
efficiency to $724
high efficiency)

NA

NA

NA

NA

Any

14.5-18 SEER
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A.2.1.5 Ductless Mini-split Heat Pumps
Resources estimate installation for ductless MSHPs cost between $2,000 and $14,000, including
labor and equipment. Costs in Massachusetts were similar to the range of national costs. The
Massachusetts-specific estimates ranged from $3,860 to $10,438. Costs for MHSPs vary by
efficiency, number of system heads, and whether the system is meant for cold climates.

Table 22: Mini/Multi-Split Heat Pump Costs from Reviewed Resources

NYSERDA NetZero Retrofit
Modeling
NREMDB

RES 28

RES 28
HomeAdvisor
Illinois TRM

Installation Costs Per System

Efficiency /
Capacity

Resource

33 SEER;
14.2 HSPF /
9 kBtuh
14.5-33 SEER;
8.2-14.2 HSPF /
Any
18 SEER;
10 HSPF /
9-36 kBtuh
20 SEER;
12 HSPF /
9-24 kBtuh
Any
9-13+ HSPF /
Any
Any /
6-48 kBtuh

Vermont TRM

Total

Equipment

Labor

$4,219

$3,119

$1,100

Equipment +
Labor

($415/unit + $56/kBtuh)
to ($1,302/unit +
$69.4/kBtuh)

New: $1,100
Replace:$1,349

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Regular: $3,860
cold-climate:
$10,438
Regular: $4,212
cold-climate:
$5,256
$2,000-$14,500
($1,443$2,041)/ton
Single head:
$2,760-$3,426
Multi-head:
$3,495-$5,481

A.2.1.6 Ground Source Heat Pump
Only HomeAdvisor.com provided Massachusetts-specific installation cost estimates for GSHPs.
Costs for GSHPs vary by efficiency and well configuration.

Table 23: GSHP Costs from Reviewed Resources
Resource
NYSERDA Net-Zero
Retrofit Modeling

Efficiency /
Capacity
20.2 EER;
4.2 COP /
18 kBtuh

Installation Costs Per Unit
Total

Equipment

Labor

$10,530

$4,720

$5,810

NREMDB

Any

HomeAdvisor

Any

Equipment +
Labor
$11,420-$12,920

Illinois TRM

Any

$3,957/ton

NA

$250/kBtuh +
$1,310/unit
NA

NA

NA

$253/kBtuh
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Domestic Hot Water Cost Estimates
A.2.2.1 Tankless Water Heaters
Resources estimate tankless water heater installations to cost between $650 and $5,643,
including labor and equipment. Costs in Massachusetts represent the higher end of costs
nationally. Massachusetts-specific estimates ranged from $4,137 to $5,643. Costs for tankless
water heaters vary by efficiency and technology (e.g., condensing or non-condensing).

Table 24: Tankless Water Heater Costs from Reviewed Resources
Installation Costs Per Unit

Fuel

Efficiency /
Capacity

Total

Equipment

Res 19

Natural gas

0.80-0.97 UEF
/ 199 MBH

$4,137$5,609

$1,216-$3,221

Res 19

Propane

0.80-0.97 UEF
/ 199 MBH

$4,177$5,643

$1,749-$3,215

Resource

NREMDB
Illinois TRM
HomeAdvisor

Natural gas
or propane
Any
Any

Any
Any
Any

$1,513$2,699
$1,219
$650$4,000

NA

Labor
Non-condensing:
$2,388
Condensing: $2,921
Non-condensing:
$2,428 Condensing:
NA
New: $565 Replace:
$1,292
NA

$250-2,500

$400-$1,500

$948-$1,377
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A.2.2.2 Fossil Fuel Storage Water Heater
Resources estimate fossil fuel storage water heater installation to cost between $550 and $1,800,
including labor and equipment. Costs for water heaters vary by storage capacity, efficiency, and
technology (e.g., condensing or non-condensing or power venting).

Table 25: Fossil Fuel Storage Water Heater Costs from Reviewed Resources
Fuel / Draw

Efficiency
/ Capacity

Res 19

Res 19

Resource

NREMDB

Installation Costs Per Unit
Total

Equipment

Natural gas /
medium-draw

0.59-0.68
UEF /
≤ 55
gallons

$1,591$2,662

$737-$1,808

Natural gas /
high-draw

0.59-0.68
UEF /
≤ 55
gallons

$1,653$3,235

$462-$2,044

Noncondensing:
$1,191

Any

Any

Equipment +
Fuel

($45 + $10/gal) to
($1134 + $7/gal)

New: $591
Replace:
$576

NA

NA

$400-$1,600

$150-$600

Illinois TRM

Any

Any

HomeAdvisor

Any

Any

Noncondensing:
$1,014
Condensing:
$1,299
$550-$1,800

Labor
Noncondensing:
$854
Condensing:
NA
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A.2.2.3 Electric Resistance and Heat Pump Water Heaters
Resources estimate electric resistance water installation to cost between $550 and $991,
including equipment and labor. HPWH installation ranges from $1,772 to $3,500. Note that federal
standards require electric water heaters over 55 gallons to meet efficiency standards that can
only be currently met using HPWH technology.77 Costs for water heaters vary by storage capacity,
efficiency, whether the unit is a new install or a replacement, and technology (e.g., heat pump or
electric resistance).

Table 26: Electric Resistance and HPWH Costs from Reviewed Resources
Resource
Emerging
Technologies
Incremental
Cost Study
NYSERDA
Net-Zero
Retrofit
Modeling
NYSERDA
Net-Zero
Retrofit
Modeling
Heat Pump
Water Heaters
Impact Studyb
NREMDB
Illinois TRM
HomeAdvisora

Installation Costs Per Unit

Equipment
Type

Efficiency
/ Capacity

HPWH

EF ≥ 2.6 /
Any

$2,086-$3,486

HPWH

Any /
50 gallons

$1,772

$1,177

$595

Electric
resistance

Any /
50 gallons

$991

$396

$595

HPWH

Any

<$500 - >$3,000

NA

NA

$1,408-$2,220

$1,177$1,586

New: $231
Replace: $370-$634

$2,062-$3,116

NA

NA

$550-$3,500

$400-$1,600

$150-$600

HPWH
HPWH
HPWH and
electric
resistance

Any /
50-80
gallons
Any
Any

Total

Equipment
50 gallons:
$999-1,899
80 gallons:
$1,599$2,399

Labor

$1,087

a

Note that the equipment and labor costs provided by HomeAdvisor do not sum to the total installation cost.
The study did not estimate specific costs but instead asked respondents to select the costs of HPWH
installations from a range of multiple choices. Using the midpoint of each choice, the average self-reported
installation cost is $1,598.
b

77

Federal standard requires all electric water heaters over 55 gallons to have a UEF close to 2.0 depending on the
volume of the tank. See section 430.32.d at https://www.ecfr.gov/cgi-bin/textidx?SID=80dfa785ea350ebeee184bb0ae03e7f0&mc=true&node=se10.3.430_132&rgn=div8
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Building Shell
A.2.3.1 Air sealing
The granularity of cost estimates varies across regions due to varying methods used for
estimating costs in each region. For example, data for Maine only had average cost estimates at
the project level without actual blower-door results. However, data from California studies
included cost estimates based on of measured air leakage reductions.

Table 27: Air Sealing Costs from Reviewed Resources
Resource
2016/2017 Home
Insulation Energy Savings
Program Evaluation: New
Brunswick Power1
2016/2017 Home
Insulation Energy Savings
Program Evaluation: New
Brunswick Power1
2016/2017 Home
Insulation Energy Savings
Program Evaluation: New
Brunswick Power1
NREMDB

Region

Scope

Total Costs

Maine

Average of projects

$700/project

California

15% reduction

$350

California

30% reduction

$500

National

All

$0.65/ft2 finished floor
area

1. Econoler. (Sept. 22, 2107), “2016/2017 Home Insulation Energy Savings Program Evaluation: New Brunswick
Power”. https://dsmevaluations.esource.com/system/files/evaluations/newbrunswickpower
_2017_20162f2017_home_insulation_energy_savings_program_evaluation.pdf
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Appendix B Detailed Methodology
This appendix provides additional details on the research tasks conducted for the study. Much of
the methodology underpinning the optimization modeling is included the main body of the report,
to help guide readers through the results and key findings from the study. This appendix provides
additional methodological details on the following tasks:
•

Reviewing existing literature

•

Developing Massachusetts-specific cost estimates, including the following:
o

Adjusting NREMDB national values

o

Developing regional adjustment factors for different parts of Massachusetts

o

Web-scraping mechanical system costs

o

Conducting a web survey of contractors to gather mechanical system costs

o

Conducting interviews with contractors for pricing context

•

Energy modeling

•

Conducting a billing analysis

B.1 REVIEW OF LITERATURE AND AVAILABLE DATA SOURCES
Literature Review. To begin the study, NMR conducted a comprehensive review of available
data sources that helped inform installation, operating, and maintenance costs for electric and
fossil fuel mechanical systems. NMR compiled and reviewed 20 relevant evaluations published
between 2016 and 2019. These data sources included five different types of resources:
1. Massachusetts studies: Studies sponsored by the Massachusetts PAs that included
state-specific HVAC and DHW cost estimates for several scenarios (RNC, retrofit, or
ROB). We found six relevant Massachusetts studies.
2. Non-Massachusetts studies: Studies from elsewhere in the United States relating to
HVAC, water heating, and building shell measure costs. We found six relevant nonMassachusetts studies.
3. TRMs: State-level TRMs that include estimates of HVAC-related costs. For example,
some TRMs include estimates of deemed costs to use in cost-effectiveness calculations.
We examined TRMs for Massachusetts, Pennsylvania, Vermont, New York, the midAtlantic region, and Illinois.
4. NREL’s BEopt: The BEopt software incorporates measure-level labor and materials cost
estimates from NREL’s NREMDB. The NREMDB is intended to serve as a standardized
national reference for the costs of home efficiency improvements that can be used in
modeling tools. The database is developed by NREL for use in multiple DOE programs
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and includes costs sourced from public comment and retrofit program data, is periodically
updated, and includes new construction and retrofit costs.78
5. HomeAdvisor.com: HomeAdvisor.com is a referral website for home improvement
projects that connects homeowners to contractors. It provides cost estimates for various
project types based on quote data from participating contractors and other sources.
NMR provided the results of this literature review to the PAs and EEAC on September 18, 2020.
The memo can be found in Appendix A.

B.2 MASSACHUSETTS-SPECIFIC COST ESTIMATES FOR MODELING INPUTS
NMR used the literature review (Appendix A) and multiple additional methods to develop the
Massachusetts-specific measure-level cost estimates and other assumptions used as inputs for
the energy models. These methods are detailed in the subsections below. The literature review
findings were used to provide survey respondents with high and low estimates of materials and
labor costs. (See Section 4 for findings from the installer survey, including the installation costs
estimates provided by installers.)

Adjusting NREMDB Costs for the Massachusetts Market
Materials cost adjustments. The NREMDB material costs represent national average
installation costs, not Massachusetts-specific costs. The study explored two means of adjusting
NREMDB costs to reflect the Massachusetts market: (1) Regional Price Parity (RPP) from the
U.S. BEA with Consumer Price Index and (2) The Council for Community and Economic
Research’s (C2ER) Cost of Living Index (COLI).79 The study chose the RPP since it offered more
granularity for different parts of Massachusetts (B.2.2).

Table 28: Possible Regional Cost Adjustment Factors
Region
Boston
Worcester
Providence-Warwick-Bristol*
Barnstable
Springfield
Pittsfield
Elsewhere
Statewide
National

RPP 2018
114
103
100
105
97
98
–
110
100

COLI 2020Q1
149
–
119
–
–
111
–
131
100

*Relevant Metropolitan Statistical Area covers part of Massachusetts.

78

The most recent version of BEopt, which will be used in this study (v2.8.0), includes an extract of the most recent
NRMEDB (v3.1.0), released in January of 2018.
79
The C2ER index is updated quarterly (more frequently than the RPP index), but it represents a different basket of
goods and is more volatile due to the frequency and immediacy of the sometimes-sparse data employed. Coughlin, C.,
Gascon, C., Kliesen, K. 2017. “Living Standards in St. Louis and the Eighth Federal Reserve District: Let’s Get Real”.
Federal Reserve Bank of St. Louis REVIEW 99(4), pp.377-94. https://doi.org/10.20955/r.2017.377-394
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Labor cost adjustments. The NREMDB labor costs also represent national averages. The study
used wages from the Bureau of Labor Statistics to develop a wage multiplier for use in modeling
similar to that used for materials cost adjustment, thereby adjusting the NREMDB labor rates to
better approximate the higher rates of the Massachusetts market (Table 29).

Table 29: 2019 Median Hourly Wage for Construction-Related Occupations80
Region
Boston
Worcester
Rhode Island*
Barnstable
Springfield
Pittsfield
Elsewhere
Statewide

Plumber
127%
108%
95%
111%
113%
164%
132%
124%

HVAC
Tech
128%
120%
116%
127%
127%
120%
120%
127%

Carpenter
126%
116%
104%
117%
106%
118%
124%
121%

Const.
Laborers
142%
113%
139%
119%
154%
122%
116%
138%

Ins.
Workers
108%
–
170%
82%
90%
–
–
106%

Const.,
Misc.
107%
125%
119%
–
–
–
–
108%

Average
123%
116%
121%
111%
117%
127%
121%
121%

*Relevant Metropolitan Statistical Area covers part of Massachusetts.

Statewide average cost adjustments. NMR inflated the 2018 statewide RPP value from above
(Table 28) to 2020 levels and used it to adjust materials costs (other than mechanical systems,
as discussed in Appendix B.2.3). NMR similarly adjusted the labor values from Table 29. The final
labor and materials multipliers applied to the NREMDB national averages that were used in the
modeling process are shown in Table 30.81

Table 30: NREMDB Cost Adjustments to Reflect Massachusetts Market
Multiplier
Labor
Materials

Value
121.4%
115.2%

Sources
Bureau of Labor Statistics1, Bureau of Labor Statistics2
Regional Price Parity3, Bureau of Labor Statistics4

1. Unweighted mean of Massachusetts median hourly wages to U.S ratio median hourly wages for plumbers,
HVAC technicians, carpenter, insulation workers, construction laborers and miscellaneous construction.
https://www.careeronestop.org/Toolkit/Wages/find-salary.aspx?frd=true
2. https://data.bls.gov/cgi-bin/cpicalc.pl?cost1=1&year1=201806&year2=202012
3. https://www.bea.gov/news/2020/real-personal-income-state-and-metropolitan-area-2018
4. https://data.bls.gov/cgi-bin/cpicalc.pl?cost1=1&year1=201812&year2=202012

80

Bureau of Labor Statistics. Occupational Employment Statistics Accessed May 2019 via CareerOneStop
https://www.careeronestop.org/Toolkit/Wages/find-salary.aspx
81
The labor and material adjustment factors were also applied in the recent Renovations and Additions Incremental
Cost study (MA20R23).
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Adjustment Factors for Different Parts of Massachusetts
While this study used statewide cost values, Table 31 includes regional multipliers that readers
can apply to the statewide costs to get cost estimates for specific regions of Massachusetts.
Figure 18 outlines the parts of Massachusetts associated with each regional multiplier.

Table 31: Local Multipliers Relative to Statewide Averages
Materials Multiplier1

Labor Multiplier2

Boston

104.6%

101.8%

Worcester

93.4%

96.4%

Providence-Warwick-Bristol3

91.2%

102.7%

Barnstable

96.3%

92.2%

Pittsfield

89.1%

108.4%

Springfield

88.1%

97.6%

Elsewhere

–

102.1%

Metropolitan Statistical Area

1. https://apps.bea.gov/itable/index.cfm (Accessed March 9, 2021)
2. https://data.bls.gov/cgi-bin/cpicalc.pl?cost1=1&year1=201806&year2=202012 (Accessed July 17, 2020)
3. Metropolitan Statistical Area covering part of Massachusetts.

Figure 18: Metropolitan Statistical Areas
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Mechanical System Costs
NMR conducted primary and secondary research to gather up-to-date Massachusettsspecific mechanical system and labor costs. Primary research was conducted to account for
high variability among regional mechanical equipment material and labor costs. First, NMR
compiled equipment and labor costs via a literature review (as previously described) and webscraping efforts. Second, NMR fielded a web survey with contractors that installed mechanical
equipment in new homes in Massachusetts to further refine mechanical system materials and
labor cost estimates. Third, NMR conducted follow-up in-depth interviews (IDIs) with web survey
respondents to clarify cost estimates and ask detailed follow-up questions.

B.2.3.1 Web Scraping for Mechanical System Costs
NMR compiled mechanical system costs from internet-based sources via web-scraping efforts,
including the following:
•
•
•
•

Local mechanical equipment distributors
Home improvement centers
Online retailers
Online wholesalers or distributors

NMR compiled the mechanical system costs for equipment types of interest identified as a part of
the literature review (i.e., heating, cooling, and hot water). The web-scraping effort resulted in
compiling anywhere from dozens to thousands of cost data points per equipment category.82

B.2.3.2 HVAC Contractor Web Survey to gather Mechanical System Costs
NMR fielded a web survey that targeted contractors that installed HVAC and water heating
equipment in new homes in Massachusetts. The web survey gathered information on the
estimated costs to install various mechanical equipment in newly constructed homes in
Massachusetts. NMR recruited HVAC contractors for the web survey via an email recruitment
campaign. NMR identified the HVAC contractors using program tracking data (n=1,152), webscraping (n=10), 83 and a purchased dataset of residential HVAC and plumbing contractors
purchased from Data Axle (n=986).84 Web survey respondents were provided a $50 participation
incentive.
A total of 34 HVAC contractors responded to the survey, yielding 15 to 26 cost estimates for each
measure.85 NMR provided the materials and labor cost estimate ranges derived from the literature
review, web-scraping, and Massachusetts specific adjustment research into the survey, as shown
in Table 32. Including estimated cost ranges allowed respondents to adjust these values based
on their experience.

82

Web-scraping of window prices was also performed, however there were insufficient sources to provide reliable
adjustments to the existing NREMDB defaults. However, the data that was collected did not appear to differ from the
default costs for the configurations of interest.
83
Web-scraping for contractor contact information focused on contractors that installed residential GSHPs.
84
https://www.data-axle.com/
85
One exception is for GSHPs, which netted only six estimates.
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Table 32 shows the measure-level values and instructions provided to contractors to ensure consistent responses.

Table 32: Measure-Specific Specs and Costs Provided to Contractors via Web survey
Measure

Efficiency

Capacity

Materials
Min.
Max.

Labor
Min.

Max.

Summary of
Instructions/Caveats

HVAC
Furnace
CAC
ASHP

GSHP

95 AFUE
98.5 AFUE
14 SEER
16 SEER
≥18 SEER /
11.5 HSPF
≥17 EER /
3.6 COP
≥20 SEER /
10 HSPF

MSHP

96 kBTU/h (8 ton)
48 kBTU/h (4 ton)

Heating:
96 kBTU/h (8 ton)

$1,150
$2,250
$2,500
$3,625

$4,650
$6,025
$4,375
$4,650

$1,275
$1,275
$475
$475

$1,850
$1,850
$500
$500

$4,900

$9,050

$1,475

$104,000

$19,125

$37,550

$12,525

$17,675

$12,425

$15,750

$7,900

$10,400

$14,400

$15,475

$7,900

$10,400

$725

$1,550

$675

$1,250

$1,000

$3,500

$650

$1,850

$1,300

$3,825

$250

$1,550

Cooling:
48 kBTU/h (4 ton)

≥18 SEER /
12 HSPF

Exclude costs of installing
ductwork.

[Same as MSHP below]
Prioritize heating
efficiency/capacity; exclude
costs of ductwork.
Capacity can be met with
multiple compressors.
Prioritize heating efficiency/
capacity; assume ductless
blowers are wall-mounted with
12kBTU/h each; exclude
ductwork costs.

DHW
Gas Standalone

≥0.67 UEF

Gas Tankless

≥0.87 UEF

Electric Heat Pump

≥3.0 UEF

Average, ~50
gallons
Sufficient for
typical home load
Average, ~50
gallons
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Respondents then provided their own estimates of installation costs via the survey, informed by
these preliminary values. NMR applied the equipment cost results from the web survey to the
system costs in the BEopt prototype models. The survey results (including the modeled values)
are described in Section 4.1.86
Table 33 shows the targeted and achieved sample sizes by equipment type that resulted from the
web survey. Note that the target sample sizes were soft quotas with the expectation that some
respondents would answer for more than one system type. The survey limited responses to one
per company.

Table 33: Installer Web Survey Sample Size
Measure
Heating/Cooling
Mini- or multi-split ASHP (MSHP)
Central, ducted ASHP
Furnace (natural gas)
Geothermal/ground source heat pump (GSHP)
Central AC
Duct Systems
Domestic Hot Water
Stand-alone water heater (natural gas)
Instantaneous water heater (natural gas)
Heat pump water heater

Target Sample Size

Sample Size
Achieved

15
5
15
3
15
N/A

25
15
21
6
20
26

10
10
10

24
25
20

B.2.3.3 Contractor IDIs for Context about Mechanical System Costs
NMR conducted eight follow-up phone IDIs with web survey respondents that indicated they were
willing to be interviewed. 87 NMR conducted the follow-up IDIs to understand respondent
perspectives on the costs of installing various system types in new homes. In addition, the IDIs
confirmed web survey cost estimate responses and clarified details of what was included in the
interviewee’s web survey responses.

86

Specifically, NMR calculated the ratio between the mean survey result costs and NREMDB costs and then adjusted
the coefficients in the BEopt cost regression by that ratio.
87
Web survey respondents were asked if they would be willing to participate in a 45-minute follow-up in-depth phone
interview for an additional $100 incentive. A total of 14 respondents indicated they were interested in an interview, but
ultimately only eight interviewees were scheduled. The remaining six contractors did not respond to multiple emails
(capped at five) and phone calls with voicemail (capped at three).

78

RESIDENTIAL NEW CONSTRUCTION ENERGY OPTIMIZATION COST STUDY (20R23)

B.3 ENERGY MODELING METHODOLOGY DETAILS
The following sections provide detailed information about the optimization modeling included in
the study, including model inputs and assumptions, and caveats associated with the model
results.

Climate Locations
NMR chose three locations for modeling of single-family homes (Boston, Barnstable, and
Worcester) to account for the range of climates across Massachusetts and the distribution of new
home construction (Figure 2). NMR selected Barnstable over Providence-Bristol to allow for the
creation of models optimized for the Cape’s milder summer climate. 88 Climate data for
Massachusetts’ Metropolitan Statical Areas (MSAs) are shown in the average heating degree
days (HDD) and cooling degree hours (CDH) columns of Table 34. A map of MSA’s is available
in Figure 18.

Table 34: Region Selections and Adjustment Factors
Region

SF Permits†

MF Permits‡

HDD

CDH

Boston

57%

89%

5,621

5,609

Worcester

16%

3%

6,707

2,873

Providence-Warwick-Bristol

9%

3%

5,562

5,465

Barnstable

7%

1%

5,928

2,194

Springfield

6%

3%

6,327

6,182

Pittsfield

3%

0%

6,825

3,566

Elsewhere

1%

1%

—

—

Statewide

100%

100%

—

—

† Average of proportion of new construction permits in 2015 and 2019 baselines for one- and two-unit buildings.
‡ Average of proportion of new construction permits in same timeframes as baselines for 3+ unit buildings.

Heating System Capacities
Small system capacities. The heating and cooling capacities specified for the packages in this
study may be smaller than many readers may be used to due to right-sizing by the modeling
software. BEopt follows ACCA standards when calculating heating loads for models, and in many
cases, does not over-size systems other than to round to the nearest half-ton to match
manufacturer sizing conventions. ACCA standards allow a small amount of oversizing for heat
pumps used for heating, but it is much lower than what might be seen in typical contractor
practices. In addition, the models were configured without thermostat setbacks, 89 which matches
both the way many homes are used90 and best practice for maintaining heat pump efficiency.
Minimal setbacks allow small capacity units to maintain comfortable temperatures by making up

Worcester’s climate data appears similar to Barnstable, but its heating and cooling loads are approximately 13% to
30% higher and skewed toward heating; Providence is within 2% of Boston’s climate.
89
IECC TABLE R405.5.2(1) “Specifications for the Standard Reference and Proposed Designs” requires a manual
thermostat with setpoints of 72 degrees for heating, and 75 degrees for cooling.
90
The average setback for winter settings in the 2019 RNC Baseline was less than half a degree Fahrenheit.
88
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for thermal losses on a rolling basis, compared to the larger capacities required to quickly reheat
a cooler home at scheduled transitions.91
NMR compared the design loads and specified capacities of the reference models to ensure that
heat pumps were not being undersized relative to fossil-fuel systems.92 Table 35 shows the range
of delivered heating energy across all equipment combinations considered in this study for the
reference home. As shown, there is little variation in the amount of heat delivered to the homes.

Table 35: Reference Home Delivered Heating Energy
(Million BTU/yr, Site)
Colonial
SIP
Barnstable
Boston
Worcester

Min
46.4
48.0
60.6

Ranch
Stud

Max
48.9
50.9
64.2

Min
51.1
53.0
66.3

SIP
Max
53.7
55.9
70.1

Min
36.4
38.0
47.3

Stud
Max
39.2
40.7
50.8

Min
39.5
41.2
51.1

Max
42.5
44.1
54.8

See Appendix C.4.1 for discussion of the ability of ASHP and MSHP to supply heat in extreme
cold.

Measure-Level Efficiency Options
Table 36 provides the modeled efficiency levels for each building shell measure. Prototype
designs were modeled with a specific wall framing type (i.e., stud or SIP) and cannot optimize to
the other wall framing type. For example, a colonial-stud prototype model could not optimize to a
colonial-SIP home.
Table 37 provides the modeled efficiency levels for equipment measures. Prototypes that were
modeled with a specific equipment only optimized based on the variations in efficiency for that
equipment type. For example, a colonial furnace/CAC prototype model did not have the option to
optimize to a MSHP; it could only select other furnace and CAC capacity and efficiency options.
As previously noted, these values reflect measures of a range of efficiencies that are readily
available in the Massachusetts market, and for which reliable cost estimates were available, so
as to increase confidence in results.

91

Smart thermostats may compensate for the diminished ability of a smaller system to quickly reheat the home.
However, deep setbacks can increase use of auxiliary heating with air-source and mini-split heat pump systems.
92
To further test the relatively small capacities seen in the BEopt models, we confirmed via REM/Rate modeling that
the loads specified in BEopt aligned with those specified by REM/Rate for a representative design.
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Table 36: Evaluated Building Shell Options
Component
Air Leakage

Baseline
3 ACH50

Option 2
1.5 ACH50

Attic, Unfinished

R-44 Fiberglass (blown-in),
Grade II

R-49 Fiberglass (blown-in),
Grade I

Basement Walls,
Finished

R-15 XPS2,
Continuous

Basement Ceiling,
Unfinished

R-30 FGB,
Grade III

R-21 FGB,
2×6×24,
Grade I
R-30 FGB,
Grade II

R-28 5.6” EPS, OSB
interior
R-21 FGB,
2×6×16,
Grade II
R-49 FGB,
Grade I
R-28 5.6” EPS,
OSB interior
R-30 FGB,
Grade II
R-13 FGB,
2×6×64,
Grade II

R-38 7.4” EPS, OSB
interior
R-19 Cellulose,2
2×6×24,3
Grade I
R-38C FGB + R-25 XPS
Grade I
R-38 7.4” EPS,
OSB interior
R-30 FGB,
Grade I
R-21 FGB,
2×6×64,
Grade I

Wall Sheathing

OSB

Windows

0.29 U / 0.35 SHGC

OSB + R-5 XPS
North/East/West=Baseline,
South=0.32 U / 0.56 SHGC

Exterior Walls, SIP
Exterior Walls, Stud1,
Finished Roof, Stud
Finished Roof, SIP
Interzonal Floor
Interzonal Walls

Option 3
0.6 ACH50
R-60 Cellulose (blownin),
Grade I

Option 4
–
–

–
–
–

R-30 FGB,
Grade I

–

N/A
R-21 FGB,
2×6×24,3
Grade I
–
–
–

R-14 Closed Cell + R-13 FGB,
2×6×24,3
Grade I
–
–
–
–

–
OSB + R-10 XPS
0.27 U / 0.46 SHGC (SF)

–
0.29 U / 0.31 SHGC (MF)

1. A fifth option, “R-23 Closed-cell, 2×4×16, Grade I” was also modeled, but it was not included in any optimized package due to cost and performance of R-27
“flash-and-batt” option.
2. This option satisfies the equivalent U-factor requirements of the building code (Table R402.1.4).
3. The International Residential Code—Table R602.3(5)—requires 2×6×16 studs for the ground floor of a three story building. Consequently, construction costs
may be slightly underestimated and the energy savings marginally overestimated for multifamily packages with 2×6×24 walls due to the difference in framing
factor of the ground floor wall.
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Table 37: Evaluated Equipment Options
Component
Air Source HP
Central Air Conditioner
Ducts
Furnace
Hot Water Pipes
Mini-Split HP
(Cold-climate)
Ground Source HP
Mechanical Ventilation
Water Heater
Clothes Washer
Cooking Range3
Clothes Dryer
Dishwasher
Lighting4
Refrigerator

Baseline
17 SEER
9.5 HSPF

Option 2
18 SEER
11 HSPF

Option 3

Option 4

–

–

14 SEER
4.3% TDL,
R-6 UCB (SF)

16 SEER
3.2% TDL,
R-8 UCB (SF)

–
4.3% TDL,
R-6 Conditioned space

–
“Deeply buried”; modeled as
Option 3, see Section 4.3

95 AFUE
R-0
PEX
20 SEER
10.3 HSPF
Multi-zone
16.6 EER
3.6 COP

98.5 AFUE
R-3
PEX
18 SEER
12 HSPF
Multi-zone
19.4 EER
3.8 COP

–
R-5
PEX
29.3 SEER
14 HSPF
Single zone

–

–

–

Exhaust Only1
0.67 UEF,
Stand-alone2

70% efficient HRV
0.87 UEF,
Tankless

70% efficient ERV
3.2 UEF,
Unitary HPWH (SF)

–
3.5 UEF,
Split-HPWH (MF)

2.47 MEF
Gas
3.76 CEF, Electric
290 kWh/yr
100% LED
574 kWh/yr

–
Electric Resistance
–
–
–
–

–
–
–
–
–
–

–
–
–
–
–
–

–
–

1. This is standard practice, however supply requires no significant extra energy while allowing the fresh air to be filtered.
2. The baseline for water heaters includes a range of technologies. However, running multiple models would have increased the complexity of this analysis
several fold. Consequently, a single modest option was chosen as the reference water heater type. 45% of homes in the 19X02 baseline study featured a
tankless water heater and 48% had a stand-alone option. 54% of the stand-alone water heaters were combustion heated, 31% were heat pump water heaters,
and 15% were electric resistance.
3. See Appendix B.3.3.11 for a discussion of how cooking range options were assigned to models.
4. Baseline homes in the 19X02 study had 86% LEDs and 2% compact fluorescent lamps (CFLs), whereas modern code requires 90% efficient lighting.
Consequently, this measure was fixed at 100% for modeling simplicity since lighting was outside the scope of this study.
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The following subsections provide additional detail about the measure-level options included in
the models. Measures are discussed in the order in which they are listed in the previous two
tables.

B.3.3.1 Exterior Walls
Table 38 compares the effective R-value of various wall assembly options with the estimated
construction cost per square foot. Thirty-eight percent of optimized stud-construction packages
feature the R-21+10 fiberglass batt plus XPS assembly with a U-factor of 0.036, costing $5.73
per square foot. Another 33% use the R-27+10 flash-and-batt plus XPS system, with a cost of
$7.82 per square foot, for a U-factor of 0.033. All Ownership Cost and Site Savings packages for
SIPS-construction homes selected the seven-inch thick R-38 panel option.

Table 38:Effective Insulation versus Modeled Cost‡
R-valueR-value

Framing Insulation
Framing

Insulation
Effective
Cavity Cavity
Cont. Cont.
Effective
U-factorU-factor
$/ft2
2×6×24 Cellulose,
Cellulose,
Grade
I
2×6×24
Grade
I
17.2 0.058
19
0 19
17.20
0.058
$2.97
2×6×24 Fiberglass
Fiberglass
Batt,
Grade
I
18.1 0.055
2×6×24
Batt,
Grade
I
21
0 21
18.10
0.055
$3.00
2×6×16 Fiberglass
Fiberglass
Batt,
Grade
II (Baseline)21
2×6×16
Batt,
Grade
II (Baseline)
16.5 0.061
0 21
16.50
0.061
$3.27
Prescriptive
Code,
Grade
I
Prescriptive
Code,
Grade
I
0
16.7
0.060
21
0 21
16.7
0.060
2×6×24 R-14
R-14Closed
Closed
+ R-13
FGB, IGrade
2×6×24
CellCell
+ R-13
FGB, Grade
20.4 0.049
27 I
0 27
20.40
0.049
$5.09

$/ft2
$2.97
$3.00
$3.27
$5.09

2×6×24 Fiberglass
Fiberglass
Batt,
Grade
I
2×6×24
Batt,
Grade
I

19

5 19

22.25

22.2
0.045

0.045
$5.15 $5.15

2×6×24 R-21
R-21FGB,
FGB,
Grade
I
2×6×24
Grade
I

21

5 21

23.15

23.1
0.043

0.043
$5.18 $5.18

2×6×16 Fiberglass
Fiberglass
Batt,
Grade
II
2×6×16
Batt,
Grade
II

21

5 21

21.55

21.5
0.047

0.047
$5.45 $5.45

2×6×24 Cellulose,
Cellulose,
Grade
I
2×6×24
Grade
I

19

10 19

10
27.2

27.2
0.037

0.037
$5.70 $5.70

2×6×24 Fiberglass
Fiberglass
Batt,
Grade
I
2×6×24
Batt,
Grade
I

21

10 21

10
28.1

28.1
0.036

0.036
$5.73 $5.73

2×6×16 Fiberglass
Fiberglass
Batt,
Grade
II
2×6×16
Batt,
Grade
II

21

10 21

10
26.5

26.5
0.038

0.038
$6.00 $6.00

SIP
SIP

5.6”EPS
EPS
5.6”

0

27.50

27.5
23.1

23.1
0.043

0.043
$6.04 $6.04

SIP
SIP

7.4”EPS
EPS
7.4”

0

37.50

37.5
29.7

29.7
0.034

0.034
$6.98 $6.98

2×6×24 R-14
R-14Closed
Closed
+ R-13
FGB, IGrade
2×6×24
CellCell
+ R-13
FGB, Grade
27 I

5 27

25.45

25.4
0.039

0.039
$7.27 $7.27

2×6×24 R-14
R-14Closed
Closed
+ R-13
FGB, IGrade
2×6×24
CellCell
+ R-13
FGB, Grade
27 I

10 27

10
30.4

30.4
0.033

0.033
$7.82 $7.82

47.50

47.5
36.6

36.6
0.027

0.027
$8.24 $8.24

2×6×24 Closed
Closed
Cell
Spray
Foam,
I 36
38.0
2×6×24
Cell
Spray
Foam,
Grade Grade
I
1536
3815
0.026
‡ Italicized entries were not part of the core design modeling, but are included for reference.

0.026
$9.99 $9.99

SIP
SIP

9.4”EPS
EPS
9.4”

0
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B.3.3.2 Window Overhangs
Multifamily models initially included window overhangs that extended two feet over south-facing
windows, to provide shading benefits. However, it was rarely selected in early experimentation
with models, and the resulting savings of less than 0.5% did not offset the costs. Therefore, NMR
excluded this option from the final modeling.

B.3.3.3 Air Source Heat Pump
The most efficient option modeled (18 SEER / 11 HSPF) is at the limits of readily available
technology. Only 3% of models on the MassSave QPL are 11 HSPF; less than 1% have higher
efficiencies. A review of AHRI-rated models shows that they are similarly centered around the
baseline 10 HSPF; 94% of models have <10.5 HSPF and <5% have 10.5-11.5 HSPF.

B.3.3.4 Auxiliary Heating
Heat pumps homes were modeled with backup electric resistance heat (required by the modeling
tool). The model did not force switching to backup heat at a specific temperature, allowing heat
pumps to operate in cold weather to the extent they remained efficient. See Appendix C.4.1 for
more discussion.

B.3.3.5 Central Air Conditioner
16 SEER is the highest level of air conditioner efficiency that was readily available in our webscraping. Only 4% of baseline CAC were 17 or 18 SEER, whereas the majority (62%) were 13–
14 SEER. An 18 SEER CAC was modeled in a single home design in Appendix C.1.1 for
illustrative purposes.

B.3.3.6 Furnace
Because the models start from a high baseline efficiency of 95 AFUE, there are limited other
options to include in the study; 98.5 AFUE models were included and readily available.

B.3.3.7 Ground Source Heat Pump
Given low market penetration, we have insufficient data regarding what is common for this
measure. Therefore, the study includes a high-efficiency option and low-efficiency option from the
NREL measure library – the 2nd and 4th most efficient of four available options. The three GSHPs
we have seen in recent baselines have similar ratings, but higher values could be prevalent. A
20.2 EER / 4.2 COP GSHP was modeled in a single home design in Appendix C.1.1 for illustrative
purposes.
Multifamily GSHP was not achievable within the scope of the study. The single-family GSHP costs
we have available would not scale accurately for the centralized installation that would be most
appropriate for an apartment building; BEopt would model 30 small GSHP installations, which
would result in an unrealistic and expensive installation scenario. Centralized systems also do not
lend themselves to unit-level metering/utility bills, which we assume property management firms
would favor. For the 30-unit building modeled.
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B.3.3.8 Mechanical Ventilation
Reference packages were modeled with exhaust-only ventilation since this is standard practice.
This option was selected in many optimized packages, due to its low cost. However, builders may
want to consider supply-only ventilation instead, since by controlling the location of the incoming
air, it can be filtered. Because the only significant difference between exhaust- and supply-only
options is the direction of the fan, there are no additional costs and marginal differences in energy
consumption due to restriction of air flow from the filter.

B.3.3.9 MSHP Blower Configurations
Post-modeling analysis added multiple heads (increasing costs) to multi-zone compatible
systems to mimic the features of forced-air systems. While a small capacity ductless MSHP
system can meet an optimized home’s full heating load, in many cases, these homes might have
only one or two heads, affording little zoning control. Accordingly, the study added a fixed cost for
additional MSHP heads into the modeling outputs for single-family homes, and used these
adjusted values in the report, particularly when comparing mini-splits to other HVAC types. NMR
included the additional blowers to allow for greater occupant control and more even temperatures
throughout the home.93 Table 39 displays the number of compressors and indoor heads that are
included in report results for multi-zone systems.

Table 39: Multi-Zone MSHP Blower Adjustment Details by Home Type
CFA (ft2)
Configuration
CFA per Blower

Multifamily

Colonial (SF)

Ranch (SF)

~1,100
1 compressor :
1 blower
~1,100

2,730
2 compressors :
5 blowers
550

1,970
2 compressors :
4 blowers
490

93

Other distribution options to increase occupant comfort for MSHP homes include jumper ducts to promote airflow,
ducted air handlers, in-wall/closet cassette installations to directly condition two rooms with a single unit. Other options
include using the mechanical ventilation system to promote air flow throughout the home, using an ERV/HRV (estimated
to have an incremental cost of $1,250 in homes without one) or locating the fresh air supply near air handlers and
exhaust vents at the far ends of the home.
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Table 40 describes the number of indoor blower units found in the MSHP-only homes included in
the most recent RNC baseline study. Note that these configurations represent common practice,
not best practice based on optimization. As described above, NMR adjusted the BEopt MSHP
package costs to reflect system configurations more aligned to those seen in the real-world.

Table 40: Head Composition of MSHP-only Homes in 19X02 Baseline
NMR Site ID
MA19-0320
MA19-2534
MA19-3957
MA19-4310
MA19-5070
MA19-6692
MA19-6783
Average
Colonial
Ranch

Head Units
3
6
4
5
–
6
3
4.5

Beds
3
2
2
3
2
2
4
2.6
4
3

CFA
1,790
2,220
1,440
2,400
3,520
3,140
2,690
2,570
2,730
1,970

CFA/Head
600
370
360
480
–
<520
900
540

DHW
HPWH
Tankless
HPWH
HPWH
Tankless
Tankless
Tankless

Notes

Ducted
Mixed ducted/ductless

BEopt model
BEopt model

Multi-zone 18 SEER / 12 HSPF vs. Single-zone 29 SEER / 14 HSPF. The modeling allowed for
packages to include high performance 29 SEER / 14 HSPF systems. However, those systems
are generally available only as a single-head unit, rather than a multi-head system. Therefore,
NMR treated any package that includes the 18 SEER / 12 HSPF option as a multi-head system
(with associated increased costs), while NMR treated the 29 SEER / 14 HSPF option as one or
more single-head systems (with associated increased costs). The 29/14 option provides higher
efficiencies, but less granular zone control, given that it would have fewer indoor heads.
MSHP prototypes in this study reflect the costs for wall-mounted blowers. MSHP systems
have numerous options for system configuration, such as floor-mounted, wall-mounted, ceiling
cassette, and concealed duct air handlers. The MSHP models in this study used average costs
for conventional wall-mounted blower units as they have the lowest cost. Table 41 includes the
estimated incremental costs for other configuration options gathered from the contractor survey.
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Table 41: Mini-Split Air Handler Cost per Indoor Unit
(Source: Web Survey, n=24)
Configuration
Labor Cost
Costs Included in Modeling

Wall Mount

Materials Cost

$1,100

Example

$980

Incremental Costs Above Wall-Mount Systems

Floor Mount

+$190

+$640

Ceiling Cassette

+$540

+$780

Concealed Duct

+$4,340

+$4,840
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Using a ducted air handler rather than a ductless configuration for MSHPs may increase occupant
comfort due to increased distribution points, but can also reduce system efficiency in two ways:
1. Losses due to duct leakage and extreme temperatures in attics or basements.
However, the ductwork associated with MSHPs can frequently feature smaller duct runs
and, in some cases, smaller diameter ductwork than observed with conventional duct
systems, lowering potential losses.
2. When ducted, MSHP systems have lower efficiency ratings than ductless versions.
We reviewed 29 AHRI-listed MSHP models available in ducted and ductless
configurations. The ducted heating coefficient of performance (COP) was, on average, 46
percentage points lower than the ductless versions. The average HSPF (an alternate
measure of heating efficiency) for ducted versions was 9.09 and ductless versions had an
average HSPF of 10.66. The ducted systems cooling COP was, on average, 125
percentage points less than the ductless versions. The average SEER (an alternate
measure of cooling efficiency) for ducted versions was 16.3 and ductless versions had an
average SEER of 20.6.

B.3.3.10 Water Heater
The 3.2 UEF option was included as a modeling option based on the common values seen in our
web-scraping, and it is similar to the average HPWH UEF from the most recent baseline study
(3.3 UEF, n=19). Although there are ENERGY STAR models available at 3.5 UEF or more, as
Figure 19 shows, significant changes in the marketplace are necessary for heat pump water
heaters to be selected as competitive options in anything other than the Site Savings optimized
packages. Energy reductions of Site Savings packages with these higher efficiency HPWH would
be slightly greater than the results presented in this study, consuming approximately 200 kWh
less per year. See Appendix C.7 for a limited analysis of multiple electric hot water solutions of a
single design (stud-framed Colonial with mini-split in Worcester), including a split heat pump water
heater that reduced site consumption by 20 million BTUs annually through reduced auxiliary water
heating.
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Figure 19: Example of DHW Options on Package Performance (DCMW)

While the study focused on individually-metered equipment for multifamily designs, NMR
expanded the scope of our analysis to include central DHW systems in order to model a split
HPWH option. This would address concerns about insufficient makeup air for HPWHs in common
utility rooms. This DHW measure was based on installation cost data for ten 120-gallon HPWH
(40 gallons per unit). Forty gallons of capacity is suitable for smaller homes, such as the
multifamily units modeled here, and the pooled supply allows for the system to better meet the
aggregated demand of differing draw patterns across apartments.

B.3.3.11 Cooking Ranges
To limit model iterations, designs with electric HVAC systems (heat pumps) were limited to a
conventional electric oven and stove, whereas homes with furnaces were modeled with the option
of gas or electric. Results from furnace designs indicate that electric cooking was never selected
in packages with gas as an option. This is primarily due to higher annual ownership costs ($127
electric versus $68 gas), as the fuel cost ratio of $6.67:$1.42 exceeds the performance ratio of
0.74:0.40.
Induction stoves were not modeled due to the increased price and only slight efficiency gains over
conventional electric stoves. While induction cookers are marginally cheaper to operate ($120 per
year versus $127) due to slightly higher efficiency (0.84), they incur an incremental construction
cost of more than $1,000, and would not have been selected as part of an optimized package for
that reason. Generally, induction stoves represent a user-preference rather than a significant
efficiency option. However, for projects looking to achieve all-electric new construction, the switch
to induction may be an important step in helping alleviate consumer concerns about non-gas
stoves.
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Table 42: Impacts of Cooking Range Options
Type

Labor

Materials

Stove EF

Oven EF

Gas

$114

$840

0.4

0.06

Electric Resistance
Electric Induction

$114
$114

$955
$2,056

0.74
0.84

0.12
0.12

Site Energy‡
33 therms +
93 kWh/yr
558 kWh/yr
526 kWh/yr

Source Energy
(Million BTU/yr)‡
4.5
5.3
5.0

‡ Consumption values for Colonial designs. Ranch designs are 88% of Colonial, and multifamily are 70%.

Energy Related Modeling Assumptions
Energy costs in Table 43 are key inputs for BEopt’s EO. NMR adjusted statewide average annual
utility rates from the U.S. Energy Information Administration (EIA) to 2020 dollars and used them
as the starting conditions, which NMR supplemented with rate escalations determined by analysis
of the EIA rate data from 2012 to 2019. Note that the electric grid is changing due to the RPS and
market forces, but this analysis is based on the fuel mix of the current grid.

Table 43: Energy Assumptions
Fixed Cost (2020$)
Marginal Cost (2020$)
Real Cost Escalation
Source Ratio
Carbon Intensity

Electricity
$7.00 / montha
$0.2275 / kWhb
3.8%b
2.80 : 1c
0.658 lb. / kWhd

Natural Gas
$10.64 / monthe
$1.4237 / thermf
0.3%f
1.09 : 1g
14.15 lb. / thermg

Propane
–
$3.18 / gallonh
0.3%i
1.15 : 1g
15.7 lb. / gallong

a. https://nehers.org/quarterly-utility-cost-inputs#Massachusetts-%20Electric
b. https://www.eia.gov/opendata/qb.php?category=1012&sdid=ELEC.PRICE.MA-RES.A
c. Table 401.2.3 https://www.mass.gov/doc/780-cmr-ninth-edition-chapter-13-energy-efficiency-amendments-as-of272020/download
d. Table 1-1 https://www.iso-ne.com/static-assets/documents/2020/05/2018_air_emissions_report.pdf#page=10
e. https://nehers.org/quarterly-utility-cost-inputs#Massachusetts-%20Gas
f. https://www.eia.gov/opendata/qb.php?category=457935&sdid=NG.N3010MA3.A
g. BEopt default
h. https://www.eia.gov/opendata/qb.php?sdid=SEDS.PQRCD.MA.A
i. Assumed to be same as natural gas.
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Economic Modeling Assumptions
BEopt’s package analysis incorporated the economic assumptions in Table 44. The analysis is
based on a typical 30-year mortgage, and the Annualized Energy-Related Costs (AERC)
incorporate income tax deductions for mortgage payments.94 Other incentives and tax credits are
not factored in by default.

Table 44: Default Economic Assumptions
Inputs

Value

Analysis Period (years)

30

Mortgage Period (years)

30

Mortgage Interest Rate

4%

Marginal Federal Income Tax†

28%

Inflation Rate

2.4%

Real Discount Rate

3.0%

† Factored into mortgage tax deduction

Note that to the extent these assumptions do not perfectly match the real world at any given
moment, they were consistent across models. For example, the analysis does not account for a
$10,000 cap on mortgage tax deductions-. Additionally, the impacts due to any deviations from
real-world values are diluted when considering the full price of the home, which may be ten or
more times the incremental energy-related costs factored into the BEopt model (e.g., $600–700k
sale price rather than $60–70k of energy-related costs for a single-family home).

Design and Package Naming Conventions
The following coding system (Table 45) is used to succinctly refer to the hundreds of home
designs and optimized packages analyzed in this study.

Table 45: Design and Package Naming Convention Key
Walls
D: Stud
P: SIP

Home Style
30: 30-unit MF
C: Colonial
R: Ranch

HVAC
A: ASHP
F: Furnace
G: GSHP
M: MSHP
2: Dual-fuel
L: Propane
furnace

Location
B: Boston
C: Barnstable
W: Worcester

Optimization Focus
0. Reference (None)
1. Payback Period
2. Ownership Cost
3. Site Savings
4. Site Savings
(Uncommon Efficiencies)
+: Non-Manual J Compliant ASHP sized
to heating load
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Cash flows for each year of the analysis period are available in the raw data outputs, broken out as: Loan Principal
Paid, Loan Interest Paid, EUL Replacement Costs, Utility Bills, Loan Tax Deductions, Residual Values, Rebates ($0),
Federal Tax Credit ($0), and Non-Federal Tax Credits ($0).
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Examples include “DCMB.0,” which describes a stud-construction colonial with mini-split heat
pump HVAC in Boston, built to reference home standards. Similarly, “P30FW” describes a SIPconstruction multifamily with furnace/CAC in Worcester.

B.4 BILLING DATA ANALYSIS
NMR conducted a billing analysis on newly constructed homes in Massachusetts with either
natural gas95 or electric mechanical systems and compared the energy costs and EUI of those
homes based on real-world consumption data, rather than modeled data. This analysis applies
observed energy consumption data and the utility costs for homes in Massachusetts. NMR
attempted to compare real world consumption values to the modeled results from BEopt to
provide context to the modeled results. Ultimately, the billing analysis results were inconclusive.
To conduct the billing analysis, NMR requested billing data from a sample of 5,138 new singlefamily home addresses that were gathered during the 2019 RNC baseline study. Of the original
sample, 2,529 had some billing data from January 2016 through December 2019; however, only
1,794 homes had at least 12 months of billing data. The 1,794 homes with at least 12 months of
consecutive billing were included in the billing analysis. From there, NMR obtained HDD and CDH
data from the National Climatic Data Center (NCDC) website.96 NMR matched the sample to the
nearest weather station using ZIP Codes. In order to compare newly constructed homes to BEopt
modeled prototype homes, newly constructed homes were normalized to correspond to the ranch
and colonial prototypes and then subsequently normalized based on weather. 97
NMR discovered some limitations to the billing analysis comparison to modeled results, the
primary limitation being that the modeled home measures and efficiencies were not often present
in the newly constructed home. For example, a lack of newly constructed homes with SIPs and
ASHPs to compare the modeled results to.
Additional details and findings from the billing analysis are presented in Appendix D.

95

This study did not include gathering propane billing data from customers.
http://www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD&countryabbv=&georegionabbv=
97
Normalization=(newly constructed home consumption/newly constructed home square footage)*prototype square
footage
96
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Appendix C Additional Modeling Results
This appendix provides additional modeling results from both the core prototypes and the
prototypes NMR developed for additional exploratory analyses, such as oversized ASHP systems
and very high-performance homes.

C.1 BEST PERFORMING OPTIMIZATION PACKAGES
Guidance on interpreting graphics showing model results. The modeling yielded a huge
number of quantifiable metrics for thousands of home packages. Presenting this information
graphically can be complex. Therefore, we provide Figure 20 as an example chart to help digest
comparable graphics in this section. This chart compares home performance as represented by
the home’s ERI and its energy-related construction costs for colonial homes in Worcester. In this
figure, points closest to the origin (bottom left corner) are better. Points close to the Y-axes
represent home packages with lower construction costs, while points closer to the X-axes
represent efficient home packages with lower ERIs. The following are examples of how to interpret
the information contained in these scatter plot charts:
➢ Point 0 represents the following home package:
•

reference-level efficiency (denoted by the larger icon),

•

stud-framed (denoted by the “x”),

•

with MSHP (denoted by the dark green color).

➢ Points 1-3 represent the following:
•

optimized packages (denoted by the smaller icon),

•

stud-framed (denoted by the x),

•

with MSHP (denoted by the dark green color).

The dashed line connecting these points represents the optimization curve for that particular
prototype (stud-framed, colonial home with MSHPs in Worcester).
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Figure 20: Example of ERI Relative to Energy-Related Construction Costs for
Colonial Homes in Worcester‡

‡ Section R406.4.1 of the building code increases the compliance threshold above the base requirement of 55 by five
points for homes with GSHP as the primary heating system, and another five points is available for homes with solar
panels providing at least 2.5 kW.

Even when including more heads than required to meet the home’s load,98 MSHP homes best
maximize ERIs for a given construction cost. Figure 21 includes all the core package designs (48
single-family and eight multifamily). Interested readers may zoom in on locations or building types
of interest to better interpret the information conveyed within the figure. See Appendix C.4.2 for a
version of Figure 21 that includes additional models the study investigated, such as oversized
ASHPs and dual-fuel heat pumps.

98

See Appendix B.3.3.9 for a discussion of how the study increased the number of heads in MSHP homes to avoid
comfort concerns in homes that can technically be served by one or two MSHP indoor heads.
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Figure 21: ERI Relative to Energy Related Construction Costs for All Core
Prototypes
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Site Savings (Uncommon Efficiencies) Models
This report focuses on measure efficiencies generally within the ranges observed in the MA19X02
baseline study. As an addition, the study explored what the site savings of homes with some
measures featuring uncommon efficiencies – higher than those listed in Appendix B.3.3– might
look like. Table 46 and Table 47 describe the uncommon options used for this add-on analysis of
stud-framed99 colonial100 homes in Worcester.101

Table 46: Uncommon Efficiencies — Building Shell Characteristics
Component
Basement Walls,
Finished

R-15 XPS ,
Continuous

Basement Ceiling,
Unfinished

R-30 FGB,
Grade III
R-21 FGB,
2×6×16,
Grade II
R-30 FGB,
Grade II
R-13 FGB,
2×6×64,
Grade II

Previous Best
R-21 FGB,
2×6×24,
Grade I
R-30 FGB,
Grade I
R-14 Closed Cell + R-13 FGB,
2×6×24,
Grade I
R-30 FGB,
Grade I
R-21 FGB,
2×6×64,
Grade I

OSB
0.29 U / 0.35 SHGC

OSB + R-10 XPS
0.27 U / 0.46 SHGC

Exterior Walls, Stud
Interzonal Floor
Interzonal Walls
Wall Sheathing
Windows

Baseline
2

New Option
R-13+10 FGB+XPS,
2×4×16,
Grade I
R-36 Closed Cell Foam,
Grade I
R-36 Closed Cell Foam,
2×6×24,
Grade I
R-36 Closed Cell Foam,
Grade I
R-36 Closed Cell Foam,
2×6×24,
Grade I
R-15 XPS
0.134 U / 0.62 SHGC*

* This option uses high performance European windows, which typically must be imported through specialty
dealers. In addition to their thermal properties, they feature a high visible transmittance index (0.71 VT). This high
VT means that these packages were modeled with the window-to-floor-area ratio (FAR) reduced to 12%, while still
providing equal-or-better natural lighting than the 15% FAR used with lower VT windows in other packages, further
reducing heat loss.

99

The majority of single-family homes in Massachusetts are stud-framed. We also explored double-stud walls, however
they generally had similar performance (<1% difference) at higher cost than the optimized single-stud walls. In addition,
if T-stud availability increases, this product may offer another option for reducing thermal bridging other than doublestud walls or SIPs.
100
This larger, higher-occupancy home offers more opportunity for savings than a ranch.
101
Worcester is the most extreme climate location in this study.
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Table 47: Uncommon Efficiencies — Equipment Characteristics
Component
Central Air Conditioner
Ground Source HP
Water Heater
Cooking Range

Baseline
14 SEER
16.6 EER
3.6 COP
0.67 UEF,
Stand-alone
Gas

Previous Best
16 SEER
19.4 EER
3.8 COP
3.2 UEF
Unitary HPWH
Electric Resistance

New Option
18 SEER
20.2 EER,
4.2 COP
3.7 UEF
Split-HPWH
Electric Induction

Table 48 shows the economic impacts of the Site Savings (Uncommon Efficiencies) [SSUE]
models relative to the standard packages presented throughout the report. Key takeaways include
the following.
•

The SSUE MSHP package construction cost is the most affordable of the highperformance prototypes.

•

The SSUE MSHP option has lower construction and utility costs than the core Site Savings
packages for furnace/CAC (DCFW.3) and GSHP (DCGW.3), which included less efficient
measures. However, the SSUE MSHP package’s estimated utility costs were greater than
both the GSHP and furnace SSUE packages.

•

The SSUE furnace option has the cheapest annual utility costs, likely due to the increased
cost of electricity over natural gas (on a per MMBtu basis).

The Site Savings (Uncommon Efficiencies) packages are denoted as DC_W.4 (SSUE) in the
tables below.

Table 48: Economic Comparison of Uncommon Efficiencies Packages to
Standard Packages
HVAC
Type

Furnace

MSHP

GSHP

Package
DCFW.0
DCFW.1
DCFW.2
DCFW.3
DCFW.4 (SSUE)
DCMW.0
DCMW.1
DCMW.2
DCMW.3
DCMW.4 (SSUE)
DCGW.0
DCGW.1
DCGW.2
DCGW.3
DCGW.4 (SSUE)

Construction Construction
Total
Annual
Labor
Materials
Construction Utility Costs
$29,354
$28,591
$29,355
$35,182
$37,669
$24,989
$25,348
$26,560
$30,817
$28,905
$33,489
$31,497
$30,912
$36,913
$40,056

$36,424
$36,845
$42,008
$47,539
$56,253
$32,571
$32,283
$39,609
$43,708
$49,435
$42,426
$45,133
$42,620
$48,799
$56,409

$65,778
$65,436
$71,363
$82,720
$93,923
$57,560
$57,631
$66,169
$74,525
$78,340
$75,915
$76,630
$73,532
$85,712
$96,465

$3,462
$3,126
$2,909
$2,975
$2,476
$4,541
$4,243
$3,157
$3,544
$2,723
$3,988
$3,272
$3,173
$3,147
$2,519

AERC
$4,611
$4,230
$4,074
$4,877
$4,919
$8,319
$7,836
$6,331
$7,465
$6,536
$6,257
$4,987
$4,730
$5,335
$5,242
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Table 49 shows site energy impacts of the Site Savings (Uncommon Efficiencies) models relative
to the packages presented throughout the report. The SSUE GSHP package was the best
performing (34.4 MMBtu/year), followed by the MSHP and furnace SSUE package (37.2 and 52.5
MMBtu/year). The core Site Savings Packages for MSHP (DCMW.3) and GSHP (DCGW.3)
performed better than the SSUE furnace package, despite having lower efficiency options
available, another example of the performance available with modern electric heating systems.

Table 49: Energy Consumption Comparison of Site Savings (Uncommon
Efficiencies) and Standard Packages
(Million BTU/yr, Site)

HVAC

Furnace

MSHP

GSHP

Package

DCFW.0
DCFW.1
DCFW.2
DCFW.3
DCFW.4
(SSUE)
DCMW.0
DCMW.1
DCMW.2
DCMW.3
DCMW.4
(SSUE)
DCGW.0
DCGW.1
DCGW.2
DCGW.3
DCGW.4
(SSUE)

Annual
Consumption

Savings Relative to
HVAC Reference

Savings Relative to
Furnace Reference

130.6
109.8
99.5
75.4

(Million BTU)
–
20.9
31.1
55.2

%
–
16%
24%
42%

(Million BTU)
–
20.9
31.1
55.2

%
–
16%
24%
42%

52.5

78.1

60%

78.1

60%

75.9
70.9
55.1
49.1

–
5.0
20.8
26.8

–
7%
27%
35%

54.7
59.7
75.5
81.5

42%
46%
58%
62%

37.2

38.7

51%

93.4

72%

68.2
56.8
55.4
43.3

–
11.4
12.8
25.0

–
17%
19%
37%

62.4
73.8
75.2
87.3

48%
57%
58%
67%

34.4

33.9

50%

96.2

74%
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C.2 SHELL VERSUS HVAC INVESTMENT
Figure 22 is an expansion of Figure 4 in Section 3.2, displaying the relationship of building shell
investments relative to HVAC investment impact on site energy savings for the 48 core singlefamily prototype models and 8 multifamily prototype models included in the primary modeling
scope.102
How to read the shell vs. HVAC investment graphics. As described in the main body of the
report, interpretation of these charts is based on the slope of the fitted line. The following are
examples of how to interpret the information conveyed in Figure 22.
➢ When looking at the GSHP, stud-framed, colonial home located in Worcester, we see the
fitted line slopes upward. This indicates that increased investment in upgrades to the
building shell can yield greater site-energy savings than higher investment in upgrades to
the HVAC system.
➢ When looking at the MSHP, stud-framed, colonial home located in Worcester, we see the
slope of the fitted line is flatter. This indicates that equal investments to upgrade the
building shell and HVAC system will provide the most cost-effective savings opportunities.
➢ When looking at the MSHP, SIP-framed, multifamily building in Worcester, we see the
fitted line slopes downward. This indicates that increased investment in upgrades to the
HVAC system can yield greater site-energy savings than higher investment in upgrades
to the building shell.
The y-axis in this graph is the extra fraction of energy-related building shell and HVAC
construction costs for a package compared to the Reference package, which is calculated using
the equation at the bottom of Figure 22.

102

The figure does not include dual-fuel or the very high-performance modelling that was conducted after the primary
modeling and analysis.
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Figure 22: Building Shell Investment versus Site Energy Savings
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Shell vs. HVAC Construction Costs for Specific Packages
Table 50 through Table 53 show upfront shell and HVAC cost totals as well as the calculated
(extra) shell investment percentage for an example home design – the stud-construction colonial
home in Worcester. For full cost breakdowns of every package see Appendix E.

Table 50: ASHP Packages - Shell and HVAC Construction Costs
(Stud-Framed Colonial Homes in Worcester)
Package
Reference

AERC:
$9,825
DCAW.0
Payback
Period
AERC:
$7,827
DCAW.1
Ownership
Cost
AERC:
$5,550
DCAW.2
Site
Savings
AERC:
$6,113
DCAW.3

Measure
Air Source Heat Pump
Ducts
Mechanical Ventilation
HVAC Total
Shell Total
Total
Air Source Heat Pump
Ducts
Mechanical Ventilation
HVAC Total
Shell Total
Total
Air Source Heat Pump
Ducts
Mechanical Ventilation
HVAC Total
Shell Total
Total
Air Source Heat Pump
Ducts
Mechanical Ventilation
HVAC Total
Shell Total
Total

Option
17 SEER / 9.5 HSPF (Baseline)
4.3% Leakage, R-6 (Baseline)
Exhaust

63.2% Shell
18 SEER / 11 HSPF
4.3% Leakage, R-6, Conditioned Space
ERV, 70%

62.8% Shell (-0.4%)
18 SEER / 11 HSPF
4.3% Leakage, R-6, Conditioned Space
ERV, 70%

65.7% Shell (+2.5%)
18 SEER / 11 HSPF
4.3% Leakage, R-6, Conditioned Space
HRV, 70%

68.4% Shell (+5.1%)

Cost
$8,318
$12,311
$289
$20,917
$35,966
$56,884
$8,318
$12,311
$289
$20,917
$35,334
$56,540
$7,991
$12,311
$1,543
$21,845
$41,853
$65,241
$7,991
$12,311
$1,543
$21,845
$47,226
$70,614
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Table 51: Furnace Packages - Shell and HVAC Construction Costs
(Stud-Framed Colonial Homes in Worcester)
Package
Reference

AERC:
$4,611
DCFW.0
Payback
Period

AERC:
$ 4,230
DCFW.1
Ownership
Cost

AERC:
$4,074
DCFW.2
Site
Savings

AERC:
$4,877
DCFW.3

Measure
Central Air Conditioner
Ducts
Furnace
Mechanical Ventilation
HVAC Total
Shell Total
Total
Central Air Conditioner
Ducts
Furnace
Mechanical Ventilation
HVAC Total
Shell Total
Total
Central Air Conditioner
Ducts
Furnace
Mechanical Ventilation
HVAC Total
Shell Total
Total
Central Air Conditioner
Ducts
Furnace
Mechanical Ventilation
HVAC Total
Shell Total
Total

Option
14 SEER (Baseline)
4.3% Leakage, R-6 (Baseline)
95% AFUE (Baseline)
Exhaust

61.7% Shell
14 SEER (Baseline)
4.3% Leakage, R-6, Cond
95% AFUE (Baseline)
Exhaust

61.4% Shell (-0.3%)
16 SEER
4.3% Leakage, R-6, Cond
95% AFUE (Baseline)
Exhaust

63.5% Shell (+1.8%)
16 SEER
4.3% Leakage, R-6, Cond
98.5% AFUE
ERV, 70%

65.5% Shell (+3.7%)

Cost
$4,074
$12,311
$5,620
$289
$22,294
$35,966
$58,548
$4,074
$12,311
$5,541
$289
$22,214
$35,366
$57,869
$4,758
$12,311
$5,501
$289
$22,859
$39,830
$62,978
$4,758
$12,311
$6,189
$1,649
$24,907
$47,226
$73,783
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Table 52: GSHP Packages - Shell and HVAC Construction Costs
(Stud-Framed Colonial Homes in Worcester)
Package
Reference

AERC:
$6,257
DCGW.0
Payback
Period
AERC:
$4,987
DCGW.1
Ownership
Cost
AERC:
$4,730
DCGW.2
Site
Savings
AERC:
$5,335
DCGW.3

Measure
Ducts
Ground Source Heat Pump
Mechanical Ventilation
HVAC Total
Shell Total
Total
Ducts
Ground Source Heat Pump
Mechanical Ventilation
HVAC Total
Shell Total
Total
Ducts
Ground Source Heat Pump
Mechanical Ventilation
HVAC Total
Shell Total
Total
Ducts
Ground Source Heat Pump
Mechanical Ventilation
HVAC Total
Shell Total
Total

Option
4.3% Leakage, R-6 (Baseline)
16.6 EER / 3.6 COP
Exhaust

52.7% Shell
4.3% Leakage, R-6, Cond
19.4 EER / 3.8 COP
Exhaust

60.9% Shell (+8.7%)
4.3% Leakage, R-6, Cond
19.4 EER / 3.8 COP
HRV, 70%

62.2% Shell (+9.5%)
4.3% Leakage, R-6, Cond
19.4 EER / 3.8 COP
HRV, 70%

63.0% Shell (+10.3%)

Cost
$12,311
$19,716
$289
$32,316
$35,966
$68,571
$12,311
$13,931
$289
$26,531
$41,311
$68,130
$12,311
$10,711
$1,482
$24,503
$40,240
$66,225
$12,311
$13,931
$1,543
$27,785
$47,226
$76,553
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Table 53: MSHP Packages ‒ Shell and HVAC Construction Costs
(Stud-Framed Colonial Homes in Worcester)
Package
Reference

AERC:
$8,319
DCMW.0
Payback
Period
AERC:
$7,836
DCMW.1
Ownership
Cost
AERC:
$6,331
DCMW.2
Site
Savings
AERC:
$7,465
DCMW.3

Measure
Electric Baseboard
Mechanical Ventilation
Mini-Split Heat Pump
HVAC Total
Shell Total
Total
Electric Baseboard
Mechanical Ventilation
Mini-Split Heat Pump
HVAC Total
Shell Total
Total
Electric Baseboard
Mechanical Ventilation
Mini-Split Heat Pump
HVAC Total
Shell Total
Total
Electric Baseboard
Mechanical Ventilation
Mini-Split Heat Pump
HVAC Total
Shell Total
Total

Option
100% Efficiency
Exhaust
20 SEER / 10.3 HSPF (Baseline)

72.0% Shell
100% Efficiency
Exhaust
20 SEER / 10.3 HSPF (Baseline)

71.9% Shell (-0.1%)
100% Efficiency
HRV, 70%
29.3 SEER / 14 HSPF

71.1% Shell (-1.0%)
100% Efficiency
HRV, 70%
29.3 SEER / 14 HSPF

74% Shell (+2.0%)

Cost
$907
$289
$12,765
$13,961
$35,966
$49,927
$907
$289
$12,765
$13,961
$35,749
$49,710
$907
$1,543
$14,147
$16,597
$40,783
$57,380
$907
$1,543
$14,147
$16,597
$47,226
$63,824
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Shell vs. HVAC Impacts on Construction Costs and Utility Bills
The following graphics provide similar results to the tables in the previous section, providing the
construction costs and utility bills for the key home packages, plotting them along the AERCbased optimization curve.103 These graphical summaries also feature the first year utility costs to
facilitate package comparisons. For example, these figures clearly show that the small changes
included in Payback Period packages have a significant impact on site energy savings and utility
bills.

Figure 23: Furnace Packages ‒ Utility Bills and Construction Costs
(Stud-Framed Colonial Homes in Worcester)

Figure 24: ASHP Packages ‒ Utility Bills and Construction Costs
(Stud-Framed Colonial Homes in Worcester)
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Figure 25: GSHP Packages ‒ Utility Bills and Construction Costs
(Stud-Framed Colonial Homes in Worcester)

Figure 26: MSHP Packages ‒ Utility Bills and Construction Costs
(Stud-Framed Colonial Homes in Worcester)

103

Unlike the summaries in Table 50 to Table 53, the construction costs in Figure 23 through Figure 26 include the
cooking range and hot water systems.
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C.3 END USE CONSUMPTION
WORCESTER DATA TABLE

FOR

STUD-CONSTRUCTION COLONIAL HOMES

IN

Table 54 provides end-use consumption for the stud-framed colonial home packages located in
Worcester, as displayed in Figure 12.

Table 54: Consumption by End Use for Stud-Construction Colonials in Worcester
(Million BTU/yr, Site)
HVAC

Furnace

ASHP

MSHP

GSHP

Package

Other

DCFW.0
DCFW.1
DCFW.2
DCFW.3
DCAW.0
DCAW.1
DCAW.2
DCAW.3
DCMW.0
DCMW.1
DCMW.2
DCMW.3
DCGW.0
DCGW.1
DCGW.2
DCGW.3

22.93
22.93
22.93
22.93
21.18
21.18
21.18
21.18
21.18
21.18
21.18
21.18
21.18
21.18
21.18
21.18

Hot
Water
18.76
17.14
17.14
5.74
18.73
17.13
17.77
5.85
18.59
17.62
16.97
5.40
18.75
17.12
17.14
5.79

Mech.
Vent.
0.41
0.41
0.41
2.55
0.41
0.41
2.55
2.55
0.41
0.52
2.55
2.55
0.41
0.52
2.21
2.55

Heating
87.29
68.09
57.96
43.29
57.80
14.9
14.3
7.88
8.12
23.92
23.49
11.31
26.98
17.17
14.06
13.15

Heating
(Aux)
–
–
–
–
–
42.90
21.80
8.79
9.37
11.08
7.36
2.13
–
–
–
–

Cooling
1.19
1.16
1.03
0.85
1.02
0.99
1.21
0.90
0.70
0.73
0.65
0.70
0.90
0.82
0.84
0.59

Lighting, Appliances, and Other Plug Loads
Lighting, appliances, and miscellaneous electric plug loads (MELs) are included in package
results. However, with the exception of cooking ranges (B.3.3.11), these end-uses were held
constant among all models. Because these efficiencies were consistent across models, the
proportion of lighting, non-cooking appliances, and MELs compared to the overall consumption
increases as the building performance increases by more than 20% (Table 55). Increasing the
efficiency of these measures becomes increasingly important as other measures are optimized.
Note that the AERC analysis in the main body of this report includes about 1117 kWh/year per
unit for continuous hallway lighting in multifamily buildings – that consumption is not in Table 55.
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Table 55: Average Occupant-Dependent End-Use Proportion of Modeled
Consumption
Lighting, appliances, and MELs, Site Energy (kWh/yr per unit)
End-Uses

Colonial
Ranch
MF

Lighting

Appliance

Misc.

Reference

1,246
961
606

2,097
1,859
1,567

2,773
2,353
1,858

26%
27%
37%

Packages
Payback
Ownership
Period
Cost
34%
34%
35%
35%
39%
42%

Site
Savings
42%
44%
66%

C.4 EXTREME WEATHER AND PEAK DEMAND
ASHP and MSHP Capacity
Capacities sufficient for cold climate performance. Modeling showed that cold climate heat
pumps can easily satisfy the vast majority of a home’s winter heating load. ASHPs and MSHPs
typically receive their official performance rating based on how they perform at 47 degrees
Fahrenheit, but many operate well at colder temperatures. Even at 35 degrees (when many
control systems automatically switch to auxiliary heating), the modeled cold-climate MSHPs
retained 88 to 92% of their nominal capacity.104 The study did not impose a strict cut-off, where
heat pumps would switch to supplemental heating modes at 35 degrees. BEopt instead accounts
for cold weather impacts on MSHPs with configurable capacity retention. All of the modeled
options retained 70% or more of their capacity at 17 degrees, and the models were allowed to
size the systems to fully meet heating load. This section discusses a hard cut-off to explore the
worst-case scenario of heat pump performance.
HDD65 is a common measure of regional winter climate in energy modeling (including BEopt),
which represents the cumulative amount of weather below 65 degrees Fahrenheit and is
correlated with the heating needs of buildings. Similarly, HDD35 is related to the annual heating
need of buildings stemming from temperatures below 35 degrees (the common default auxiliary
cutoff). The relatively small portion of HDD65 represented by HDD35, the third row in Table 56,
shows that the majority of the winter heating load can be readily satisfied by ASHPs and MSHPs.

An extract of 610 models from NEEP’s Cold Climate Air Source Heat Pump Product List supports this result; the
examined models retained between 80 and 99% of their nominal capacity at 35 degrees Fahrenheit.
104
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Table 56: Heating Degree Days
HDD35
HDD65
HDD35 ÷ HDD65

Barnstable
446
5,776
8%

Boston
628
5,810
11%

Worcester
1,258
7,189
17%

Positive performance outcomes from oversizing ASHPs. While heat pump technology can
satisfy the majority of heating demand for models in this study, we found that in some cases,
ASHP homes performed better when we allowed the model to oversize beyond the parameters
allowed by Manual S, which limits heating capacity to 125% of a home’s cooling load. By allowing
models to choose ASHPs that could serve the home’s maximum heating load (despite Manual
S’s sizing limits), some of the models optimized to include larger ASHP systems (approximately
300% of the home’s cooling load) yielded better overall performance, particularly in Worcester’s
colder climate. The efficiency gains result from lower duct losses due to less runtime and reduced
use of lower-efficiency auxiliary resistance heating.105 These impacts can best be observed by
considering the third factor in HVAC energy use – the others being capacity and efficiency –
runtime, as represented by effective full load hours (EFLH) shown in Table 57.106

Table 57: Example Impacts of Oversizing ASHP on Capacity and EFLH
(Stud-Construction Colonial Homes in Worcester)
Manual S
Primary
Auxiliary
Oversized
Primary
Auxiliary

Capacity (BTUh)
EFLH
Reference (DCAW.0)
15,400
3,705
40,100
1,057
Reference (DCAW.0+)
86,100
3,017
40,100
406

Capacity (BTUh)
EFLH
Ownership Cost (DCAW.2)
15,600
1,656
20,700
32
Ownership Cost (DCAW.2+)
45,900
1,709
21,400
40

The Manual S sizing limit is in place to prevent short-cycling of cooling systems, which can
decrease efficiency and reduce the system’s ability to remove humidity. However, the modeled
ASHP systems all have two-speed motors, which would reduce some of the potential for shortcycling; variable-speed blowers would handle this even better. In addition, a separate dehumidifier
could be added to the home to handle dehumidification, although a sensitivity analysis of colonial
ASHP homes in Worcester indicates no such need.

105

BEopt does not offer many cold climate tunable parameters for ASHP, unlike MSHP, and instead relies upon the
HSPF rating to capture overall performance. Yet, given the much higher efficiency of a heat pump compared to
resistance heating (two to three time more efficient), even with a 50% drop in performance oversized ASHP packages
would still outperform packages with smaller ASHP systems that rely heavily on backup resistance heating.
106
EFLH for HVAC equipment can be calculated by dividing its peak demand (kW) into annual energy consumption
(kWh).
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Dual-Fuel Heat Pumps
Dual-fuel heat pumps offer an alternative to all-electric homes where there are still concerns about
the ability of ASHP to supply sufficient heat in extreme weather.107 Conventional dual-fuel HVAC
systems consist of a pre-packaged furnace, an indoor evaporator coil (generally, an A-coil108),
and an outdoor ASHP condenser unit. Some customized systems that combine a furnace with
the A-coil of an ASHP or even a ducted mini-split are possible. In addition, some manufacturers
have brought off-the-shelf VRF solutions to market.109
Because BEopt does not offer the ability to model dual-fuel heat pumps, this report calculated
results for dual-fuel systems as a post-modeling analysis. 110 The consumption for dual-fuel
systems was assumed to replace 100% of the modeled auxiliary heating consumption from
electric resistance backup heating in ASHP packages. A comparison of the dual-fueled HVAC
models and the ASHP with electric resistance heating models suggest the following:
•

Dual-fuel systems may affect peak reductions of 25% in Reference packages, 16% in
Payback Period packages, 9% in Ownership Cost packages, and 2% in Site Savings
packages.

•

Dual-fuel systems had a slight increase in site energy consumption (less than 1%).

•

Dual-fuel systems were estimated to have 20% lower source energy consumption in
reference packages, 12% in Payback Period packages, as well as 6% each in the
Ownership Cost and Site Savings packages.111

Dual-fuel systems are most appropriate in places with more extreme cold weather events (i.e.,
Worcester and Western Massachusetts) as the modified payback period estimate for the dualfuel systems often exceeded the life of the mortgage for many non-Worcester packages. The
simple payback period of the dual-fuel heat pump’s furnace component exceeds ten years for any
optimized package in Boston or Barnstable, while the simple payback for the furnace component
of the unoptimized Reference packages averages five and a half years
Figure 27 is an extended version of the comparison of ERI and construction costs for colonial
homes in Worcester in Figure 21. The figure depicts results for modeled HVAC systems including
dual-fuel heat pumps, over-sized ASHP packages and the very high-performance packages from
Appendix C.1.1. See Appendix C.1 for guidance on interpreting the figure below.

107

However, like any other HVAC system, dual-fuel heat pumps should not be expected to operate in the event of a
power outage without a backup source of electricity to run the control electronics or air handler blower.
108
An A-coil is a common indoor evaporator coil for residential cooling systems. It is named for its shape, which
effectively sheds condensation to avoid the build-up of ice that can reduce system performance.
109
This includes manufacturers such as Carrier and Mitsubishi.
110
BEopt cannot natively model a true, dual-fuel optimized home.
111
Natural gas has a lower source emissions factor than the Massachusetts source energy factor for electricity.
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Figure 27: Comparison of Dual-fuel and Oversized ASHP vs. Standard Packages
for Stud-Construction Colonial Homes in Worcester

Peak demand and electrical wiring capacity
MSHP systems for residential applications are available in single-phase power, which increases
the electrical current drawn by that device and may contribute to high continuous load on the
electrical circuit, relative to three-phase systems more common in commercial applications.
However, assuming most major appliances (HPWH, HVAC heat pump, auxiliary heat, and electric
dryer) are 220V/240V, a home with a 200-Amp service should be able to safely draw 35 kW
continuously, well below the peak demand for single-family home packages modeled in this
study.112 Figure 28 shows the typical hourly HVAC demand for an unoptimized ASHP home,
which peaks at less than 30 kBTU, or 8.8 kW; the total winter peak for all end uses of this package
is 13.1 kW.

112

Electricians should always be consulted to confirm the safety of any particular configuration. These results should
not be used to replace an electrician’s assessment. The maximum winter peak for single-family packages is 21 kW,
and the maximum summer peak is 19 kW; the summer peak is an outlier (PCMB.3), all other packages are 11 kW or
less.
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Figure 28: Example HVAC Demand Curve for Reference Stud-Construction
Colonial in Worcester with ASHP (DCAW.0)
30

24

kBTU

18
12

6
0

Primary Heat

Auxiliary Heat

Cooling

C.5 DUCTS IN CONDITIONED SPACE
Optimized packages only selected ducts in conditioned space. The single-family reference
home energy models estimated anywhere from 6 to 13 million BTU/year were lost due to duct
LTO (4.3 CFM25/100 ft2 CFA) and lower insulation levels (R-6). The duct losses and lower
insulation levels reduced the efficiency of the heating system from 11% to 17%.113 Consequently,
improvements in the delivery of conditioned air can have significant impacts on home
performance. This can be achieved by improving the tightness of the duct system, increasing
insulation, or locating the duct system inside conditioned space. An alternative solution is to
design an HVAC system that eliminates ductwork altogether (e.g., ductless mini-splits).
Prototype designs that included ducted HVAC equipment (i.e., furnace/CAC and ASHP) included
three performance specifications for duct systems, outlined in Table 58.

113

Multifamily homes were modeled with in-unit HVAC systems and conditioned ductwork.
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Table 58: Duct System Modeling Scenarios
Condition
Baseline Scenario
Upgrade 1, 25% better
Upgrade 2, conditioned space

Total Duct Leakage
(CFM25/100 ft2 CFA)
4.3
3.2
4.3

Duct
Insulation
R-6
R-8
R-6

Duct Locationa
Unconditioned basement
Unconditioned basement
Conditioned

a

The modeling software does not support mixed locations for ductwork (e.g., some in the basement and some in
the attic); therefore, designs with ducts in non-conditioned space were modeled with basement ductwork since this
was the most common location in the baseline study. Fifty-six of 90 (62%) homes had ducts in unconditioned
basements.
NMR Group. (April 2020). “2019 Residential New Construction Baseline/Compliance Study (MA19X02-B-RNCBL)”.
https://ma-eeac.org/wp-content/uploads/MA19X02-BRNCBL_ResBaselineOverallReport_Final_2020.04.01_v2.pdf

The modeling tool always selected ducts in conditioned space for all three optimized package
types reported, regardless of building type and location (the “Upgrade 2” scenario in the table
above). The modeling tool chose ducts located in conditioned space essentially because it offers
increased savings (reduced duct losses to unconditioned space) for reduced costs (reduced duct
insulation and sealing costs). These optimized packages included various combinations of
building envelope improvements (insulation and air infiltration) that reduce the space conditioning
loads and further reduce duct losses due to lower HVAC run times.

C.6 SINGLE-HEAD VS. MULTI-HEAD MSHP SYSTEMS
Most Ownership Cost and Site Savings packages feature the 29 SEER / 14 HSPF MSHP option.
However, as discussed in Section B.3.3.9, this level of efficiency is (at the time of this report),
commercially available only as a single-head unit. Multi-split systems with multiple indoor heads
have much lower efficiencies. Accordingly, single-family homes with these high-efficiency heat
pumps would feature two compressors with one blower each, instead of the two or three blowers
each for the baseline (20 SEER / 10.3 HSPF) or 18 SEER / 12 HSPF options in Table 59.
Replacing the single-zone MSHP with multi-zone 18 SEER / 12 HSPF MSHP to gain additional
blowers yields modest changes to the package results, as shown in Table 60; specifically reduced
site savings and higher AERC, but a lower construction cost.

Table 59: Single-Zone vs. Multi-Zone MSHP Optimized Packages
(Stud-Framed Colonial Homes in Worcester)

MSHP Cost
Year 1 Electric $
AERC
Payback Period (Years)
Site Savings

Ownership Cost (.2)
14 HSPF
12 HSPF
Δ
$9,874
$8,185
-$1,689
$2,701
$2,888
$187
$6,331
$6,563
$232
5.9
5.6
-0.3
27.4%
24.0%
-3.4%

Site Savings (.3)
14 HSPF
12 HSPF
Δ
$9,874
$8,185
-$1,689
$3,460
$3,648
$188
$7,465
$7,699
$234
17.5
20.2
-2.7
35.4%
31.8%
-3.6%
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C.7 HEAT PUMP/HEAT PUMP WATER HEATER INTERACTIONS
HPWHs in conditioned space interact with MSHP systems, increasing auxiliary heating use
but reducing consumption overall. Site Savings packages with MSHPs include HPWHs, rather
than the gas water heaters in lower savings packages. In colonial designs, BEopt also placed the
HPWHs in the conditioned basement by default. The HPWHs in conditioned space consumed
heat energy provided by the MSHPs, resulting in increased auxiliary heating. However, though
auxiliary heating consumption increased relative to other packages, total consumption remained
lower than other comparable savings packages for that design.
The increased auxiliary heating is particularly noticeable in Worcester, the location with the most
extreme weather in this study, where the auxiliary space heating was noticeably higher in the Site
Savings package (DCMW.3) than in the Ownership Cost and Payback Period optimization
packages (DCMW.2 and DCMW.1).
The HPWH in the ranch home was placed in the unconditioned basement. Auxiliary space heating
was negligible in ranch packages, indicating that heat pumps could meet the overwhelming
majority of the heating load.
Figure 29 shows the energy consumption associated with HVAC and water heating for the colonial
and ranch MSHP packages in Worcester. The Site Savings packages (right column for each home
style) have the lowest total energy site consumption, though there is a noticeable increase in
auxiliary space heating consumption (i.e., baseboards) and auxiliary water heating consumption
(i.e., the HPWH operating in electric resistance mode to meet the DHW demand). Table 60
presents the precise values from the figure.

Figure 29: MSHP & DHW Energy Consumption of Framed Homes in Worcester
(Millions BTU/yr, Site)
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Table 60: MSHP and DHW Consumption in Stud-Framed Homes in Worcester
(Million BTU/yr, Site)
Design

Colonial
(DCMW)

Ranch
(DRMW)

Package
Reference (.0)
Payback Period (.1)
Ownership Cost (.2)
Site Savings (.3)
Reference (.0)
Payback Period (.1)
Ownership Cost (.2)
Site Savings (.3)

Total
54.3
49.2
31.4
25.3
40.9
33.7
24.2
15.7

Heating
24.1
23.6
11.6
11.4
18.1
14.9
7.9
7.6

Aux
Heat
10.9
7.3
2.1
7.8
5.3
2.9
0.5
0.4

Hot
Water
18.6
17.6
17.0
2.1
16.8
15.2
15.2
1.6

Aux Hot
Water
0.0
0.0
0.0
3.3
0.0
0.0
0.0
5.5

Cooling
0.7
0.7
0.7
0.7
0.7
0.7
0.6
0.6

HPWH placement matters. The study tested the impact of HPWH placement in the MSHP
colonial model in Worcester (DCMW.3). While the increase in auxiliary heating can be displaced
if the HPWH is located outside the conditioned space, auxiliary hot water consumption increases
as the water heater operates in electric resistance mode more frequently. Modeling suggests that
locating the HPWH in a garage or unfinished basement may yield positive energy impacts, though
to be conservative, builders may wish to ensure that they locate these systems in spaces that are
not subject to extremely cold temperatures in winter, like some garages.114 However, locating the
HPWH outside conditioned space may lengthen the distance hot water has to travel to reach the
tap, increasing standby losses. A split HPWH (described below) would capture the best savings
potential as the heat pump condenser is located outside the thermal boundary, but the tank is
located within the conditioned space.
Split Heat Pump Water Heaters. The study tested split HPWH systems in select models (e.g.,
stud-construction Colonial MSHP in Worcester) to explore the water heating and space
conditioning interactions mentioned above. These systems are uncommon in the market, but
available, though at higher prices than conventional HPWHs. The split HPWH provided the most
savings among the water heating scenarios, but was the most expensive water heater option
modeled (details in Table 61, graphical comparison in Figure 30). NMR did not include split heat
pump water heaters as an option in all single-family models due to expense and low
availability.115,116

114

The modeling tool appeared to account for a loss in performance when the HPWH was located in colder spaces
(i.e., garage or unfinished basement).
115
The materials costs are MSRP furnished by a manufacturer of this equipment, while an average of the labor costs
for instantaneous and heat pump water heaters from the web survey were used.
116
We included split HPWHs as an option in multifamily models due to the design challenges posed by locating
multiple HPWHs in a single common space, which may not have sufficient air volume to serve all the units in the
building. The multifamily models with split heat pump systems were a semi-centralized system that had a capacity of
120 gallons per nine units.
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Table 61: Electric Water Heater Interactions of Colonial Models in Worcester
(DCMW.3)
(Million BTU/yr, Site)
Package
Resistance WH
Finished Basement HPWH
Garage HPWH
Unfinished Basement
HPWH
Split HPWH

Heating

Aux Heating

Hot Water

Aux Hot Water

Cooling

11.3
11.4
11.3

2.6
7.8
2.6

12.1
2.1
1.6

0.0
3.3
8.2

0.7
0.7
0.6

11.3

2.6

1.6

7.7

0.7

10.7

2.6

2.9

0.0

0.8

Figure 30: Electric Water Heater Interactions of Colonial in Worcester (DCMW.3)
(Millions BTU/year, Site)
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Table 62 provides additional detail about the model results across these electric water heater
options to show not only consumption values, but also utility costs, AERC, and home ERI scores.
The split HPWH packages perform well and yield low utility bills and AERCs, despite their higher
upfront costs.

Table 62: Electric Water Heater Comparison for MSHP Colonial Home in
Worcester (DCMW.3)
Max Savings Packages for Stud-construction Colonial with MSHP in Worcester
Resistance

UEF
Labor
Materials
Total DHW Cost
Year 1 Gas $
Year 1 Electric $
AERC
Home ERI
Heating
Heating, Auxiliary
Hot Water
Hot Water, Auxiliary
Cooling

CB HPWH

Garage
UCB HPWH
HPWH
0.94
3.2
3.2
3.2
$607
$1,111
$1,111
$1,111
$521
$2,125
$2,125
$2,125
$1,128
$3,236
$3,236
$3,236
$0
$0
$0
$0
$3,569
$3,460
$3,334
$3,315
$6,300
$6,303
$6,098
$6,067
41.7
41.2
38.2
38.0
Annual Energy Consumption (Million BTU/yr, Site)
11.3
11.4
11.3
11.3
2.6
7.8
2.6
2.6
12.1
2.1
1.6
1.6
0
3.3
8.2
7.7
0.7
0.7
0.6
0.7

Split HPWH
3.7
$1,461
$4,983
$6,444
$0
$2,898
$5,652
33.9
10.7
2.6
2.9
0
0.8

C.8 COMPARISON OF BEOPT AND EKOTROPE RESULTS
NMR modeled select prototypes in Ekotrope to assess the comparability of energy consumption
results between BEopt and other modeling tools used for HERS ratings, specifically Ekotrope and
REM/Rate. Ekotrope is RESNET-approved, web-based home energy rating software that the
PAs’ RNC program uses to assess energy consumption; REM/Rate is a comparable tool
frequently used for HERS ratings. While Ekotrope and REM/Rate provide HERS ratings, BEopt
produces a similar metric, known as Energy Rating Index values (ERI). In both cases, lower
numbers represent more energy-efficient homes, with a rating of “0” representing a home that
uses no more energy than it generates on-site each year.
➢ The modeled HERS ratings differ from BEopt’s ERIs, but when considering the variation
of HERS ratings between modeling tools, the discrepancies are muted.
➢ Total energy consumption of the Ekotrope models is within 10% of those from BEopt.
➢ Ekotrope’s heating and cooling consumption estimates are generally higher than BEopt’s:
o

It is possible that models are accounting for some energy flows in different
manners. For example, REM/Rate and Ekotrope are known to report crawlspace
and duct loads differently from one another.
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o

BEopt’s MSHP measures include more detailed heating parameters (HSPF,
minimum and maximum capacity at 47 degrees Fahrenheit, minimum operating
temperature and fraction of capacity available at same; auxiliary heating is
modeled separately) than Ekotrope or REM/Rate (HSPF, capacity at 47 degrees
Fahrenheit, auxiliary heating capacity and switchover temperature). These
differences could lead to less reliance on inefficient back-up heating in BEopt
models, resulting in lower heating energy consumption.

➢ Ekotrope estimates lower peak demand than both BEopt and REM/Rate.
Table 63 shows multiple outputs for the DCFW.0, DCFW.2, DCMW.0, DCMW.2 packages
compared to those from recreations of these homes in Ekotrope and REM/Rate. These four
models are the reference and Ownership Cost packages of the colonial, stud-framed homes in
Worcester with furnaces/CACs or MSHPs.

Table 63: Model Comparison for BEopt (B), Ekotrope (E) and REM/Rate (R)
DCFW.0
E

B
R
B
ERI /
64
57
67
52
HERS1
Design Load (kBTU/hr)
Heating
45
36
40
30
Cooling
18
14
20
18
Consumption (Million BTU/yr, Site)2
Heating
87
78
90
58
Cooling
1.2
1.6
2.9
1.0
Total
131
119
136
100
Peak Demand (kW)3
Winter
2.2
0.8
0.2
2.0
Summer
2.3
1.4
1.5
2.1

DCFW.2
E

R

DCMW.0
B
E
R

DCMW.2
E
R

B

49

55

59

61

68

39

47

47

30
14

30
13

38
18

36
14

35
17

39
18

24
14

28
16

61
1.1
102

64
3.0
109

35
0.7
76

41
1.1
81

45
1.9
87

14
0.7
55

19
0.6
59

31
1.9
73

0.8
1.3

0.2
1.2

12.8
2.4

4.6
1.3

9.2
1.1

8.7
1.9

2.1
1.4

7.5
0.8

1. BEopt generated ERI follows an earlier specification than the Ekotrope and REM/Rate versions used for this
analysis. Ekotrope and REM/Rate implement the ANSI 380-2019 standard to create HERS ratings. These differ from
the ERI in subtle ways, the most obvious being the inclusion of an adjustment factor to account for the impact of
home size and changes in ventilation rates.
2. BEopt estimates installed equipment capacity, which includes 18 kBTU/hr of electric baseboard heating for the
mini-split packages.
3. REM/Rate peak demand is for HVAC only.
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C.9 PROPANE EQUIPMENT
Combustion equipment (furnaces, hot water heaters, cooking ranges) in the core designs of this
study were modeled with natural gas. However, as shown in Figure 31 from the MA19R19
Residential New Construction Non-Program Model Review, much of Central and Western
Massachusetts does not have natural gas service available, and many new homes in Bristol
County are constructed without gas hookups.117 Therefore, this section explores the impacts of
substituting propane for natural gas may have on measure options chosen in package
optimization.

Figure 31: Non-Program Propane Heating vs. Natural Gas Service and Energy Code
Ekotrope ratings, May 2018–April 2019

This analysis assumes that propane-fired equipment is the same cost and efficiency as that using
natural gas. 118 In practice, some models require a propane conversion kit or have a slightly
different efficiency with propane than obtained with natural gas, but many models incur no such
penalties. In fact, Table 18 from the literature review suggests that propane furnaces may be
marginally lower cost than their natural gas counterparts, while Table 24 indicates that propane
water heater prices may be slightly higher. Minor differences in equipment costs aside, propane

117

Half of stretch code homes in both the 2019 Residential Baseline and Non-Program Model Review studies were
heated with propane, while one third of base code homes used propane in the former compared to 94% in the latter.
118
Nor does it include the costs of installing a propane tank system, which can vary greatly depending on whether the
system is buried or above ground. This omission is similar to the exclusion of natural gas hook-up fees, which are utility
and site dependent – though gas hook-up fees are typically covered by utility while propane tank systems are typically
covered by the homeowner.
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is $3.18 per gallon,119 which is more than twice as expensive as natural gas on a per therm basis
($2.91 versus $1.42).120
The differences in measure option selections from natural gas prototypes for propane-powered
homes were primarily in the Ownership Cost packages. These changes included lower levels of
air leakage (with accompanying changes in mechanical ventilation), higher levels of attic
insulation, and a higher efficiency furnace, all of which are more frequently associated with Site
Savings packages in natural gas-heated homes. In addition, many Ownership Cost packages for
propane homes include tankless water heaters, an option which was not selected for the
optimized packages of any natural gas or electrically-heated homes.

Table 64: Average Optimizations for Propane Furnace versus
Natural Gas Furnace Ownership Cost Packages
Measure
Air Leakage
Attic
Furnace
Mechanical Ventilation
Water Heater‡
Total

Propane Option
0.6 ACH50 (Passive House)
R-60
98.5 AFUE
HRV/ERV
0.87 UEF Tankless
(9.8 year payback)

Natural Gas Option
3 ACH50
R-49
95 AFUE
Exhaust only
0.67 UEF Storage
(8.5 year payback)

Incremental Cost
$871
$2,237
$675
$1,196
$2,849
$7,828

‡ Changing from the stand-alone storage to tankless water heater reduces propane consumption by 33 gallons
(3 million BTU or $105) per year.

As can be seen in Figure 32, the utility costs for heat pump packages are generally lower than
those with propane furnaces,121 while spanning a similar range of construction costs. The price of
propane reduces the relative cost of electricity ($66.67 per million BTU electricity versus $34.75
per million BTU propane, or 1.9 to 1), resulting in AERC that are more favorable than the
comparisons to natural gas in Section 3.2.5 ($14.24 per million BTU, or 4.7 to 1). See Appendix
E for details.

119

https://www.eia.gov/opendata/qb.php?sdid=SEDS.PQRCD.MA.A
Both fuels were modeled with the same 0.3% real escalation rate.
121
The utility costs for these heat pump HVAC packages (Reference, Payback Period and Ownership Cost) include
the increased cost of water heating with a propane stand-alone water heater.
120
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Figure 32: Construction vs Utility Cost for Propane and Electrically-heated Homes

C.10 AVERAGED ELECTRIFICATION COSTS
Section 3.2.5 showed electrification data for stud-framed, colonial homes in Worcester. This
section provides similar results but averaged over all single-family home prototypes. The findings
in this section are averaged over all three home locations (e.g., Boston, Barnstable, Worcester),
both framing types (stud and SIPS), and building type (colonial and ranch). This additional
analysis allows for higher-level generalizations across locations, framing types, and home styles
regarding this topic of interest.
As an EO – not electrification study – this study did not focus on finding the cheapest allelectric packages. For example, the Site Savings packages for MSHP homes happen to be allelectric, but they have higher costs due to including additional energy saving measures such as
premium windows and heat pump water heaters. While not focusing on electrification, the
study did investigate cost differences between all-electric and gas-heated homes by
looking at specific optimized packages.
•

Construction cost comparisons in this section focus on the Low Cost packages,
comparing construction costs for packages with low long-term ownership costs (AERC).
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The optimization modeling process selected gas storage water heaters for the Ownership
Cost packages of the electrically-heated home prototypes. Accordingly, to build
comparable low-cost, electric-only packages, NMR adjusted the construction costs for
these electric heat/gas hot water packages to include electric resistance water heaters,
rather than gas units. (Electric resistance water heaters are the cheapest electric water
heaters to install.122)
•

Utility cost comparisons use the Ownership Cost packages for gas-heated (i.e.,
furnace/CAC homes) and the Site Savings packages for the all-electric homes. The
former has the lowest utility costs for gas-heated homes and the latter have the lowest
utility costs for all-electric homes. (The Site Savings packages include electric HPWHs.)

Construction costs for all-electric single-family homes are similar to that of gas-heated
homes. Figure 33 shows the average energy-efficiency-related construction costs of the
Ownership Cost packages across all single-family prototypes for each HVAC type. As a reminder,
“energy-efficiency-related construction costs” does not refer to all construction costs – it only
refers to building characteristics that impact energy performance such as insulation levels and
HVAC equipment types.
The first bar in Figure 33 represents the average construction costs of the Ownership Cost
packages for the 12 gas-heated home prototypes. These homes use a gas furnace, electric
central air conditioner, gas water heater, and a gas stove. The remaining bars show the average
construction costs of the Ownership Cost packages for the 12 prototypes for each electric HVAC
equipment type. NMR adjusted the costs to reflect the selection of an electric resistance water
heater instead of a gas storage water heater – making them electric-only packages. The allelectric construction costs are similar to the gas-heated construction costs ranging from $5,694
less expensive (for MSHP) to $4,696 more expensive (for GSHP).
Note that the costs differences would appear smaller when put in the context of total construction
costs. The costs do not include any feature of construction that is not related to energy efficiency
(e.g., interior finishes) or costs that were assumed constant between prototypes (e.g.,
refrigerators). This analysis also does not include costs associated with gas piping inside the
home. The gas-heated homes require material and labor costs associated with gas pipes, none
of which would be required in the all-electric homes. Additionally, hook-up costs of the gas-heated
homes to the gas grid are not included because utility companies cover the first 100 feet of gas
hook-up lines.123

122

The labor and materials costs for a gas storage water heater are estimated to be approximately $1,324 and the
labor and materials costs for an electric resistance water heater are $1,128, a $196 difference. Since Ownership Cost
packages of ASHP Oversized, MSHP, and GSHP included gas storage water heaters, NMR subtracted $196 from
their construction costs to reflect an electric water heater. No adjustment was made to the Furnace packages, leaving
them with gas water heaters in this example.
123
Eversource representatives estimated gas connections for single-family homes cost the utility $2,500. United
Illuminating – Berkshire Gas estimated that gas connections for single-family homes cost the utility $4,725. None of
these costs are passed on to the homeowner if the length of the connecting pipe is 100 feet or less.
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Figure 33: Average Single-Family Construction Costs Comparison – Furnace/CAC
vs. All-Electric
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All-electric homes have slightly higher utility costs than gas-heated homes because of the
higher price of electricity relative to gas. Figure 34 compares the average first year utility costs
of Ownership Cost furnace/CAC prototypes to the average of Site Savings packages for the allelectric home prototypes. The all-electric homes have utility bills that range from $179 (7%) to
$247 (10%) more expensive than the furnace/CAC homes annually.

Figure 34: Average Single-Family Utility Costs Comparison – Furnace/CAC vs.
All-Electric
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For multifamily prototypes, all-electric buildings can be built with lower construction costs
and lower utility bills than furnace/CAC buildings. The analysis of multifamily buildings only
examined buildings with furnaces or MSHPs that were located in Boston or Worcester. Figure 35
shows the average energy-efficiency-related construction costs averaged across the four
prototypes for each multifamily HVAC type. The energy-efficiency related construction costs are
$8,803 per unit lower in the all-electric building than in the furnace/CAC building when including
the substitution of gas water heaters with electric resistance water heaters in the all-electric
building.124

Figure 35: Average Multifamily Construction Costs Comparison – Furnace/CAC
vs. All-Electric
($ per unit)

124

NMR reduced the average energy-efficiency-related construction costs for MSHP multifamily buildings by $196 for
each unit.
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Figure 36 shows the average first-year utility costs for the furnace/CAC and all-electric multifamily
building prototypes. The all-electric first-year utility costs are 6% less than first-year utility costs
for furnace/CAC buildings. The furnace/CAC costs in Figure 36 are based on the average of
Ownership Packages for multifamily furnace/CAC prototypes and the MSHP is based on the Site
Savings packages for the MSHP multifamily protypes. The former offers the lowest utility costs
for furnace/CAC prototypes, and the latter offers the lowest utility costs for MSHP multifamily
prototypes.

Figure 36: Average Multifamily Utility Costs Comparison – Furnace/CAC vs. AllElectric
($ per unit)

C.11 AVERAGED GREENHOUSE GAS EMISSIONS
Section 3.4 presented electrification data for stud-framed, colonial homes in Worcester. As with
the previous section, this section provides similar results, but averaged over all single-family home
prototypes. The findings in this section are averaged over all three home locations (e.g., Boston,
Barnstable, Worcester), both framing types (stud and SIPS), and building type (colonial and
ranch). This additional analysis allows for higher-level generalizations, which may be of interest
for this topic.
Regardless of HVAC type, carbon dioxide equivalent (CO 2e) emissions reductions of about
20% – on average, across home types – are possible without increasing costs relative to a
typical home. Figure 37 shows the average percent source-based CO2e savings for each
optimization package relative to the reference emissions for each HVAC type. Note this includes
emissions related to energy consumption, not refrigerants or embodied carbon of materials. As
with energy savings, optimizing packages can lower CO2e emissions and AERCs.
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Figure 37: Average Percent CO2e Savings by AERC by HVAC Type
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On average, the electric HVAC homes have between 32% and 55% less CO 2e emissions
than the average furnace reference home (Figure 38). The Ownership Cost package of the
ASHP oversized prototypes have 46% less CO2e emissions than the furnace reference home for
only $28 more in AERC. CO2e emissions estimates rely on the current mix of electric generation
in Massachusetts and do not account for increasing renewables as required by RPS legislation.
Accordingly, these values underestimate future CO2e savings from electrically fueled homes.

Figure 38: Average Percent CO2e Savings Relative to Furnace/CAC Reference

128

RESIDENTIAL NEW CONSTRUCTION ENERGY OPTIMIZATION COST STUDY (20R23)

C.12 MULTIFAMILY COST FINDINGS
As discussed above, the analysis included eight multifamily prototypes. For illustration, this
section charts cost and energy savings for two multifamily prototypes. Both prototypes are 30-unit
stud-framed low-rise buildings in Worcester. One prototype uses a furnace/CAC per unit, while
the other uses MSHPs. For full multifamily data, please see the attached spreadsheet (Appendix
E).

Figure 39: Multifamily Cost Optimization Curves by HVAC Type
(Stud-Framed Multifamily Buildings in Worcester)

Figure 40: Multifamily Cost Optimization Curves by HVAC Type – Relative to
Furnace/CAC
(Stud-Framed Multifamily Buildings in Worcester)
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Figure 41: Multifamily Construction Cost Curves by HVAC Type
(Stud-Framed Multifamily Buildings in Worcester)

Figure 42: Multifamily First Year Utility Cost Curves by HVAC Type
(Stud-Framed Multifamily Buildings in Worcester)
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Appendix D Billing Analysis
The billing analysis utilized data from multiple sources in an attempt to compare recently built
homes in Massachusetts with the prototypes homes modeled in BEopt, to compare consumption
values from modeling to that seen in real-world homes. This appendix describes the efforts
undertaken to compare the real-world, recently built homes and modeled homes. Ultimately, small
sample sizes of real-world homes, in combination with a lack of comparability between optimized
(modeled) homes and the real-world homes, limited the reliability of comparisons. This appendix
is provided as a reference, but it does not provide key findings, other than to point to the
substantial opportunity represented by optimized packages, in that new, real-world gas-heated
homes appeared to use two to three times more gas than optimized model packages.

D.1 METHODOLOGY
Billing Data and Site Normalization
NMR utilized new-home address data gathered during the MA19X02 new home baseline study
to generate a list of 5,138 addresses.125 These addresses were submitted to Massachusetts PAs
for a billing data request. The PAs were able to match the addresses for 2,529 of the newly
constructed homes and provided some billing data beginning in January 2016 through December
2019. NMR was able to match the billing data with the baseline home data collected during
previous onsite visits for 99% of the PA-provided homes with billing data. Of the 2,411 homes
with both billing and the 2019 baseline data, 1,794 homes had at least 12 months of consecutive
billing data (necessary to capture impact of full heating and cooling season). Of the 1,794 homes,
92% received electric bills and 61% received gas bills. These homes were included in the billing
analyses.
HDD and CDD data were gathered from the NCDC website.126 We used ZIP Codes to identify the
nearest weather station, if multiple weather stations were appropriate matches for a home (based
on their distance from the home) the weather station with the most complete data was selected.
In order to compare disparate newly constructed homes to BEopt modeled prototype homes,
newly constructed homes were normalized to correspond to the ranch and colonial BEopt
prototypes.127 By normalizing the billing data we are able to present billing analysis results as
colonial and ranch home equivalents.

125

https://ma-eeac.org/wp-content/uploads/MA19X02-BRNCBL_ResBaselineOverallReport_Final_2020.04.01_v2.pdf
126
http://www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD&countryabbv=&georegionabbv=
127
Normalization=(newly constructed home consumption/newly constructed home square footage)*prototype square
footage.
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Matching the newly constructed home measures to modeled home measures proved to be
unrealistic except in the broadest terms. 128 The most significant barrier in matching the newly
constructed homes to modeled homes was that prototype home measure-level combinations did
not match those from the real-world homes. In order to provide comparisons, we sub-divided the
data by shell and HVAC type and developed weather-normalized, annual consumption in colonial
and ranch square footages in real-world homes for comparison to the modeled annual
consumption values.

Analysis
In order to compare disparate newly constructed homes to BEopt modeled prototype homes,
newly constructed homes were normalized to correspond to the ranch and colonial BEopt
prototypes, as described in the previous section.129 By normalizing the billing data we are able to
present billing analysis results as colonial and ranch home equivalents.
Using normalized consumption, we created average colonial and ranch daily consumption values
per newly constructed home (normalized consumption amount divided by bill duration). The
average daily normalized consumption amounts were then weather normalized by regressing
heating and cooling degree data on normalized consumption data. The weather normalized
consumption value was then predicted for every newly constructed home included in the analysis
and presented below by normalized style, shell type and HVAC system.

D.2 FINDINGS
Table 65 through Table 68 below show the annual fuel consumption by type for the normalized
newly constructed homes and modeled homes by optimization level.
Un-optimized, real-world homes were challenging to compare to optimized packages, but
the newly constructed gas homes utilize two to three times more fuel annually when
compared to any modeled home gas consumption. The real-world, newly constructed homes
do not provide a good comparison for the gas or electric annual consumption of the optimized
BEopt prototypes or packages. The newly constructed gas homes utilize two to three times more
fuel annually when compared to any modeled home gas consumption. The discrepancy in gas
consumption between the newly constructed homes and modeled homes is not unprecedented,
since many of the modeled homes use electric heat while less than 1% of the newly constructed
homes with usable billing data heated their home using electricity.
To create a more comparable newly constructed home gas consumption subset, NMR restricted
gas consumption to the cooling months, to exclude gas heating consumption from the data being
analyzed (Table 66). We annualized the gas consumption based on actual consumption during
the cooling season to exclude gas heating consumption and found that newly constructed homes’
annualized gas consumption falls short of modeled home annual gas consumption by 20% to

128

It is worth noting that the average existing home is a construct for these analyses, for example: the average
heating efficiency value across existing homes is 95.2 even though 95.2 is not one of the 45 heating efficiency values
in the existing homes data.
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25%. Restricting the data to the cooling months illustrates the impact of the heating measures on
energy consumption and shows that there is a viable opportunity to reduce natural gas
consumption by moving toward electric heating measures. We caution against taking the cooling
months’ annual gas consumption as more than an indicator of what is possible.

Table 65: Newly Constructed Home and Modeled Home Gas Consumption
(Therms/year)
(Newly constructed home n=1,096)+
Style

Colonial
Colonial
Colonial
Ranch
Ranch

Shell

Stud
Stud
Stud
Stud
SIP

HVAC

ASHP
Furnace
GSHP
ASHP
ASHP

Modeled Homes

New
Homes

644
705
–
465
484

Reference

–
266
–
161
161

Payback

Ownership

Period

Cost

–
–
–
146
148

–
–
–
146
146

Site Savings

–
–
–
–
–

+

Consumption values for modeled homes were averaged across location. For example, all Boston, Barnstable,
and Worcester ranch stud ASHP model prototypes’ annual consumption values were averaged (by optimization
package) to a single annual consumption value.
There were no existing homes with SIP and ASHP, the single home that had SIP also had a furnace.

Table 66: Newly Constructed Home Gas Consumption Based on Annualized
Cooling Months Bills and Modeled Home Gas Consumption (Therms/year)
(Newly constructed home n=1,096)+
Style

Colonial
Colonial
Colonial
Colonial
Ranch
Ranch

Shell

Stud
Stud
Stud
Stud
Stud
SIP

HVAC

ASHP
Furnace
GSHP
ASHP
ASHP
ASHP

Modeled Homes

New
Homes

178
158
–
178
128
120

Reference

–
266
–
–
161
161

Payback

Ownership

Period

Cost

–
–
–
–
146
148

–
–
–
–
146
146

Site Savings

–
–
–
–
–
–

+

Consumption values for modeled homes were averaged across location. For example, all Boston, Barnstable,
and Worcester ranch stud ASHP model prototypes’ annual consumption values were averaged (by optimization
package) to a single annual consumption value.
There were no existing homes with SIP and ASHP, the single home that had SIP also had a furnace.

Given that the modeled homes’ electricity consumption was based on electric heating, which is
infrequent among real-world homes (though likely increasingly common), it is understandable that
the real-world homes’ annual electric consumption was an average of 45% less than modeled
home electrical consumption (Table 67). NMR attempted to create a more equitable comparison
group among the newly constructed homes by restricting the electric newly constructed homes
subset to those homes that utilize electricity for heating (Table 68). Newly constructed homes with
electric heat generated a higher annualized electrical consumption among newly constructed
homes, but still showed a consumption 40% lower than modeled consumption. We are not
confident concluding that these newly constructed homes are good comparisons for modeled
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homes due to lack of measure similarities between the two groups, also indicating that real-world
homes do not match the performance of optimized packages.

Table 67: Newly Constructed Homes and Modeled Home Electricity Consumption
(Annual kWh)
(new home n=1,651)+
Style

Colonial
Colonial
Colonial
Ranch
Ranch

Shell

Stud
Stud
Stud
Stud
SIP

Modeled Homes

New

HVAC

Homes

Reference

6,737
6,935
6,718
4,862
5,349

11,598
8,292
10,702
12,142
11,758

ASHP
Furnace
GSHP
ASHP
ASHP

Payback

Ownership

Site

Period

Cost

Savings

–
–
–
9,753
9,601

–
–
–
9,113
9,132

–
–
–
10,694
10,789

+

Consumption values for modeled homes were averaged across location. For example, all Boston, Barnstable,
and Worcester ranch stud ASHP model prototypes’ annual consumption values were averaged (by optimization
package) to a single annual consumption value.

There were no existing homes with SIP and ASHP, the single home that had SIP also had a furnace.

Table 68: Newly Constructed Homes with Electric Heat and Modeled Home
Electric Consumption (Annual kWh)
(new home n=34)+
Style

Colonial
Colonial
Colonial
Ranch
Ranch

Shell

Stud
Stud
Stud
Stud
SIP

HVAC

ASHP
Furnace
GSHP
ASHP
ASHP

New

Modeled Homes

Homes

Reference

7,642
7,406
7,624
5,514
5,642

11,598
8,292
10,702
12,142
11,758

Payback

Ownership

Period

Cost

–
–
–
9,753
9,601

–
–
–
9,113
9,132

Site Savings

–
–
–
10,694
10,789

+

Consumption values for modeled homes were averaged across location. For example, all Boston, Barnstable,
and Worcester ranch stud ASHP model prototypes’ annual consumption values were averaged (by optimization
package) to a single annual consumption value.

There were no existing homes with SIP and ASHP, the single home that had SIP also had a furnace.

Analysis considerations. The original intention for these billing data included developing a panel
regression analysis that would include a comparison of higher efficiency program homes to nonprograms homes, and utilize the model outputs to offer evidence that the energy savings potential
demonstrated in the BEopt modeled homes was possible in newly constructed homes. Ultimately,
this analysis was not possible due to a lack of non-program homes in the billing data. That analysis
was also challenging given the significant performance differences between real-world homes
and optimized packages, making it challenging to find good comparison points. Billing data was
requested using newly constructed home address (as opposed to the more common utility ID)
because the newly constructed homes from the original baseline data were new construction and
some were not occupied at the time of the baseline study. The team also wanted to ensure that
we received consumption data that spanned multiple residents when appropriate. Understandably,
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the PAs were more successful matching requested addresses to their program files. The billing
data for these analyses consisted of 99% program homes for both gas and electric bills. Given
the degrees of freedom necessary to estimate a mathematically sound panel regression analysis
we were unable to generate a regression that compared program and non-program homes. We
suggest in the future that the PAs and NMR agree on standardized address formatting to
maximize matching opportunities for non-program homes.
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Appendix E Spreadsheet of Detailed Modeling Results
This report provides detailed, package-level model outputs and cost values as a separate
spreadsheet. This allows readers to investigate the specific packages of most interest to them.
See the attached spreadsheet for additional details.
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