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Glossary andkey abbreviations

BTUoOrBtlg¢ KS GO0 NRGAEAK GKSNXIFE dzyAlGzZé || O2yYYz2yfté dzasSR
One BTU is equal to 0.293 wdaburs. In cases with large numbers, prefixes may be added, e.g., kBtu for
one thousand BtpMBtu for one million Btu, Btu for one trillion.

CQe ¢ Carbon dioxide equivalent. A metric that accounts for the sum total greenhouse gas impacts
from emission®f multiple gases that have various warming effecgpresented in terms athe
equivalent carbon dioxide (G(®missions for the same amant of warming.

Curtailment¢ The reduction in output of renewable energy generation due to an inability by grid
operators to safely or economically use the electricity

District heatingg District heating systems involve using a central plant to prodhezg that is
distributed to multiple buildings through a network of hot water or steam piping.

HPWHc Heat Pump Water Heater
MMT CQe ¢ Million metric tons of carbon dioxide equivalent emissions. 1 metric ton is 1,000 kilograms.

Whgda 2 -ZIdzZNE ¢ | O2YY2yfeé dzZaASR YSFadaNBE 2F St SOGNROI
may be added, e.g., kWh for one thousand Wh, MWh for one million, GWh for one billion, and TWh for
one trillion.

Unitary¢! y Ay 0 SANI G§SR gatincdubds & SorageSadi andliagak source.(i K

Quadc A term to describe e quadrillion Btwf energy (1& Btu).
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Executive summary

Hot water and industrial heat are critical energy services. Washing our hands, taking a shower after a
long day at work, cleaning the kitchens that feed us, and drying bricks and processing foods all require
hot water andheat. Theseserviceshave historially been providegbrimarily by burning fossil fuel in

water heaters and boilers, leading to significant costs, greenhouse gas, and local air pollution. There is a
different pathway available: highfficiency, cossaving heat pumps powered by carbfrae electricity.

Decarbonizing American homes, businesses, farms, and factories with heat
pumps can save money, reduce carbon emissions, and support jobs

This study describes theeale of the opportunityfor efficientl y R & T dleStiicheatfpBnps to serve
residential, commercial, and industrial hot water and process needs. This notion of flexiskting
and storing water during times when renewables are abundant for laterigdeey to the opportunity.
We also identifyfederal policy pathwaysto accelerate a transition ttow-carbonenergyfor hot water.

THREBIGIDEASH-FICIENTLIMATEFRIENDLYNDHA.EXIBLE

Heat pumps arefficient, climatefriendly, and flexible With high performance, commercialvailable
technology, custmers couldsave $30 billion per yean energy bills irthe applications andectors we
assessedout of $72 billionin currentday spendiny These systemgowered bycarbonfree energy,
could cut 520 million metric tons of G@®emissions annuallyLl0% d the U.S. energy sectdotal. Finally,
flexibleheat pumpson a decarbonized gricould productively utilizel20additionalterawatt-hours of
renewable energyer yearby avoiding curtailment (equivalent to 30% of current solar, wind, biomass,
and geothermapower), shifting as much energgs battery systems that would cost $130 billion.

High performance technology

High performance heat pumps are available now to servange of important applications. In addition
to standard sized unitary heat pump water heaters (HPWH) for residential and small commercial
buildings, heat pumps are also being produced at enormous sizes and with very high temperature
output, creating exiting opportunities for large commercial and industrial applications.

Currently leat pumps are reaching a coefficient of performance (COP) of three (or higher) in practice,
meaningthey provide three units of useful heat for every unit of electricity ingdthis translates to

Gonmré STFFTFAOASYOe 2NJ Y2NBIX RgoglFNFAYy3I (60G7%HcF FA OA Sy O
electric resistancéeating(90-95%). With this level of performance ost customerscould enjoy lower

energy bills, even though altricity typically costs more than fupkr unit of energyWe estimate that

gA0K (2RI &pgedorniaseaid ehdoppricks, 80% of residentiatustomers, 60% of

commercial customers, and 70% of industrial customers would payv#sbstotal potental savings of

$30 billion per year across these sectors
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The high efficiency of heat pumps flips the conventional wisdom that gas, coal, and fuel oil tend to be
cheaper than electricity for heating. As heat pump performance improves, and energy pricésadap
incentivize use of lovearbon sources, even more will benefit with a switch.

Carbonfree heat pathway

High efficiency heat pumpsindecarbonie a range of applications. We considbesein this report:

Domestic water heaters for residential and dheawmmercial buildings
Large commercial, district heating, pools, and similar applications
Industrial heat up to 150°C / 300%oilers, combined heat and power (CHP), and process heat

These applications collectively produce 520 million metric ton€ek@issions annually, abod0% of
the annual C@emissions in the United Statesergy sectgrwhich totals5,400 MMT Cée (EPA
(2021b). The total footprint for heat in generakhown inFigurel) adds up to a total of 1,410 MMT
CQe. High temperature industrial heat (above 150°C) and space heating make up thekeyher
segmentf total heat. Electrification with heat pumps will lead to immediate emissions reductiiths

i2RI&Qa

S f9@df tNepGidniiaBsitey fbrieplacement we assessed would have lower

emissionswith aheat pump with &COP of 2 or better (and nearly 100% with a COP of 3 or better). As
the grid gets cleaner the scale of the emissions reduction opportunity will ocilgase.

USA greenhouse gas emissions from water heating, space heating, and industrial heat

Water heating and low temp. industrial
520 MMT CO2elyear

Industrial Boilers < 150°C

Industrial CHP < 150°C
Residential Water

Heating
Commercial ;n:;i:es;:asl
Water Heating 150°C

Scope of this report: heat pumps for
water heating and low temperature
industrial heat (below 150°C).

GHG for Heat 1,410 MMT CO2elyear

High temp. industrial heat
480 MMT CO2elyear

Industrial Process > 150°C

Industrial CHP >

Industrial Boilers > 150°C 150°C

Space heating
410 MMT CO2elyear

Residential Space Heating

Ind.
Commercial Space Heating  Sp.
Ht.

Figure 1. Estimated greenhouse gas emissions related to providing heat across the residential, commercial, and
industrial sectors. The data sources and specific values for each portion of the treemap are summarized¥0Table

and TableAll

v
High temperature industrial heat is not
possible with current heat pumps; other
approaches are needed. Heat pumps may be
able to pre-heat for some applications.

Y
Space heating is achievable with heat

pumps, but not included in the scope of
this report. “Ind. Sp. Ht." is facility
spacing heating in the industrial sector.
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Hexible for the next generation grid

Heat pumps deployedow andin the foreseeablduture will be powered wittelectricitygrids that are

in a period of rapid change, as hundreds of gigawatts of new solar and wind power come onlirge. As
build more renevables there are increasingly predictable and frequent periods of time wthese
variable energy resourcese in surplusThisintroduceschallenges for grid operators who need to
balance generation and loadsnd drives the need fanvestment in energgtorage and dispatchable
resources This dynamialsocreates new opportunities for flexible loadsnd particularly thoséhat

have intrinsic storage. HPWH fit the bill more trdmostanyother end use. The storage tank of
HPWHs is key to their flexiity, essentially acting as a thermal battery. They canhgat and hold hot
water for multiple hours, with enhanced capabilities for units with larger storage tanks and/or mixing
valves that enable higher temperature storagéexible HPWH can also bemaged to avoid critical
peak demand times, reducing stress on the grid.

The match between new loads and renewable energy is a critical factor for cutting electricity costs with
the future grid.Across the sectors we assess, a full transition from fossil fuel to heat pumps with an
average COP of 3 could result in building new electric load totaling approximately 500 TWh annually.
This is a 9% increase in the total annual electricity demand, simiszale to all of the currerday total
non-hydroelectric renewable power generation. Without flexibility, we estimate about half of the new
load would be coincident with renewable generation based on the typical timing of hot water demand.
The other h#f would require storage (e.g. electrochemical batteries or pumptxtage hydroelectric
projects) to match demand with renewable generation (which raises the cost of serving loa@kby 2
compared to coincident demand (Lazard 2020)).

Enduseflexibility and load shifting can help bring down the cost of serving new loads by making better
use of renewable generation when it is available without the need for additional st3ia@®&% of the

new heat pump load is flexibl@nd responsive to th needs of a decarbonized griticould result in 300

GWh of daily avoided renewable energy curtailmg@itout 3092 ¥ § 2 R & BDydroglegtiict  y 2y
renewable generation)t would cost $130 billion to procure battery systems that achieve the same level
of renewables integration suppott

Our analysis suggests that flexible operation of heat pumps to match the timing of available renewable
power on the future grid could add to the bill savings customers experience-b@d%. For example,

an averageaesdential customercurrentlyusing a gas water heater can boost theitential savings

with a HPWHrom $40/year to $80/year with gains from flexible operatfohe overall fraction of
customers in the residential and commercial sector who would expeeiaavings with a switch to heat

1 https://www.salon.com/2021/07/04/thehumblewater-heater-could-be-the-saviorof-our-energyinfrastructurewoes/

2This assumption is on par with estimates of the flexible portion of residential hot water systems with storage tanks and

appropriate controls and systems in place (BPA 2018, Carew et al. 2018, Cui et al 2019).

3We assume currentlay battery pricing, wit an estimated cost of $400/kWh for gsiidteractive largescale systems.

4 The assumptions for this analysis as described in the main report. A key requirement for these savings is the availability of

F LILINBLINA F GS NBGEFAE S§X B804 NWNMOGRY AIMNADBOAR Ay2 t Ay OJWBA BAT S 2+ R ¢
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pumps for hot water rises from 680% to 95% with flexible operation and appropriate pricing or
incentives available.

These gainfom flexibility come with relatively modest costs, e.g., under $100 per residential water
heater at scale if the required communicatigr®ntrol, and mechanicalystems are included at the
time of manufacturingWith focused planning and support for market transformation, there is an
opportunity to builda fleet of efficientwater heating thats flexible to match the new renewable
generation being built to power it.

TRANSFORMING TMBRKET

Developing carbotifree electric hot water and heat could involve investments at nearly every
household, public building, and business in the country, supmppeconomic stimulus through job
creation and longerm energy cost savings.

We worked to identifynow federal policy could accelerate this transformatio@ur research into what

has worked in localnd statelevel programs and other countries identsi@ policy roadmap that

includes a range of actions, including updating codes and standards, targeting procurement, providing
incentives to spur market demand, and investing in R&D.

Some activity is already underway. A recent announcement by the Bidemistratior? describes a

range of federal actions that are planned to support decarbonization and heat pumps, building on the
foundational goals of reaching a zecarbon electric power sector by 2035 and a net zero overall
economy by 2050. These polisiand programs are a start on the long and sustained effort that will be
required to accelerate adoption of lcsarbon heat on a timeline consistent with climate stabilization.

Federal leadership is critical for overcoming decades of stagnatiomarket
adoption of heat pump water heaters and larger heat pumps for commercial
and industrial applications.

Codes and standards

State and Local building energy codes important to get right since they can significantly amplify or
impede uptake of newdchnologies, even if their use is regulated nationally. Although building codes
are not set federally, policymakers can have impact by working with local code officials to mitigate
barriers, harmonize between jurisdictions, and maximize synergies with leomeptary federal policy.
U.S. leadership is also needed internationally in the International Code Council, to align its code
development with building decarbonization.

5 https://www.whitehouse.gov/briefingroom/statementsreleases/2021/05/17/facsheetbidenadministrationaccelerates
efforts-to-createjobsmakingamericanbuildingsmore-affordablecleanerandresilient/
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Department of Energy appliance standards and Environmental Protection Agency ENERGMIIRJBA

are also critical regulatory arenas for advancing fpghformance heat pump technology. Minimum
efficiency standards and labeling allows consumers to make informed purchasing choices. Public and
private energy users alike routinely defer to EBYRSTAR for purchasing guidance because of the
complexity of technology choices, which is even more true with technology not yet widely in use, such
as heat pumps.

The ENERGY STAR program should consider:

Requiring grieconnected functionality
Ceasing enarsement of fossil fuel fired products
Increasing focus on larggeale heat pump systems

Leadership by example

The wellestablished Federal Energy Management Program (FEMP), as well as-lagesdenergy
management offices, energyriented procurement potocols® and other initiatives provide vehicles for
leading by example. FEMP also issues internal standards for its own equipment purchases, and these
could be fortified to emphasize heat pumps. Little effort has been made in this regalat¢o

Incentives

The ugront costs of equipment and installation for HPWH are currently a major barrier to adoption.
Through rebates, tax incentives, and other mechanisms that reduce these costs, it is possible to
accelerate progress on technology development and reach scasofSed program administrators
indicate the need to have deep incentives in place in the absence of minimum efficiency standards.
Existing incentive levels for the residential sector, averaging about $400 per heat pump water heater,
are insufficient to acleive market transformation.

Deeper incentives for residential and small commercial customers should be scaled to cover the full
incremental project cost in order to move the needle on accelerating HPWH. We recommend the
following amounts be considered:

Incentives that result in $1,000$1,500 retail savings per unit for HPWH equipment, depending

2y AAT ST FLIWXASR G GKS YIFydzFlI OGdzNBNJ 6 ¢ dzLJa G NB |
incentive amount may be lower since supply chain markup addsatodtail impact of lower

wholesale prices. Incentive structures should be nuanced enough to avoid steering consumers
towards lower performing products to avoid dissatisfaction and market spoiling.

$1,000- $2,000 in additional installation support applied a midstream incentive to installers

or downstream refundable tax incentive (or other similar mechanisms) with a streamlined and

simple process. This support could be targeted for the many customers who require costly

electrical panel and/or building ciuit upgrades to power HPWHs.

6 Seehttps://www.energy.gov/eere/femp/purchasingnergyefficient-residentiatelectricstoragewater-heaters
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Large commercial and industrial customers would benefit from a significant expansion of tax incentives.
Similar to the residential sector, initial incentive amounts should approach the full incremental project
cost (equipmenplus labor) to deisk early adopters and support market development. We recommend
favorable structures such as refundable tax credits and accelerated depreciation. Incentives should be
performancebased (e.g., based on avoided emissions) since prajettese sectors are typically

bespoke.

Historically, utilities have been the primary source of incentives and have achieved very low market
penetration in the household sector (with very little attention to commercial and industrial customers).
While paticipation rates are increasing, overall penetration ratde ratio of HPWH units rebated each
year to number of customersare very low according to the latest national review (from 0 to 0.15% in
most cases, with the best at 0.4%) (Rosenberg 20¥6)recommend that utility efforts be augmented
with federally directed campaigns, some of which could focus on particularly promising opportunities
such as in the hospitality and fogmoducts industries. Opportunities not deemed attractive to utilities
(e.g.,pools) could also be emphasized. Some efforts could be carried out in cooperation with states and
cities, e.g., in decarbonizing district heating systems or coupling heat pumps to municipal waste
infrastructure.Finally, merging utility rebates with fedarincentives should be explored to amplify
impact and reduce the transaction costs for accessing these programs.

Supporting infrastructure

For many existing buildings, particularly in the residential sector, the cost of electrical infrastructure
upgradego switch to a HPWH can approach thousands of dollars, sometimes doubling or more the cost
of heat pump upgrades. Similar dynamics are present in the commercial and industrial sectors to varying
degrees. These ontime service upgrades to enable higlower electric loads to replace fossil fuel are

critical infrastructure@nvestments to support decarbonization, not just for heat pumps but also for fast
charging electric vehicles, electric cooking, and space heating. Similar to the need for new transmission
lines to support largescale renewable integration on the bulk power system, upgrading the wires and
circuits in households and businesses to accommodate decarbonized loads is a vital need. The federal
government should include support for these infrasturet upgrades in incentive programs for heat

pumps and should consider programs to make buildings-zarbon ready.

Improving lowincome housing performance

A just and clean energy transition requires special attention to ensuradoceme households berié.

Our analysis indicates that among the ~50 million households where income is lower than $40,000 per
year, spending on hot water represent®2% oftotal income (10x the fraction of the highest income
households). While 80% of these lower income howsed stand to lower their bills with HPWHSs, less
than half own the building where they live and there are vkelbwn upfront cost barriers facing
households with low levels of liquid income. Focused public sector support (e.g. targeted incentives for
rental properties, etc.) is vital to help ease the energy poverty burden facing these households and
ensure broad decarbonization.

TOWARDCARBONFREEHOTWATER ANINDUSTRIAHEAT WITHEFFICIENT ANREXIBLEEATPUMPSC PAGEL2
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There are also existing federal programs that could be leveraged by significantly increasing their budgets

to reachmore househotls, and including targeted funding for HPWH and other electrification work.

1 { Q4 bo ®o ardcdmie Meatyhg En&rdyNdsigtande Program (LIFEAPS h 9 Q& PH AN
YAfEA2YKk@SEFENI 2SFGKSNATFGAZ2Y 1 aairadl yO®ckiGMRINI Y |
t NEANI YS FYR 1! 5Q48 bcodn o0Af f A2 YVoouddalh ddivedziPWHStia® | f £ 2 .
save money and cut carbon. Currently, 35 million households are eligible for LIHEAP but only 20%

receive assistance due to budget constraihtAfter an initial investment of onéime capital payments

for the installation of HPWHS, per household energy subsidy requirements would be reduced, in turn

making LIHEAP more financially efficient, thus enablingothgramto support more households

Industrial R&D

Heat pumps are likely to be a key competitive frontier, and-baSed companies atargelytrailing

behind their international peers in developing the technology that will be used to decarbonize the
heating sector. This is the case in the residential and commercial sectors and even more so in industrial
applications, where overseas companiegatlty manufacture diverse lines of hightput heat pumps

across Europe and AsRroactive industrial polioyan help U.S. manufacturers, installers, and

deployment programs catch up as the market grows. Some of the R&D work should be focused on
technology This could include supporting advances in-ttakbon refrigerantsand development and
demonstration of controls and thermal storage that enable heat pump systems to make the best use of
renewable power. There is also a need for applicafmrused R&Dd support scalaip and accelerate
technological learning rates. This could include research partnerships with installers to identify and
eliminate barriers to widespread HPWH adoption in key sectors, supporting development of engineering
design standardgechnical training for building trades, and manufacturing seglesupport.

STIMULUS WITH LGBARBON HOT WATER

Accelerating heat pump deployment is a thrpenged opportunity to support jobs, help customers
save money on energy bills, and cut carbongmioins. We estimate thaach 1 million HPWH installed
could:

Stimulate about 20,000 jobs manufacturing and installatiéh

Provide $1.6 billion in total customer bill savings over the firsyd#érs of use, aaverage of
about $1,600 in savings per household

Lead to a reduction of 15 million metric tons of £@ver the equipment's lifetime compared to
the status quo.

Broackr approaches beyond HPWH incentives are also needed to achieve decarbonization across the
economy at a pace consistent with climate stabilization. Codes and standards, regulatory work, and R&D

7 See https://liheapch.acf.hhs.gov/Funding/funding.htm
8 See https://www.hud.gov/program_offices/economic_development/eegb/utilities
9 See https://www.eei.org/issuesandpolicy/Pages/liheap.aspx

10 combining our estimates for costs with employment impact multipliers for the relevant sectors (Bivens 2019)
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pathways are all vital. Federal support programs should ba bovad and deep, and should reach all
sectors with dedicated approaches that meet the nuanced needs of the applications and economics. In
the main report below we trace the outlines of many market stimulus opportunities and suggest
pathways for policy.

ATIMELINE FOR ACTION

Time is of the essencdcvery fossil fuel water heater and industrial boiler has an expected lifetime of

over a decade, locking in future emissions and higher costs for customers. Another path is possible. The
next 5, 10, and 15 yeasse critically important for heat pumps to contribute towards significant

progress towards clean energy by 2035 (Tdbld-lexible end uses like heat pumps, aligned with

renewable power production, can not only cut direct emissions but also help balbaagitl over the

coming years and decades.

Tablel. Possible timeline for federal action on l@arbon hot water and heat

TIMEFRAMH MARKETTRANSFORMATIOACTIONS INDICATORS (BUCCESS
5 years 5SSL) AyOSy i A @S | Clear market signals lead to a scafeof the
Targeted procurement programs | HPWH industry and installation workforce.
. S3AAy adzaidl Ay S| Milionsof HPWHSs are deployed.
20212025 /I 2RSa FyR adly
10 years Continued incentive programs R&D efforts lead to breakthroughs and
/| 2RSa | yR &0l y|accelerated transition in all sectors. A growin
including incorporating flexibility fleet of flexible heat pumps sasgébillions of
20262030 5S LI 2 & Yuf R&bD foaG&t { dollars annually, with codes and standards
support.
15 years wS@AaS Ay OSy A (Thetypical new oreplacement hot water
wSF¥20dza wg5 2y |heateris aflexible and highly efficient heat
and harderto-reach sectors pump. U.S. firms enjoy a vibrant technology
20312035 LydQf O2RSa I y|exportbusiness serving global markets.
harmonized

TOWARDCARBONFREEHOTWATER ANINDUSTRIAHEAT WITHEFFICIENT ANREXIBLEEATPUMPSG PAGEL4



SCHATENERGYRESEARCEENTER

MEETING THE MOMENT

The United States could play a leading role in developing and deployirgatban heating technology,
creating tens to hundreds of thousands of jobs. There is a need fecdolon heat and hot water
around the world, and the U.S. could be a leader in this important 21st century technology.

Each dollar invested in market transformation Willp advance towards these goals and aésal to a
dollar in the pockets of households and the budgets of businesses who benefit from lower energy
costst. This clean energgnnuity effect can ease the iden of energy poverty for lower income
households and provide a losigrm, durable, and persistent stimulus effect.

Carbon emissions from fossil fuel have pushed our planet to the brink of a climate emergency. Replacing
the millions of direct combustioappliances and equipment we use for hedth low-carbon
alternativesis a necessary step for stabilizing greenhousetlygtsshould be taken as soon as possible

Finally, the grid is already faced with more frequent times of renewable electricity suhgiugill only
accelerate as more clean energy generation is added. Flexible heat pump systems can make productive
use of this valuable renewable energy, helping balance the grid and cutting the cost of the overall clean
energy transition.

Efficient and fexible heat pumps meet the moment by creating jobs in an
AYLRNIGIFYG umald OSyilddzaNE aSOU2NE f 28SNRAyY3
carbon emissions, and easing integration of renewable energy.

[ .
///’l" " .
.C'," /1“.~ H

11 Based oran approximatemidpoint of our recommended combined equipment and installation incentive, $1,500.
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Study scope and objectives

¢tKA& addzRé al1ax GoeKFEG A& GKS LRGSYdGAlrf F2N KSIG
AYRAZAGNAL £ LINRPOS&da KSIFGAYy3IS FYR ¢KFG FNB GKS LIt A
technology scope includes residential hot water, commeraaMmater, and industrial heat up to 150°C
bonncCuOI BKAOK Aa YSIFEN G§GKS dzLJISNI t AYAG F2NJ gKI G G
there is a great diversity of building types and hot water applications.

Our approach to answering these questiocombines a nationalcale analysis of demand for heat with
in-depth historical, institutional, and policy research on domestic and international experience with heat
pumps for water heating.

The details of the methods and data sources for our anadysign the Appendix. In short, we used
nationatevel surveys (thewel y 2 6y aw9/ {X / .9/ {X FTYR a9/ {é RFGIF FI
Administration) to establish baseline demands for heat. In the industrial sector, we leveraged a unique

dataset prodiced by researchers at the National Renewable Energy Laboratory, which estimates

demand for heat at a granular level by delivery temperature (McMillan 2019).

For each sector, we focused on identifying the following:

Baseline expenditures and greenhousagiemissiongrom incumbent technology that provides
hot water and industrial heat.

Potential future expenditures (and savings) from switchifrgm incumbent technology
systems to modern heat pumps, and estimated costs to install them.

Alignment between he estimated load shape for heat and the net generatiofirenewable
energy on a future grid with net zero carbon electricity;

Potential cost savings from flexible operatiorsd heat pumps to better align with renewable
generation.

Pathways for federal patymakersto accelerate a transition to lowarbon heat.

Background

HEAT PUMP FUNDAMENTALS

Heat pumpsuse refrigerant cycles to pull heat from the ambient environment and deliver it where it is

needed. They use the same mature technology as refrigeratdra@ conditioning, except towards a

32Kt 2F LINPOARAY3IA dzaS¥F¥dz KSIF G o0AyaSllusRated the dza S T dzAf
basic concept and pictures several examples of equipment.

The fundamental idea is to move heat from one location to another using a refrigerantTthed.
refrigerantS @+ L2 NF 6§ Sa4 OFNBY tAljdZAR G2 3IFLao G 2yS €20 4A
3ra G2 fAJdZARO G (GKS SINBRIOPEA 2yi AKSNEKSHMNE BRIl i KSa K
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compressor It pressuriesthe evaporated refrigerantpushing it through the condenser and around
through the rest of the cycleAir conditioning and refrigeration work the same way, just with the
opposte aim: pulling heat out of a building or refrigerated space and dumping it to the ambient
environment.

In some applications (e.g., hotels, dairies, and food processing industries) there are needs for both
heating and cooling on any given day. These idiga$ for heat pumps can use both ends of the cycle,
amplifying energy savings. At a dairy, for example, heat pumps can simultaneously provide heat to
pasteurize milk and chill refrigerated storage

Useful applications: domestic hot water, space heating, hot
water for district heating, industrial process heat, pool heating, etc.

Useful
e e e RN _ _ -
output High pressure & >

’
: \
: Heat pump Condenser temperature side |
| (delivers heat) 1
1 Expansion Compressor |
: Valve ® Refrigerant Cycle \ Electricity Input |
I I
[ Evaporator !
1 (absorbs heat) | Low pressure & !
\ temperature side /

Ambient sources: outdoor air, indoor air, water
bodies, underground, exhaust from other

processes, spaces or processes that need
refrigeration or air conditioning, etc.

i
!

—
il

Figure2. Heat pump refrigerant cycle diagram with illustrative applications noted and pictured

Thanks to the refrigerant process, and how little electricity it takes to run the compressor, the quantity
of heat that is transferred by a heat pump can be much gretitan the electricity input, meaning the
systems typically have apparent efficiency greater than 1Q0Phis outcome is due to clever application
of the thermodynamic properties of refrigerants, which evaporate and condense at different
temperatures when tk pressures are changed, allowing these cycles to move heat from one place to
another, and importantly from lower temperature sources of heat to higher temperature outlets.

The performance of heat pumps and refrigeration systems is measured and defimaadtyic called
coefficient of performance (COPYvhich is defined as the quantity of heat delivered divided by the
electricity needed to drive the refrigeration cycle. Theiform Energy Factor (UEB)another metric in

12 hitps:/iifiir.org/en/news/an-awardwinningindustriatdairy-usingarnintegratedheatpump-system
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common use that is closely assateid with COP; it is based on the overall performance of a water
heating system operating through a defined test cyokant to mimic typical useCOP and UEF can be
applied to heat pumps and also to other water heating technology, including electritaresssand
conventional fossil fuel combustion systems. The key difference between COP ahddt&Eo with

how they are definedUEF is defined by a particular test method (maintained by the U.S. Department of
Energy) and is meant to be applied to mukipechnology types for comparison. COP is used for
measuringand describindneat pump or refrigeration cyclés generaland can apply to instantaneous

or longrun performanced { S & 2 §is atern used to describe lofign performance in realvorld
conditions; this metric is useful for estimating average energy use, costs, and emissions.

COP or UEF = (Quantity of heat absorbed or delivered) + (Electricity input quantity)

There are a range of COP and UEF performance factors for systems in usandday,heat pump

systems that could replace them. For example, T@ldemmarizes these values for water heating
technologies in residential and small commercial applications. The key takeaway is that mbstskeet|

water heating systems have a UBFC@P around 0.60.8, based on the limits of combustion efficiency

and storage losses. Instantaneous gas water heaters avoid storage loss, and have higher efficiency than
storage water heaters. Electric resistance water heaters achieve relatively l@@@rapproaching

0.95, as there is no need for an exhaust flue (a significant source of thermal losses for corbas#idn
storage water heaters). Heat pump water heaters have a rangerdbérmance with anaverage around

3.0 (based on lab testing) but sométlwvsignificantly lower or higher. Even relatively lower performance
HPWHSs with £O0FRof 2.0 are twice as efficient as their electric resistance counterparts.

Table2. Typical performance for a range of residential and small commercial water heatingpteghinSummarized

FNRBY NBLERNI o0& bl @A3aryd /2yadzZ GAy3 oHnamyOod ! 9CY a! yATF2
G/ 2SFFAOASYG 2F t SNF2NXNIFyOSZ¢é HKAOK RSLISYyRa 2y 2 LISNI
output:input ratios.

Technology Type Typical UEF seasonalCOP
Conventionahatural gas storage water heater 0.58-0.65

High efficiencyatural gas storage water heater 0.66-0.81
Instantaneousatural gas water heater 0.81-0.97

Electric resistance storage wateeater 0.88-0.95

Heat pump water heater 2.0-4+

COST ANDARBOMNAVINGS

Reducing costs and avoiding greenhouse gas emissions are the primary reasons for deploying efficient
heat pumps instead of fuddased or electric resistance devices. Ultimately, these cost and carbon
comparisons come down to differences in COP, energggrand the carbon intensity of electricity.
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conventional natural gas storage water heater.

For any two energy sources (e.g., electricity vs. natural gad), @sstomer faces different prices and
carbon intensities. These alternatives can be framed as price and carbon ratios. In oeefectric

heat pump option to be lower cost (or lower carbon) than the status quo, the ratio ofsesasonalCOP

(or UEFrompared to the competing alternatives needs to be larger than the price ratio or carbon
ratio. In the example shown below, the natiorelerage price ratio between electricity and natural gas
i53.1:1($40/MMBtu divided by $13/MMBtu) (EIA 2021a). Theiowaalaverage carbon intensity ratio is
2.3:1(124 kg/MMBtu divided by 53 kg/MMBtu) (EPA 2018, EPA 2020). Since the ratio of UEF for the
heat pump vs. natural gas4s6:1(UEF 3 / UEF 0.65), the heat pump water heater comes out ahead on
both dimensions o€omparison. These are not speculative numbers; this illustrative example is for a

G8LIAOIE NBAARSYUGAL

options.

Figure3. Greenhouse gas and cost comparison between two illustrative water heating technology systelnaththa

provide 10 MMBtu of useful energy service, with fuel costs, efficiency, and carbon intensity representative of
commercially available systems in 2021 operated on the national average natural gas and electricity grid in terms of
cost (based on REQ8wwy (EIA 2021a) and carbon (based on EPA factors documented in point source emissions
inventory (EPA 2018) and average grid emissions (EPA 2020): (Top) Heat pump water heater with a UEF of 3, (Bottom)
Natural gas water heater with a UEF of 0.65, an eated average of currentlinstalled systems (Navigant 2018).
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prices and carbon intensity for the residential sector. As the carbon sitieof the grid falls and the
true cost of fossil fuel is reflected more in prices, the balance will tip further in the favor of electric
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HEAT PUMPS AND THE NEENERATION GRID

A combined effort of fueswitching and cleaning up the grid is foundational for fighting climate change
and transitioning to a fully decarbonized energy system (Larson et al. 2020, Williams et al 2012).

The transition of the grid to lomearbon energy gegration is already well underwaftlectrified water
heating will be powered bgn electricity grid with increasing fractions of energy provided by zero
carbon generation. Driven by forwatdoking policies and rapidly falling costs for solar, wind, and
battery storageatipping point has been reached in the cost of renewable power in recent years, with
the cost of building most new renewable generation in 2020 being lower than the operating cost of
existing coafired power plants (IRENA 2021).

As clean mergy costs continue to fall, 100% clean electricity will be in reach. Indeed, the Biden
Administration announced a goal of a fully carbon free grid by Z0a%imeline that is both consistent
with the pace needed to avoid the worst impacts of climataraye and is technically and economically
feasible given the pace of progress on the cost and performance of clean electricity generation and
storage technology (Phadke, et al. 2028¢at pumps and other flexible loads can aid the transition by
using renevable energy when it is generated, avoiding the need for additional storage.

An improving carbon profile

A cleaner grid means expanding opportunities to switch to electric water heating and reduce emissions
compared to the status quo. At present, the ERFRED tool estimates electricity used by customers in

the U.S. has an average emissions rate of 880 #e/@Wh!4 This is significantly cleaner than coal

(2,200 Ib/MWh) and about the same as natural gas (890 Ib/MWh). At this average level, heat pumps
only need to have a COP of about 1.5 to break even with conventional storage tank water heating
(assuming these operate at an energy factor of 0.86g grid is already clean enough for 80% of the
country to reduce emissions by switching to heat pumps with @R of 2 or better.

A look atregional variability paints a picture that is broadly in favor of decarbonization with heat pumps
across most of the countryThe map below (Figu® shows average electricitglated emissions from
eGRID. Regions like the Piaccoast, New York, and New England have electricity that is already clean
enough on averageat or below 500 Ib/MWHthat replacing a conventional water heater with an

electric resistance water heater that has a UEF of ~0.9 could still result indrealemissions. High
efficiency heat pumps, of course, have significant carbon savings in these relatively clean electricity
regions. The highest emissions regiclise portions of the midwest and mountain west with an average
of 1,500 Ib/MWh or slightly wre--require a COP of 2.5 up to 3.5. This is challenging but achievable by
many heat pumps already on the market. As more solar and wind power come online across the
country, the carbon savings potential of heat pumps will continue to grow.

13 https://www.whitehouse.gov/briefingroom/statementsreleases/2021/04/22/facsheetpresidentbiden-sets
2030-greenhousegaspollution-reductiontarget-aimedat-creatinggood-payingunionjobs-and-securingu-s-
leadershipon-cleanenergytechnologes/

14 This figure and others in this paragraph based on eGRIis (//www.epa.gov/egrid/dataexplorer)
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CO, total output emission rate (lb/MWh)
by state, 2019
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Figure4. Average electricity emissions rate by state for 2019. (fintiws://www.epa.gov/egrid/dataexplore) Data
available in Tabl&25

Reattime dynamics and opportunities for flexibility

The dynamis of renewabledominated power systems are changing in important ways due to the day
to-day and seasonal variations in available supply from solar and wind (Gerke et al. 2019). Since many
water heating applications have flexible timing or include biniktorage (e.g., the hot water in storage
water heaters), these new electric loads could be used to balance the variability of renewable
generation. The experience on the California grid, where renewable generation already serves over one
third of the demand CEC 2021), is emblematic of what will emerge throughout regions that rely more
on renewable power in the future. Figubselow shows the balance of generation and demand for a
recent spring day in California, when solar energy was abundant but tempesgattere relatively mild,

and thus air conditioning loads were low. On this day, there was a neatpuiOperiod when more

solar energy was available than could be effectively utilized; in total 32 GWh of renewable energy was
curtailed (i.e., turned dowio balance the grid), representing 13% of the total potential renewable
generation that day (red striped area in Figd)eln hours like these when renewable energy is being
curtailed, strategic increases in load could soak up the available solar eaterggo marginal cost (and

zero marginal carbon). Similar dynamics can also occur with wind power in surplus (typically at night),
which happens frequently in places like Texas with high penetrations of wind power.
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Figure5. Balance of generation and d&nd on April 21, 2019. The total load minus contributions from renewable
generation defines the net load. A stack of generation sources to meet the load are in the shaded areas of the plot,
matching demand. Curtailment of renewable energy due to sydeel constraints (e.g., the need to keep
dispatchable generation online) is shown as a red vertical striped area. Based on data from California Independent
System Operator public website.

The upshot for heat pumps with hot water storage is that these tiofesarginal renewable poweare

when it is beneficial to use more electricity to utilize alredmyit clean power. When renewables are

G2y GKS YIFINBAYZé GKS gK2ftSaltS LINAROS 2F SySNH@& Aa
tax creditsavailable to renewable generators). These are also times when using additional electricity

does not require additional fossil fuel use or discharge from battery storage. While most retail

customers do not currently have access to e prices, such téffs will likely be used in the future

along with demand response programs to incentivize alignment of loads with renewable energy. Loads

that can be conveniently flexible, like heat pump water heaters, stand to benefit from reduced costs of
operation if hey can capture more renewable energy by aligning with times when it is available.

{G2NF 23S K230 6+ GSNI KSI G§SNR 0 YAR/ €2 (0KKSSNNIvaF Af Y Aaf G- 2NN 3388300
candidates for flexibleperation, which can be enhanced Imgorpaating amixing valve on the outlet

ofthetankd / SNl yiSa HAunOd tefuiite e témpSaruirddduiyoigdongesktic S & €

hot water down to safe temperatures (e.g., 120°F). Withvalve in place, it is possible to heat the

stored water inthe tank up tomuchhigher temperatures, essentially using it as a thermal battery.

During a typical day, the water heater can be controlled to heat the tank up to 140°F or more during the

hours when surplus renewable power is available, then to let tivk tamperature drift down in the
adz0aSljdzSy i K2dzZNA® 2 A0K KAIKEE AyadzZlFiSR dFylaz Al
From a customer perspective, hot water is always available and at a safe temperature.
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\
Grid Flexibility Analysis Appach

In this study, we use data from curreday grid operations to estimate the possible value to customers from synergy

between heat pumps and a future grid with high levels of renewable power. Our approach to estimating the| value
of flexibility for hed pumps is based on a simplified framework for grid interactivity illustrated in Figbedow.
The overall concepts of the methods are described below, with more details on the data sources and estimation
methods described in the Appendix.

The goal obur flexibility analysis is to estimate possible savings to customers with heat pumps that are able to shift
the timing of use to match renewable generation patterns. Achieving these savings would require water heating
systems to be able to be controlled match the needs of the grid, and access for customers to an appropriately

strong price signal and/or demand response progiagentives

First, we project future renewable generation impacts on the net load profiles for each interconnected region (the

Eastern, Western, and Texas grids) in order to estimate times of renewable curtailment, when additional load|would

be served by renewable power directly instead of dispatchable generation. The assessment is based on operations

data from 2019In this analys wS & G dzNy dzZLJ¥ (G KS NBySglofS ASYSNI GARY o0& ¢
and wind power so the sum total balances out with glimninationof mosthigh-carbon energy from the dataset: all
of the currentday coal and oil power generated and 75% of all natural gas generated energy. The resulting net load
profiles are then used to develop illustrative refmhe prices to estimate the benefits of fleXiby from heat pumps.

Based on the grid status, we use the average retail price paid ($/kwWh) for each customer or customer group as a
basis for developing a hypothetical reahe price profile, with low prices at times when intermittent renewables
(solarand wind) are marginal and high prices at other times, when dispatchable generation is marginal. Holding the
average retail price the same, the low vs. high prices are adjusted to match a given ratio. The price ratios (high to
low) we include in this reptare 1:1 (flat), 2:1, and 3:1. This range is in line with the approximate ratio of expected

costs for building new renewable generation versus renewables plus storage (Lazard 2020).

Finally, using a baseline assumed load shape for each sector-eegah we simulate théaseline costs anshvings
from shifting a fraction of the energy consumption from higiice to lowprice times. Overall, this analysis finds for
each customer at various price ratios: the costs of serving water heater loads befbedtanshifting, cost savings
from operating a heat pump load flexibly, and the average shifted energy per day (kWh).

Grid status:
Marginal generator
Renewable

Dispatchable

Grid Metrics
Emissions
Societal Cost
Prices

Water Heat Load
Static :
Flexible : :

L - - .

Figure6. Simplified framework for price response savings estimates. The times of water heater use is unchanged, but
timesofheatingi KS &6 GSNJ I NB aKATUSR Ay GKS acCtSEAG0fSE OFasSo

NS J
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Heat pump technology landscape

HOT WATER ANRDUSTRIAHEATACHIEVABLE WIHEATPUMPS

Homeowners spend $35 billion each year on energy to heat water, businesses spend another $5 billion,

and industry spends3o A f £ A 2 3 SAYISNG B @zNS¢ KSFGAy3I FLILIX AOF A2y a
these applications could, in principle, be met with heat pumps. The overall landscape we considered in

this study is mapped in Figure showing how the consumption equatesgamary energy

requirements of nearly 8 EJ. This results in ab@dtrillion metric tons of greenhousgas emissions

(CQ equivalent) annually (Figu®. To maximize this opportunity for efficient heat pumps, however,

requires a nuanced mapping and sir& 38 F2NJ NBIF OKAy3 (GKS RAALI NI GS K2
occur in many sectors and settings. Each segment has its own constraints, technology pathways, delivery
costs, consumer dynamics, and institutional decisiwaeking processes. In subsequeettions we

describe the scale, market status, and key factors in major sectors that could be a focus for policymakers

and implementers.

Hot water and industrial heat achievable with heat pumps: U.S. Total

All sectors and segments (7.8 EJ, primary energy): United States

Industrial Heat (below 150*C) Residential Hot Water

Single-family (27%)

Conventional Boilers (33%)

Mobile home

Multi-family (8%) (3%)

Process Heat Commercial Hot Water

CHP (useful heat portion) (12%) (5%)

Syst i
Centralized / Storage ys(ze:z)mlx

District heating (4%) (4%)

POU (1%)

Figure 7. Estimated primary energy consumed for hot water and industrial sector heat in applications that are

technid f f &8 LJ12aaAofS (2 NBLX | OBdzaeAsEK K SaH20 Lyd2Yelya ¢t a hd R S'Y | aylLBee
gl GSN) KSIFGAy3Id 51 GF a2dz2NOSY |+ dziK2NBRQ aeydakKSaaa 2F /. 9/
on data sources, and Tatdd 2for sunmary data shown in this figure).
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COST ANBREENHOUSIASSAVINGS FRONEATPUMPWATERIEATERS

What is the opportunity to save money and cut emissions with a switch from conventional (primarily
fuel-based) water heating and industrial heat to heat pumps?

In all of the sectors we analyzed there are significant posgii@enhouse gaseduction oppotunities.
As wedescribed above, the grid is already clean enough in most regions todbas#on ratiog that are
quite favorable for decarbonization with heat pumps. The prices for energy, however, aidlpot
aligned with thesegreenhouse gasaving.

The energy price ratie the price of electricity divided by the price of conventional ftisla critically
important factor for determining the economic favorability of heat pumps. Fundamentally, the ratio
helps define the average seasonal COP thatsdo be reached by a heat pump to break even with a
fuel-based option. A common example might be a heat pump replacing dseld system with a

seasonal average efficiency of 75%. If the price ratio is 4:1 (electricity is 4x as expensive as ngtural gas
this means that it will take a heat pump with a COP of at least 3 to break even on cost (in this case, by
finding 75% of 4). If the COP is higher than this breakeven point, savings will accrue.

Figure8 belowpresents a highevel analysis adhe energ price ancemissionutcomesacross

residential, commercial, and industrial customers, considering those who use natural gas and those who
use other fuels separately. This analysis omits customers with electric water heaters, who would all use
less eledticity (and pay lower billgith lower emissionswith a switch to heat pumps. With curreday

prices, natural gas customers in the residential and commercial sector will brealoevastwith a

COP of 2.8 or better. Industrial customers, who pay coepzaely less for natural gas, have a median
ONBI1 S@SYy /ht 2F odod ! AaSNBE 2F G20KSNJ TdzStaé¢ o662 7F
byproducts) tend to pay more, and thus have lower break even COP levels: a median of 1.7 for the
residential sectoand 1.4 for commercial and industrial customers. All of these median COP values are
within reach for modern heat pump systems. The highgstformance heat pumps, with COP 4 or

higher, would lead to savings for over 80% of buildings we assessed.

Importartly for decarbonization efforts, the breadwen COP on a greenhouse gas basis is lower in
general, about half that of the cost basis. Across all three sectors, the median site currently using natural
gas would break even on greenhouse gas with a COP ofxpately 1.5, and for other fuels the

median breakeven COP is near 1 for residential and industrial customers and 1.4 for commercial
customers. Over 75% of sites would have lower operationake@@sions with a heat pump that has a

COP of 2 or better,ral over 95% would have lower emissions with a COP of 3.5 or better.
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Figure8. Breakeven coefficient of performance fenergy cost (topand greenhouse gas (bottomgiven current

day energy prices (electricity given current prices vs. baseline foespand carbon intensity (electricity emissions

with circa 2020 grid vs. emissions from baseline fuel). Within each plot, current natural gas users vs. current other
fuel users are shown separately; sites where electricity is used for water heating #edoifhe quantiles are
weighted based on the total heat served at each site. (Data based on synthesis of national electricity and fuel prices
from Residential Energy Consumption Survey, Commercial Building Energy Consumption Survey, and Manufacturing
Enagy Consumption Survey, as documented in Appendices.). Summary statistics for the same data views are in Table
Al3andAl4

The overall opportunity for heat pumps to provide hot water and industrial process heat is clear, based

on the picture presentecdi Figure8. HPWH with a COP of 2rapre will result in lower carbon with

G2RF&@Qa ANRR Ay 2 @SN (KNBS thy gl gels Gaeder vdtiFmoiemnidS & I ONR
more lowcarbon generation, the opportunities for beneficial electrificatioi anly deepen. The break

even COP on a cost basis is already in the realm of achievable performance for HPWHs for most

customers.

While there is clear potential to cut emissions and costs, our analysis of the data, historical market
trends, and currentday efforts to accelerate HPWH market penetration indicates there is much to do in
order to achieve a transition. High incremental total project cost, installation complexity, and lack of
education remain as significant barriers to adoptibmthe sectiors below we explore the major

sectors in more detail, describing the economics, technology options, and context for each.
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Residential water heating

Water heating is the second highest energy user in homes, after space heating. As homes become
energyoptimized, water heating can become the primary user of energy if its efficiency is not also
AYLINR PSR 05SIy SO fdX HaMHOD® 90SYy Ay (2RI &Qa
the single largest use, representing a third of the total omaailly 1> Residential energy users spent $35
billion to heat water in 2015 (the most recent survey year) or 16% of their total energy expenditures and
primary energy consumption. For singiemily homes, about 14% of total energy use is for water
heating,whereas the value is 24% for mobile homes and apartments. Water heating was 14% of total
electricity consumption by homes and 24% of direct fuel consumption.

o2y

There are 118 million homes with water heaters in the U.S. (about 46% of which currently heat wat
with electricity). Tabl& summarizes the sector overall in terms of which energy source is primarily used
to heat water. Due to the relative inefficiency of electric resistance water heaters that are commonly in
use-in terms of source energy inputsqeired--electric water heating represents about 60% of the
primary energy used (and spending) for residential water heating in the cotfiy\WHs hold the

promise to replace these inefficient units and switch the rest off of fossil fuel.

Table3. Summay of residential sector water heating based on RECS survey (EIA 2021a)

Primary energy | Numberof Average annual hot | Average annual | Total spending
source sites water demand per | spending per site| across all sites
site (MMBtul/year) ($lyear) ($lyear)
Electricity 54 million 10 $380 $21 billion
Natural Gas 56 million 11 $200 $11 billion
Other Fuels 7 million 12 $380 $2.8 billion

Greenhouse Gas from Residential Water Heating

Among the 118 million households across all the residential building subsectors, approximately 54
million are served by electrizater heaters, 56 million by gas water heaters, and 7 million by other
fuels. The singkéamily detached house is the largesibsector in the residential building stock with
estimated emissions of 9illion metric tons C@e per year (Figur8). Homes with existing electric
storage water heaters are prime targets for HPWHSs. FigQdisplays greenhouse gamissionger

site by energy source, with the data divided into four regioBtectricity (using resistance water heaters)
tends to lead to higher emissions except in the Northe@he South region has a significant number of
households using electricity as an energy sourceviaer heating.

15 All stats in this paragraph froiwitps://www.eia.gov/todayinenergy/detail.php?id=3743aull detail in the RECS survey,
https://www.eia.gov/consumption/residential/data/2015/index.php?view=consumption
16 The most recent national data is for 2015. See https://www.eia.gavdoomption/residential/data/2015/c&e/ced. 1.xI$x
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Residential Sector CO2
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Figure9. CQe emissions per year from water heating by residential building subsector. Data source: RECS Survey
(EIA 2021a) with EPA emissions factors (EPA 2018, EPA 2020). Detailed summary data from chart afdn Table
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Figure10. CQe emissions per year perimehold from water heating, divided in four national regions. Data source:
RECS Survey (EIA 2021a) with EPA emissions factors (EPA 2018, EPA 2020). Detailed summary data from chart are in

TableAl6

To meet the needs of the residential sector with deaarized clean energy, two distinct technology
options are appropriate. First ammitary heat pump water heatergin which the heat pump and

storage tank are combined)hese systems are appropriate for replacing the numerous storage and
instantaneous wateheaters that are typically used in single family homes, mobile homes, and
multifamily housing where each unit has a separate water heater. For large, multifamily housing with
shared hot water services, there are also options for largenfralized heat pmp hot water systems.

¢2 I

f SA3aSNJ RSANBSST Ydzy A OA LJ f
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UNITARHEATPUMPWATERHEATERS

Market Dynamics for HPWHSs

Between eight and nine million residential storage water heaters are psezhaach year, roughly half

of which use gas and the other half use electricity (Fid@eMost (~80%) are for the replacement

market (meaning they go into existing buildings, replacing a failed coétite water heater). A small,

but growing share aofhe marketisomlRS Y| yR a il y1fSaaé¢ o1 G§SNI KSFGSNI (KLU

246 61 SN KSFISNAR R2y Qi 3SaG I t24 2F FdGdSyadAz2y Ay
GASs GKSY I a aYeailiSNR2dzaé¢ ot | NJ SNk amenties) Theylag R R2 Y
also cumbersome products for the industry, heavy and difficult to move and inventory, with low prices

and low profit margins for manufacturers. The people who specify water heaters (plumbers, builders,

property managers, specifying gimeers) are not typically the ones who use them (or pay for their

energy). This is slowly beginning to change, as zero net energy buildings become the goal and consumers
become more interested and proactive.

With national sales of roughly 52,000 unitf\WHs achieved a 1% share of national residential storage

water heater sales in 2016 (based on current rules, essentially all HPWHs are ENERGY STAR certified). At
that time, the market penetration in terms of the share of the existing installed base wag 8bt9%.

While national market penetration has been poor, there have been pockets of quite successful local
deployment program activity. The scale and approaches of these programs is described in the section on
market transformation below.

Sanden CO2 GE Rheem AO Smith Bradford Steilbel
GeoSpring Prestige Hybrid Voltex Hybrid | White Eltron
- AeroTherm Accelera
* gn |10
? |
] P~
= E -~
g ¢ /
\‘ v

Figurell. Anassortment of residential HPWH, from Higbee et al. (2020).
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Residential storage water heaters by fuel (2000-2019)
B Heat Pump water heaters Gas tankless [ Electric Storage M Gas Storage
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Figurel12. Shipments of residential water heaters over timéhere were a small number of-filed storage tanks

in the early 2000s (approximately 35k units/year) but current data are not provided by AHRI. These sources provide
no tankless unit data for 2008 and 2009, or before 2004. Sources: Gas and Electyie $tbtal (2020); 20D07.
Instantaneous gas water heaters: (EERE 2006) and ENERGY STAR Unit Shipment and Market Penetration Report
(201062019); HPWH data also from ENERGY STARZQQ2N For detailed summary data from this figure see Table

Al7.

Heatpump water heaters for domestic hot water are applicable across all of the residentigesiirs:
singlefamily, multifamily, and mobile home housing types. Within these-seittors there is a growing
set of technology options for HPWHSs:

Integrated Uniary HPWH Thesecombine a storage tank with an integrated air source heat pump in a
single unit, with the heat pump typically on top of the tank. These are the most commonly installed
systems. They can be installed indoors, in conditioned spaces or utiooed spaces like garages and
basements. They are essentially a dingeplacement for a conventional gas or electric resistance

storage water heater. Most require a dedicated 240 volt electrical circuit, but some emerging options on
the market only regire a typical 120 volt circuit. Because integrated HPWHs extract heat from the
FYOASYd AYR22NJ AN I NRPdzyR GKSY:X GKS@& OFy fSIR G2
is located in conditioned space, during the winter some of the cogeaierated by the HPWHs will

need to be made up with more heating by the HVAC system, and during summer the cool air can reduce
the cooling loads on air conditioners. If the room where the HPWH is located is too small or the cool air
would lead to comforissues, it is possible with many integrated HPWHs to install ducting to access attic
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or outdoor air (at an additional cost). HPWHs also dehumidify the air around them, which is often a
selling point for humid climates, basements locations, etc.

Split HPWAH - These have indoor storage tanks that are heated by a heat pump system that is located
outdoors and is connected by hot water or refrigerant lines. A key benefit to split HPWHSs is that heat is
harvested from outdoors, underground, or some other souratsinle the thermal envelope of the

home. This prevents cool spots indoors. It also opens up possibilities to combine water heating with
space heating through hydronic systems. These combined systems are available and widely used
internationally. ExistingueHired hydronic heating systems (e.g., those using radiators) are particularly
good candidates for retrofit with these combined water and space heating systems.

Add-on HPWHSs Theseare designed to be installed alongside existing conventionalfasdd or

electric resistance storage water heaters. Aaldunits have existed since the earliest dates of

integrated heat pumps (Gehring 1986) and were available in the U.S. market until at least EGii

longer, although none are offered at present daBNERGY STAR does not have a category for them. U.S.
agencies have had their eye on these types of systems since trials in the early 1980s, if not longer (Harris
1983); DOE even evaluated some in the late 1970s (Dunning et al., 1978).

HPWH Performance

Residential HPWH efficiencyhighly variable. Figurg&3 displays values for individual units found in the
literature, as well as clusters of ENERETARyualified products in 2010, 2015, and 2020. Important
caveats are that test procedures vary by coyrdand time, and fieldest datareflects user behaviors not
captured in lab testing. This analysis shows that while the average ENERGY STAR value of HWHPs has
increased significantly since 2010, the causal connection to the program is not known. Evehjrmode

the market likely qualified for the ENERGY STAR ratings in the three years shown. Setting aside the early
models temporarily marketed in the 1950s, and increasingly better performance of the highest

efficiency units (with COP of 3 to 4, and up to bedt), there is not much discernible improvement in
bestin-class efficiencies over this very long time period. Even within the measured and rated cohorts,
efficiencies today range widely. The range of COP including both lab and field test resultagt tive

years is from about 1.5 to 4, with an average around 3.

17 See https://www.greenbuildingadvisor.com/article/gettirigto-hot-water-part-2
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Residential HPWH efficiency trends in US market

(Japan for reference)
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Figurel3. Efficiencies of residential HPWHs over time (higher is better). Shown are products identified in the literature

and available on the U.S. market (with the exception of the apadese data points, provided for reference), with

a mix of labtested and fieldested performance (see legend). Test procedures and metrics vary by country and time.
Location on saxis is the year of published measurement, not necessarily that of gnodunfacture. Note: Poorest
LISNF2NXYSN) 6HnmpO A& D9Qa& DS2{ LINAyYy 3 daistance modé Hudrig the | & LINS
test period. Sources: Dunning et al., (1978), Wan (1983), Harris (1983), Calm (1984), Usibelli (1984), Ashdown et

(2004), Hashimoto (2006), U.S. DOE (2009); Franco et al., (2010),-Hdaeaf, et al., (2010), Shapiro and

Puttagunta (2016) (p 14), Butzbaugh et al.,(2017), WHEC et al., (2019), ENERGY STAR Product List (9/2020).

Grid-enabled units

Grid-control o water heaters dates back 50 years, using FM radio signals (Krause et al., 1987). GE
introduced one shortly before it widrew entirely from the HPWH market. Utilities have been deploying
controlled resistance water heaters in their leathnagement prognas for some time, along with

remote disconnect switches for standard electric water heaters.

¢2RI&8Qa | LILN2I OKSa | NB Y2NB RAJSNES zenabledikstara G A OF G S
heaters on the market, from six manufacturers. Most of thase electrieresistance units. EPRI

embarked on development of a grzhabled HPWH about a decade ago (EPRI 2012), with two brands of
HPWHSs on the market currently (Rhe€mnd AO Smith) and many more expected shortly due to

I FEAT2NY Al Qa .Ahe@bky iarg@issize Sk A8NG 1Y13gallons. Data available on

manufacturer websites is generally unclear on the specific modes of communication and capabilities of

these units, with ports and protocols including G245 (a standardized port), WiHEEE 802.11,

Bluetooth, Zigbee, Cellular, FM Radio, and Open ADR.

18 See https://www.rheem.com/hybriebuilder
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CENTRALIZBE®ULTIFAMILMEATPUMPHOTWATERSYSTEMS

Large apartment complexes, while technically residential buildings, have commerdiadustrialscale

waterK S GAy3 deadSYy ySSRaz 2FGSy 6AGK OSyfammt f AT SR LN
G@LIS¢ dzy AUl NB |t 21 dzy & dpartmant baildingS. Howededf sinélllagadtnent A y a2 Y
sizes mean that the noise from HPWHs can be an issue, as well as the lack of adequate heat sources,

and/or access to condensate drainage options.

Armstrong et al., (2019) document applications of heat puropvater systems serving a total of 1265
living units in buildings, including five centralized systems serving3®2unit complexes and

individual systems in the others. Centralized heat pump hot water systems have an added potential of
serving hydroit space heating needs with the same systems.

Other than case studies, there is very limited data on the deployment of heat pump water heating for
these larger residential applications, and few if any utilities have promoted them for these types of
custoners. However, there are a number of qualitative factors that suggest this segment could be an
important area of growth:

The emergence of higtemperature, highefficiency heat pumps (described below in the

Industrial section) provide a range of options feeating water at a scale matched to multifamily
building demands.

Large building owners have concentrated decigimaking and maintenance authority over

many housing units. They and their energy managers may be more sophisticated buyers of heat
pump sytems than many singlamily residential customers who face more diffuse incentives

to invest effort in a technology transition (i.e., multifamily building owners may save thousands
rather than hundreds of dollars annually).

Multifamily buildings may havenhanced opportunities to use heat sources other than ambient

air since the systems are large enough to benefit fromsjitecific design. These include
groundd 2 dzZNOS 02FGSy NBFSNNBR (2 Fa a3S20KSNXYIFf &0
and other sources of ambient heat that are commonly used in lacge district heating

applications of heat pumps (Dawd al. 2017).

BILL SAVINGS AND COSTdPW I

Based on the prices of electricity and conventional fuels for water heating, many residargiomers

could experience savings from switching to heat pumps. All current users of electric resistance heaters
would benefit. Based on the energy prices residential customers pay today (for electricity and fuels), the
average brealeven COP for HPWireplacing fuebased systems is 3.0 for single family detached

housing (which accounts for 65% of the baseline emissions in the sector). Mobile homes stand out as a
sub-sector with both favorable price ratios for electrification, with a lower breakn @P of 2.4. For
HPWHs with COP of-@&hich is readily attainable with modern equipment and is approximately the
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average of ENERGY STARb&s®d test performancea vast majority of customers (over 75%) would
save money compared to the status quo.

Given curent-day use patterns and prices, there is a wide rangecohomic favorability boperating a
HPWH versus incumbent technology. Figlddelow shows the expected distribution in outcomes
among customers who hypothetically adopt a HPWH with a COP oé&saegions, by fuel type (two

key variables). The average customer in this analysis saves $150/year compared to their conventional
water heater (out of an average spending of $300/year), with significant variability between customers.
Customers who currély use electricity stand to benefit most with an average savings of $260/year out
of $380/year baseline spending. Customers who use fossil fuels other than natural gas (e.g., fuel oil,
propane, kerosene) also have high baseline spending ($380/yeargtaively high average savings
($180/year). Natural gas water heating customers tend to spend much less as a baseline ($200/year)
than those using electricity or other fuels; the average savings from a switch to a HPWH are more
modest as well, approximatglb40/year. There are important regional differences to consider as well. In
the South region, the average savings switching from gas to a HPWH are $80/year, while they are less
than $10/year in both the Midwest and Northeast regions due to regional éifiegs in energy prices

and hot water utilization.

Spending comparison: HPWH vs. Baseline water heater
Baseline vs. HPWH with COP=3, Price Ratio=2, Flexibility=25%
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Figurel4. Distribution in savings for residential customers replacing baseline water heating technology with a HPWH
with a COP of 3.0. This analysis does not consider any additional savings passilflexible operation to provide
grid service or respond to dynamic réiate prices. Summary data for this figure are in Ta&d&

For average customers who save ~$150/year using a HPWH, the implied undiscounted total savings over
a ~13year lifetime of the system is $2,000. While these savings are significant, they are not
overwhelming compared to the differences in cost for HPWHpmgant and installation compared to
replacement of a conventional water heater. Tablsummarizes the range of dpont costs customers
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who are replacintf a water heater face. Heat pump water heater equipment and installation tends to

be more costly. Iotal, the increased cost ranges from a few hundred to thousands of dollars
depending on the baseline technology, whether professional installers are hired, and the complexity of
the replacement. Installation costs increase significantly if an electrielpggrade is required, if the
condensate drain installation is challenging where the water heater is located, or if the existing water
heater is located in a confined or frequently occupied space, requiring ducted ventilation for the inlet
and/or outlet an the air side.

Table4. Synthesis of equipment and installation costs for residential water heating options. Data are primarily taken
from ranges provided in Navigant (2018), with additional installation cost for HPWHs added based on additional
researchk YR OF aS aiddzRASad ¢KSasS O02aida NBE FT2NJ aNBIUNRTFAGE 27

Equipment Type Equipment Cost Installation Cost | Total Cost

Gas storage water heater $700- 2,000 $600- 2,000 $1,300- 4,000
(UEF range: 0.600.80)

Gasinstantaneous water heater $700- 1,700 $800- 1,600 $1,500- 3,300
UEF range: 0.80.97)

Electric resistance water heater $300- 900 $300- 600 $600- 1,500
(UEF range: 0.920.95)

Heat pump water heater $1,200- 2000+ $500- 3,000+ $1,700- 6,000+
(UEF range: 3.23.5)

The differences in spending and savings among customer segments, regions, and baseline fuel types are
important for considering pathways to incentivize and support HPWHSs. Current electric resistance
customers could be key early guters since 100% will experience savings with a high average amount
saved, and the required higbower electrical circuits and panel space is already in place to support their
existing systems. While the emissions associated with electric resistancelveatmg are expected to

go down as the grid is cleaned up, this can be accelerated through adoption of HPWHSs that are 3x as
efficient as resistance heaters. About 90% of customers using fuels other than natural gas will
experience savings, and at an avédagf S@St GKI G A& aAIYAFAOLYyGd azad
in the Northeast region; they could be an important focus for chamgieprograms. In addition,

supporting customers who use natural gas water heaters to switch to HPWHSs is an impoafar

climate mitigation since 40% of the GHG emissions in residential water heating are associated with this
group. About 70% of these customers will save money with a HPWH that has a COP of 3, but the average
savings are only $40/year. The relativielwer baseline spending and therefore fewer opportunities for
savings mean that this will require more nuance and effort. In the section on market transformation

Baz2ald 6FGSNI KSFGSNR NS NBLX I OSR 2 yiwhich thefedsNiBeXimeGNS I G A y 3
homeowners or landlords to deliberate and consider options beyond a simple replacement of the previous model
with equipment that is in stock and familiar.

TOWARDCARBONFREEHOTWATER ANINDUSTRIAHEAT WITHEFFICIENT ANREXIBLEEATPUMPSC PAGE35



SCHATENERGYRESEARCEBENTER

below, the dynamics of customer adoption and programs that have been designed to support
transitions to HPWHSs given these realities are described in more detail. In addition to programmatic
support, an additional technical pathway for improving the value proposition will be through flexible
operation of HPWHSs in response to emerging needs on tide(gnd opportunities to save money
through realtime electricity price arbitrage).

H.EXIBLE WATER HEATING TO INTEGRATE WITH RENEWABLE ENERGY

Heat pump water heaters can operate flexibly to match the availability of renewable power, if enabled
with the right communications, control equipment, and price or demand response signals from grid
operators. The features needed to make HPWHs flexible include:

Pricing and incentivedDemand response programs or rdahe retail pricing are needed to
incentiviz shifting and shedding of watéreating load at the right times for the grid. As more
renewable energy comes online, grid operators may increasingly look ttimeapricing to

incentivize customers to make use of solar and wind power that would othetvgscurtailed.
Communications and controHHPWHSs need to have a reliable way to receive and respond to
prices and other signals from grid operators. There are emerging standard communications
ports and modules (e.g., CPA45) that are being built intoosne water heaters at the factory

and can be updated as needed at low cost by customers. Furthermore, standards and
certifications are being developed (e.g., NEEA Advanced Water Heater Specffieaitbn

California JAL3?") that could be models for national programs.

Enhanced storagerhe storage tank of HPWHs is key to their flexibility. Byhpaging water for

later use, a HPWH can essentially act as a thermal battery. The installation of a mixing valve can
increaseth8 FTFSOGA DS OF LI OAGe o6& SyloftAy3a a2@0SNKSIGA
temperatures(e.g., up to 140°F)rhe valves mix in cold water on the outlet of the tank to bring

the temperature down to a target suitable for domestic hot water (gpically 120°f These

valves are costly to retrofit (several hundred dollars), but similar to communications modules,
they can be incorporated at the factory for relatively low costs (less than $100).

The technical capability to shift the timing of heat pump watertkedoad has been shown in a range of
pilots and case studies. The largest fibltbed study so far of flexible, giiickeractive water heaters was

run by the Bonneville Power Administration and published in 2018 (BPA 2018). This study involved
deployment,operation, and monitoring of these HPWHs for nearly 300 customers through a number of
demand response and price events. The study concluded that a standardized communication interface
(CTA2045) is a viable method for cesffectively controlling water haters, with the cost of
communications enablement expected to drop from $100 to $20 per unit if significant scale were
achieved.

20 hitps://neea.org/img/documents/AdvancedlVater-HeatingSpecification. pdf
21 pitps://www. energy.ca.gov/rulesind-regulations/buildingenergyefficiency/manufacturescertification-buildingequipment/jal3
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A modetbased study by Carew et al. (2018) indicated that managed operation in response to a range of
potential pricing profiés resulted in ~20% of load being shifted on average (reducing bills by $30 per
year compared to unmanaged operation). This study also found that utility cost savings were much
higher (2x or more) than customer bill savings from the load shifting thatweakeled, indicating it may

be possible to provide additional incentives or more aggressive pricing to increase the value proposition.

We modeled the potential increased savings for residential customers using hypothetical but plausible
reaktime retail pice ratios and fractions of load that can be flexi#€igurel5 shows the average

outcomes for a range of possible COP valued) (&lectricity price ratios (between 1:1 to 3:1), and

fractions of HPWH energy use that is flexibl8(086). At COP levdlzat are expected for neaterm
technology (2.8.5), the additional value of flexibility is $40/year for the average customer, with similar
savings across all of the baseline energy sources (electricity, natural gas, and other fuels). These added
savingdncrease the fraction of customers whose bills are lower with HPWHSs, particularly for natural gas
customers. Without flexibility, ~75% of natural gas customers would be better off with a HPWH that has
a COP of 3; with 30% flexible load this fraction rtee35% (assuming a 3:1 price ratio between low and
high price periods). The added value of flexibility is somewhat ironically much higher for water heaters
operating at lower efficiency, since there are more kilowadurs to shift.

22 See text box earlier in report for details. In summary, the-timaé price ratios refer to the difference in price

between lowprice times(when renewable energy is in surplus) and Higite times (when additional energy is

served by discharging batteries or other dispatchable generation). The timing, frequency, and duration of these

events is based on expected future grid conditions witfhtpenetration of renewable power. The HPWHSs in the

model can respond by shifting some fraction of their daily load from-higlow-LINA OS GAYS&a o6GKS a¥Ft S
FNFOGA2YE0 D
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Annual savings for residential customer switch to HPWH
By electric price ratio and baseline fuel type
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Takeaway points from analysis

Theefficiency of heat pumps is the most important factor for cost effectiveness.a COP of 2.0 or

better, most customers experience savings. There are significant returnshievany a COP of 3.0 or

noénd ! FTGSNI GKFGX NBGdzNyYa RAYAYAaAaK +a GKS al@ay3a
than one was originally spending). However, while the savings can be significant in aggregate (adding up

to billions of dollas in possible savings across the economy), at any one site savings are relatively

modest, often on the order of $58200/year. Across the approximately 10 to-yi&ar lifespan of

HPWHSs, this adds up to $5@3,000. This may not be sufficient to overcome ithiial cost differences

however, particularly at households where electrical or other infrastructure upgrades are needed.

Adding demand flexibility capability can add value for the customécross the scenarios we modeled,
savings of an additional $28D per year are expected at sites where3® of demand is flexible,

compared to sites without load flexibility. These savings are likely to be well worth the added expense of
adding communications capabilities to water heaters (e.g., through emergin@@Hror JAL3

standards). The cost of communications modules is currently $100 but expected to fall to $20 per unit at
scale (BPA 2018).

Additional value could be possible from peak load reduction and other demand response setvices

including increased milience and reduced incidence of blackouts during times of grid stress. However,

the customer savings levels alone are not likely to spur market demand for this feature, and the cost of
retrofitting existing water heaters is hundreds of dollars more tifahe features are included as part of
manufacturing. Given the importance of demand flexibility at the system/society level, policies may be
YESRSR (2 SyadNB 6ARSALINBIR FR2LIAZY 2F GKAA TSI G
Program regires demand flexibility capability and implementation as conditions for incentive eligibility.

Palicies like these could spur significant market adoption of grid flexibility features, which could be

important to assist in costffectively integrating elecdc water heating at millions of sites.

RESIDENTIAL MARKET TRANSFORMATION

The analysis above, showing significant potential for reducing greenhouse gas and achieving ongoing
cost savings, needs to be tempered with the reality of custobedravior. Studies tracing back nearly 40
8SIFNAR RSaONAROGS (KS LISNARAAGSY(d 3L 6Si6SSy SO2y2YA.
actions of real consumers. These findings underpin policy measures ranging from information programs
to utility rebates to appliance standards. A useful metric used to quantify the extent of the gap between
actual and optimal choices of increasingly efficient appliances has typically been the implicit discount
rate (Ruderman et al., 1984), whighessentially the distint rate that equates the net present values

of efficient and inefficient alternatives. This of course is not a consciously applied discount rate, but,
rather, a number that integrates all of the inertia in the market into a numerical value. Rational real
discount rates used in energy policy analysis (and public sector and corporate decisions) are typically on
the order of 3 to 7%. Higher values reflect an undervaluation of future energy savings. Water heaters are
an ideal consumer good for implicit diseduate analysis, thanks to their relative uniformity, high

capital and operating cost, and general lack of amenity beyond the actual energy service profieled.
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range of implicit discount rates found for efficient water heater purchases spans 19% to 8%
electric water heaters having significantly higher rates thanfgjad ones. This is higher than other
energyusing household goods studied (Kim and Sims 2016). With these practical discount rates, few
customers will actually invest in more effiotewvater heaters (which is reflected in market data).

In many cases there is not even a basis for economic analysis, evidenced by the particularly intractable
so-called landloretenant problem, whereirproperty owners tend to see no benefit in spending me

to purchase energy efficient devices when tenants are paying the energy.Mater heaters are
particularly susceptible to this issue, as they are part of the building and virtually never {ewaet.

More than onethird of housing in the U.S. is renl. 23

For these and other reasons, a number of program designers and evaluators have come to the

conclusion that in order to achieve their goals in the residential sector,ibed to essentially give

away HPWHsor require them once costs come downfatiéntly and complementary funding is

available to cover electrical upgrades. Tabe dzY YI NAT S& | NI¥ y3IS 2F Odz2NNBy G ¢
for residential water heaters. Note that the values in the table do not include the $300 federal tax

credits thatmay also be claimed by program participants.

{SFa2ySR LINPINI Y 2LISNI G2NR | faz2 O2yOf dzRS GKI G &dzLJ
GYARAUNBIY¢ o002 RAAGONRAOdzA2NEE ¢gK2f Sakf SNAZ NBGFAL
GR2gyaidNSI Y¢ategli@SustomeeHait anl Kaperwork to accedsFurthermore,

upstream and midstream incentives can be less costly due to avoiding markup in the supply chain (Lekov

et al. 2000). Noting the meager HPWH offerings frorluig retailers (a survey of website offerings in

October 2020 found only 14 HPWH adfitover 1,000 available models online through home

improvement store websites); offering a salessed incentive to these midstream sellers may be

particularly productive.

In the process of planning for future demanesponse residential water heatingqgrams, Bonneville
Power Administration found that full participation could requiresgurringincentive of $200 or more

per year, distinct from the incentive needed to install geisibled energy using equipment. Bill credit,
cash rebate, and discountedectricity rates were found equally attractive as incentive structures. (BPA
2018).

23 See https://www.eia.gov/consumption/residential/data/2015/hc/php/hc9.1.php
24NEEA per personal communication, Geoff Wicke, October 23, 2020. See also SMUD per Cox (2020).
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Table5. Deep incentives for HPWH uptake.

Sponsor Incentive Participation rates Equip. | Recipient
(excluding tax credits) only or

all costs

BayREN9 Bay Area | $1,000

jurisdictions

Boulder $1,450

Con Edison $1,000 Equip.

Efficiency Maine up to $750 (together with bulk | 34% of retail/distributor electric Equip. | Distributors,
purchasing price reductions at | storage sales in 2019 retailers, or
retailer level) consumers

Efficiency Vermont | Up to $800 (including $200 for | ~12% of all water heater purchases| Equip. | Distributors
low-income participants), plus | (60% of electri¢o-electric or
incentive to distributor. conversions.) consumers

Electrify &n Jose $1,000 HPWH, plus up to $4,50 All costs| Consumer
without panel upgrade and
$6000 with panel upgrade

Energize CT $750

NEEA new and $250$600 Fraction ofelectric storagevater

existing heaters: 9% (average, ID, MT, OR,

WA).
NEEA new $250$600 Fraction ofelectric storagevater Equip. Gonsumer
construction heaters: 3244% (average, ID, MT, and
OR, WA). Approximately half of tota upstream
WH sales in the region are electric.
NEEA replacement | $250$600 Fraction ofelectric storagevater Equip. consumer
heaters: 1% (ID, MT) to 9% (OR) an and
10% (WA) variation primarily due to upstream
proximity to large cities).
Approximately half of total WH saleg
in the region are electric.

NYS Clean Heat Up to over $2000 per unit**

Palo Alto $500 (existing electric WH) 0.4% participation rate. 15,800
$1,200 (<80 gal gas WH) or eligible households and 60 systems
$1,500 (80 gal+ gas WH) (up | installed as of 29ct2020.
from $300 in 2016)

SCE Up to $1,000 for equipment Upstream
Up to $1,500 for electrical
upgrades

Silicon Valley Clean | Up to $2,000 for equipment All costs| Consumer

Energy (UEF 2.9 or greater); Up to
$1,500 for electrical upgrades,

Up to $1,500 foCARE/FERA
customers
SMUD Up to $2,500 for equipment Consumer

(plus $2,500 for electrical
service upgrades if entire home

electrified)
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Reaching lowincome customers

As policies and programs are planned to incentivize HPWH, it is important to account for differences in
the incomes and abilities of potential users to pay for upgrades. edlenmarizes the average

spending and value proposition for residential customby income category (as defined in the RECS
survey). Several key trends related to income emerge from this: first, while Rigt@me households

tend to use more hot water, there is relatively little difference in the average spending, i.e., low
variabilty in demand based on income. Most income groups spend $300/yed0% to heat water. In

the context of total household budgets, however, there are striking differences in the burden of hot
water spending. The lowest income households spend nearly 28tabincome on hot water, while the
highest income households spend only 0.02%. This dynamic exacerbates poverty and inequality.

Our analysis also suggests that high percentages of households across income levels would have lower
energy bills with HPWHin table6 we show the percentage with lower bills assuming a COP of 3.0.
Notably, a slightly higher fraction of lower income households (~80%) would benefit compared to the
fraction of the highest income households (~70%). This potential to save anckréuriburden of

spending on household incomes is hampered by two factors: a low level of home ownership among
lower income households and low levels of liquid cash available to spend on more costly HPWH. Given
this gap between an opportunity to ease tharden of energy poverty and barriers to adoption, there is

a clear need for public sector support. Targeted programs for the tens of millions of lower income
households who could benefit will be needed to ensure progress on overall decarbonization ahd a ju
clean energy transition.

Table6. Heat pump water heater adoption outcomes by income category. Data from RECS Survey (EIA 2021a)

Current spendApprox. % of Percent with lower
Income Number of HHon hot water |Income currently|Percent rentirg |bills with HPWH
Category (millions) $lyear spent their home (COP =3.0)
Less than
$20,000 23 $274 1.8% 65% 82%
$20,000-
$39,999 27 $281 0.9% 45% 79%
$40,000-
$59,999 18 $295 0.6% 34% 81%
$60,000 to
$79,999 15 $310 0.4% 29% 78%
$80,000 to
$99,999 10 $302 0.3% 22% 76%
$100,000 to
$119,999 8 $317 0.3% 17% 76%
$120,000 to
$139,999 5 $340 0.3% 16% 72%
$140,000 or
more 11 $315 0.2% 15% 70%
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JOBS ANECONOMIGMPACT ORCCELERATEDOPTION

A program to incentivize heat punwgater heaters at the national level would require deep incentives

like those currently in use across utility areas and regions where they are active. Through tax incentives

or other means, it may be possible to accelerate progress on the technology, aetptoeach a market

scale where costs of the equipment and installation are competitive on their own. A starting point for a
ONBRAOES AYyOSyUA@S G2 aYis@Perink, SithyaRiBdrdl Sugpordikelyzt R 0 S |
required (e.g., $1,00@,000) for customers who need costly electrical panel upgrades. These panel

upgrades would also be relevant for supporting home EV charging, electric space heating, and electric
cooking.

.FASR 2y 2dzNJ FylFfeara 2F (KS -dD2XWdedé TENI YN BENNA KBF G
impacts from induced manufacturing and installation w8rkve estimate thathe following would be

the impact from each 1 million units deployed

1 20,000 jobs in manufacturing and installation

1 Reduction of 15 million metric tons @Qe over the lifetime of the equipment. If the
average incentive paid was $1,500 per unit, this equates to a ~$100/ton cost of carbon
abatement overall without accounting for any of the energy bill savings customers
experience.

The vast majority of customers will save money on their energy bills in a switch to HPWH as well (e.g.,
see Figured4and 15), with an average savings of approximately $160/year for a HPWH with a COP of
3.0. These savings represent an ongaand persistent benefit to household incomes; ttisan energy
annuity effectis a secondary pathway for lomgn stimulus and economic impact.

The workforce implications of widespread residential water heating could include additional jobs in
several categories:

- Manufacturing Jobs to produce HPWHSs. (While there is possible job reshuffling from reduced
demand for conventional electric resistanard gas water heaters, the increased complexity of
HPWH is likely to require more manufacturing jobs).

- Installation labor. Jobs in plumbing, electrical, and general contracting trades, with an initial
boost in employment related to building and electiicgwgrades to accommodate HPWH.

- Supplyside energy developmentJobs in solar, wind, and other renewable energy sectors to
build generation and associated grid infrastructserve the new loads from electrified water
heating.

- Planning, design, and preagms Programmatic support jobs to identify and aid eligible
households, R&D jobs to support scale and others.

25Based on Bivens (2018)ps://files.epi.org/pdf/160282.pdf
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Commercial water heating

Commerciabuilding energy users across the U.S. spent $5 billion to heat water in 2012 (the most recent
data) or dout 3% of their total energy expenditures and 4% of their primary energy consumption. The
potential of waterheating decarbonization through existing eleciwater heating systems is relatively

small for most commercial buildings, with electricity congtion less than 1% of total electricity use in
these buildings. In contrast, water heating is 18% of direct fuel consumption, spread roughly equally
between district heating and natural gas (oil is less than 1%). The mosthedtingintensive building
subtypes are Lodging (~15% of total primary energy) and Public Order and Safety (~11%), the latter
presumably driven by prisons.

Two major differences between commercial and residential water heaters are the size of the storage
tanks and the energy inpugvels. Singlpremises residential heater tanks are typically no larger than

100 gallons, while commercial storage units range from very small (for handwashing) up to 250 gallons
(or more) depending on the application. These unitary storage water heatersi@ilar in construction

to those that are used in the residential sector (Figuie Many commercial applications call for larger
systems as well that have separate heat pumps and storage tanks. A representative view of larger heat
pumps is shown in grure 16.

Mayekawa Aermec AO Smith Nyle
Unimo “Eco ANK CHP-120 (C25A-CSA250A)
Cute” (030,045,050) e

HE-HWA-2HTC —~
ii . .
w '

Figure16: An assortmenbf large-scale commercial heat pump systems, from Armstrong et al. (2020).

As of 2012, there were 6 million commercial sites with hot water services (based on survey data from
CBECS (EIA 2021b)). Taldammarizes the number of sites, demand for heat, and spending for five
primary fuel/energy sources in use. While nearly hafamhmercial buildings use electricity as a primary
energy source for hot water, the total energy demand at these sites is comparatively small, with about
half of the annual spending as a typical residential site. The main expenditures for hot water in the
commercial sector are for natural gas (at 1.7 million sit@tsling $3.3 billion/year), and the use of

district heating® systems. While there are only ~24,000 district heating systems serving various
commercial buildings and campuses, these use a langaunt of energy at each site. The table below

26 District heating systems involve using a central plant to produce heat that is distributed to multiple buildings through a
network of hot water or steam piping.
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only represents estimated energy use for hot water; additional district heating energy for hydronic
space heating may also be an important target for heat pump replacement, which would expand the
reach of thes decarbonized systems (there is a dedicated section later in the report on district heating
as an application for heat pumps).

Table7: Summary of commercial sector water heating based on CBECS survey (EIA 2021b)

Primary energy| # of sites Averageannual hot | Average annual | Total spending
source water demand per | spending per site| across all sites
site (MMBtu/year) ($lyear) ($lyear)
Electricity 2.4 million 7 $200 $470 million
Natural Gas 1.7 million 160 $1,900 $3.3 billion
Mixed Sources | 1.3million 2 $40 $57 million
Fuel Oil / 70 thousand |7 $220 $15 million
Kerosene
District Heating | 24 thousand | 2,400 $47,000 $1.1 billion

COMMERCIAL EMISSIONS PROFILE

There is great diversity in the needs and uses of hot water in the commercial sector, with spending and
greenhouse gas emissions concentrated on natural gas and district heating. Lodging is the largest sub
sector, with total emissions of 5SMMT CQe/year. Hospitals and Education are other big sectéiigire

17), along with Shopping malls and Famtvice. Figurd8displaysCQe emissions by number of
commercial buildings and energy sources, the data are divided into four regions. A large number of
commecial buildings use electricity as a primary energy source for water heating, but with relatively low
use at each site compared to natural gas or district heating (which does not appear significantly on
Figurel8due to the small number of sites). Emissidrsn natural gas sources account for

approximately 23 MTQelyear of the 30 million total for all commercial sgkctors.
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Commercial Sector CO2
29 MMT / year total
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Figurel7. CQe emissions per year from water heating by commercial building subsectors. Data from CBECS survey
(EIA 2021b) wht emissions intensity from EPA (EPA 2018, EPA 2020). Detailed summary data from this figure are in
TableA21
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Figurel8. Greenhouse gas emissions per facility per year from water heating per commercial building, divided in four

national regions. Data from CBECS survey (EIA 2021b) with emissions intensity from EPA (EPA 2018, EPA 2020).
Detailed summary data from this figureeain TableA22
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COMMERCIASECTORIARKEDYNAMICS

Approximately 250,000 commercial storage water heating systems are shipped each yearl®iglse

in the residential sector, most replacements happen under urgent circumstances when there is little
time for researchi’ There has been a dramatic transition from a strong preference forlfaséd
commercial storage water heaters during the 1990s (~80% of shipments), to an almost equally strong
preference for electric water heaters today (~60% of shipmefigyurel9). It has been estimated that
only 10% of commercial watdreating systems are tankless (Ryan and Daken 2014). Over the same
period, the overall number of units shipped has doubled. The installed base has thus been transitioning
to electric (resistance) storage, including large numbers of small, pofiutse, electric resistance water
heaters (e.g., those installed under bathroom sinks for hand washing). We have not identified recent
data on the role of HPWHSs in overall shipments. Nor have amtified a source of information on the
fraction of HPWHs in the existing installed base.

Commercial storage water heaters by fuel (1994-2019)

250,000
B Electric B Gas
200,000
150,000
100,000

50,000

Number of Units Shipped

0
1995 2000 2005 2010 2015 2020

100%

75%

50%

25%

% of Units Shipped

0%

Figurel9. Trends in sales of commercial storage water heaters, by fuel. Sources: Heater Shipmerit99298zm
U.S. DOE 2010, and 26R019 from AHRI (2020) nfired storage tanks and boilers used for water heating are not
included here. Detailed data from this figure is available in Tab&

27 Seehttps:/lwww.regulations.gov/document?D=EEREL4BT-STDB00420041
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Radcliff et al., (2007) state that commercial HPWHs have been in the market since the 1960s, with sales

in the range ofL,0001,500 units per year in the late 199€alling precipitously thereafterwith more

than half the units sold in Hawaii due to the presence of incentives.

I NBOSyd ylraaz2ylf FaasSaayvySyid adraSa GKFGadtrRya aK
GKS O2YYSNDAIE aSO0G2N oWlyRdzbzy 3 i &I fiHes Siidmdard yIIy F 2 @R
more common, although no primary source is provided for this somewhat surprising statement. The

national buildings energy survey (CBECS) doewmhaotate numbers of HPWH systems in the installed

base, or specific types of equipment, but the surveys indicate that about 40% of U.S. commercial
FE22NALI OS 020SN)on o0AffA2Y aljdzZa NBE H&gv Aad aSNBS
system&®--presumably referring to smaller tanks serving local loads such as bathreoaksng them

potential candidates for residentidype HPWHSs.

As indicated above, HPWHSs for commercial applications are not well documented, although they have
been in use everohger than for households. Even in the 1990s, they were available in an enormous
range of capacities, ranging from 10 to 800 kBTUh, and over 50,000 installations were said to exist in the
U.S. at that time, with sales of 2,0d0000 units annually, and Manufacturers serving the market

(FEMP 1997). The number of manufacturers dropped to approximately 2 by 2002 (Sachs 2002). At that
time, sales were stagnant (~2,000 units per year) (Nadel et al., 1998). A report five years later noted
sales potentially belw 1,000 units per year, and that several of these manufacturers had exited the
market (AD Little 1992), with several others only building units to order (Sachs 2002); most of the

market appeared to be concentrated in Hawaii at that time. A few years, |Atko (2007) noted that

Carrier had entered the market and developed a series of commercial units, but no units were displayed
2y [/ FNNASNDRE 6So0aAiAdsS Ay wnund G LINBaSyid G§KSNB I LJ
commercial heat pump water heaty systems in the U.S. markét.

There are clearly many attractive applications for HPWHs in commercial settings, in spite of poor
availability of data and apparent stagnation in the market. Theip@oefits of free cooling and
dehumidification are also ore commonly welcomed and useful in this sector, and DOE reports have

long recognized them as promising (FEMP 1997; Radcliff et al., 2007; Gupta and Smith 2019). They have
been used for decades in applications such as restaurants, hotels, hospitalsgrhasias, commercial
laundries, carwashes, pools, and health clubs. These tend to be settings where there are needs for
service hot water as well as space cooling or refrigeration, and/or dehumidification. Sources of waste
heat streams (either water or aigre also often available. For example, in a laundry or tsemice

setting, heat can be obtained from dryer exhaust air and/or drain water, and theaioekhaust has

value for climate control in the buildings while the laundry is in use. Humidigidere high in these

spaces, which can also be managed by the HPWH system. Sachs (2002) identified particularly promising
market segments for the State of New York, which were validated through expert interviews. Bonneville
Power conducted successful fidests in three underground car garages located below apartment

28 As of the 2012 CBECS survey, 12.7 billion square feet of commercial floor area is served by distributed water heating systems
with an additional 18.8 billion served by a mix of central aistrihuted systems.
https://www.eia.gov/consumption/commercial/data/2012/bc/cfm/b42.php

29 Colmac, Nyle, Lync, Mayekawa, Mitsubishi, and Sanden.
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buildings (with stable yearound temperature) in Seattle, WA (Heller and Oram 2015). Field studies
conducted in the 1990s yielded positive results, e.g., 45 installations in restauranisusmaddies yielded
simple payback times ranging from 9 months to 5 years (FEMP 1997).

Larger units (typically split systems) are offered for commehmiddings alsg includingCQ units from

Japanese manufacturers (Sullivan 2017). A.O. Smith has-sixiaie models and 14 wateyource

models¥° In 2010, A.O. Smith, the largest manufacturer of residential integrated HPWHs, launched

aSPSy G/ 2YYSNDAItE Y2RSta G2 GKS YINJYSG 6! dhod { YA
an ENERGY STAR compliant model, with COPs of 4.2 (A.O. Smith 29I®)teTthat these units can be

manifolded together to serve progressively larger loads. These are the only integrated models under the
ENERGY STAR program. It is not clear why more integrated systems are not available or included.

A detailed analysis condted for NREL in 204-Based on a manufacturer with many decades in the
market-O2 y Of dZRSR G KF{d GaGKS (0SOKy2t23& Aa adAatt yz2a Yl
residential units, this is hard to fathom given thrgaarters of a century of R&D anbe in practice

(Zogg 2018).

Hoeschele and Weitzel (2017) note that very little is documented about the field performance of central
HPWHSs. They describe one such application (eaybeaeration c. 2011), with 12 residential dwelling

units served by a sijte HPWH connected to two storage tanks, where the performance is substantially
below rated levels! However, they also note the potential for more disaggregated water supply in large
buildings, along with draiwvater heatrecovery. A NYSERDA projectatiet] four large (14on) HPWHs

to recover heat from a kitchen serving a 100,000 square foot New York hotel, which was monitored in
detail (Sachs 2002). Radcliff et al., (2007) modified and installed a numBe€) béat pumps originally
produced for the Bropean market.

We have gathered limited thirgarty fieldmeasurements or test data on units applicable to commercial
0dzAf RAy3a o6aLX Ad 2NJ Ay dS3aNI 20SHficiéndies (el Yodbe Mighei thaR ¢ 02 Y
those achieved in residentinodels and settings.

30 See https://www.hotwater.com/WateiHeaters/Commercial/WateHeaters/HeatPump/SplitSystemHeatPumps/
31Observing measured COPs ranging from 1.7 to 1.9, much lower than rated performance of 3.0 to 4.0.
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Commercial tank and central HPWH efficiency trends: US
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Figure20. COPs are for the water heater in isolation of the entire system (tanks, if separate, distribution, etc.). Note:
x-axis value is year of published measurement, not necessarily year of HPWH manufacture. Sources: Zogg (2008),
FEMP (1997), Heller and OramX3}) Hoeschel and Weitzel (2017), Sachs (2002), Radcliff et al., (2007), Bowers et
al,, (2011), EPRI (2015), ENERGY STAR website.

BILL SAVINGS AND COSTS OF COMMERG/MIES

Compared to residential customers, commercial customers tend to face less faveradrgy price

ratios for switching to heat pump water heaters (paying comparatively less for fossil fuels compared to
electricity rates). Based on the energy prices commercial customers pay today (for electricity and fuels),
the average brealeven COP fdHPWHSs is 3.0. Figu24 shows the distribution of breakven COP on a

cost basis by energy source, which is the most important factor for determining savings. For HPWHs
with COP of 3which is attainable with modern equipment and is well below the aveddeNERGY

STAR lalbased test performance (approximately 4-about half of current natural gas water heating
customers would experience savings, and 75% of district heat customers.
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Figure 21 Breakeven COP on an ongoiegst basis for commercial costers by baseline energy source. Detailed
summary data for this figure are shown in TaRld

There is a much wider range of customer sizes, application specifics, site infrastructure, and other
differences in the commercial (and industrial) sestmompared to the relative homogeneity of
residential customers. A key factor for most commercial custonseitse need for favorable project
economics to support deciding to switch from fuels to heat pumps. FRipesents the implied
breakeven projectcost F2NJ I KSI &G LizYLd ¢AGK | / ht 2F odp
output, since commercial projects occur across a range of scales).gldbllewing the figure,
summarizes the midpoint estimates for each grouping.

In order to be casipostive after 10 years, our simplified analysis indicates the incremental project cost
for choosing a heat pump versus eftr-one replacement of a conventional natural gas system needs
to be no more than $30/kBtu/hour for the median customer (and is appraiéty the same between

small and large customer groups).

District heating customers, representing the next largest energy using group within the commercial
sector, have relatively higher breakeven project costs (a median of $50/kBtu/h for small sites and
$70/kBtu/h for large sites). The other grougslectric resistance, fuel oil / kerosene, and mixed fualk
have higher cost targets, reflecting the relatively low performance and high cost of the systems
compared to heat pump water heating.
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Heat pump project additional upfront cost target
For customers who have lower costs with COP=3.5 heat pumps

Large (over 1 MBtu/h) Small (1 MBtu/h or less)
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0 100 200 300 400 500 O 100 200 300 400 500
Breakeven Unit Cost ($/kBtu/hour thermal output)
Based on simple sum of undiscounted savings across 10 year payback period

Baseline Energy Source

Figure22. Target incremental upfront project cost (compared to alternative cost) to achievwgy@at@ayback period

2N) 6 SUGSNI 2y I KSIFG LizYLd LINP2SOGZ $6AGK dzyRA&AO2dzyd SR
without accounting for possible ga from flexibility. The plots are grouped by the estimated capacity of the thermal
equipment: Large (over 1 million Btu/hour) vs. Small (under that level). Key summary statistics for this figure are
presented in Tabl8.

Table8. Summary statistics from FiguB2, showing the mean and median breakeven project cost for each group.

Mean breakeven [Median breakeven
Baseline Energy Source |Site Scale cost ($/kBtu/h) cost ($/kBtu/h)
District Heat Large (over 1 MBtu/h) $ 81 $ 72
Electricity Large (over 1 MBtu/h) $ 140 $ 137
Mixed Large (over 1 MBtu/h) $ 74 $ 61
Natural Gas Large (over 1 MBtu/h) $ 31 $ 26
District Heat Small (1 MBtu/h or less) $ 64 $ 50
Electricity Small (1 MBtu/h or less) $ 168 $ 150
Fuel Oil / Kerosene Small (1 MBtu/h or less) $ 159 $ 155
Mixed Small (1 MBtu/h or less) $ 103 $ 88
Natural Gas Small (1 MBtu/h or less) $ 66 $ 31
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Totalproject costs (equipment and installation) of commercial heat pumps are not well documented.
Our synthesis of the literature on unitary (vs split) heat pumps (summarized in the Appendix) suggests
total project costs of ~$80/kBtu/hour without challengingiallation requirements. The costs of
conventional unitary commercial water heaters depend on whether they are gas ($35/kBtu/h) or electric
($65/kBtu/h). Thus the incremental cost for a unitary HPWH replacing a gas unit is ~$45/kBtu/h (i.e.,
$80/kBtu/h mirus $35/kBtu/h).

Given these cost estimates, the economics are tight for replacement of natural gas water heating
systems (assuming no incentive for demand flexibility), by far the largest source of emissions in the
commercial water heating sector (AMT CQelyear). The expected incremental total project cost for a
heat pump is ~$45/kBtu/h compared to a replacement with another gas unit. This is above the median
breakeven project cost target of $30/kBtu/h shown in Figa&

It is important to note that his is not a definitive analysis, and is based on a single scenario for COP (3.5)
without considering the nuances of silector applications or additional benefits and savings available
from flexible operation. For example, water heaters installed wheegdhis a need for cooling (e.g., in a
commercial kitchen) or in locations with significant waste heat (boiler rooms, laundry) could have much
higher performance and better outcomes. There could be spillover gains in the commercial market from
cost reductims in HPWHSs from residential adoption and segdeas well. Finally, flexible operation of
HPWHs in response to future prices and programs could help advance more commercial systems past
the breakeven point in competition with gas. With advances in pearfance to a COP of 4.0 (which is

near the current ENERGY STAR average lab test results), and with 20% of the load flexible, the median
breakeven cost indeed approaches $45 for small skesthermore, the cost of commercial HPWH could
come down with technlmgy learning as more systems are deployadygesting a pathway tmore
widespreadcost effectiveness.

For other applications the economics are more favorabtiay. Our work suggests the expected
additional cost for a heat pump to replace a failing &lieovater heater is $15/kBtu/h, which is very
favorable for most customers (over 95% would have a project payback faster than 10 years). The
calculus is similar for current users of fuel oil or kerosene.

District heating replacements are often large,wms-Sy 3A Y SSNBR ao0Salk2{1S¢é¢ aeaiasSy
large building or campus. As Tallldemonstrated, the average spending on hot water for sites with

district heating is about 50x that of sites with natural gas storage water heaters. For large sites, the

target project cost is $70/kBtu/h, which is approximately in line with the besh atidustriatscale

project costs reported in 2020, by Arpagaus (2020). The range of costs for large heat pumps is from $70
300/kBtu/h (see Appendix). These results suggesny, but not most, customers could have project

payback periods of 10 years or sooner. Given the relatively similacasss for district heating systems

(domestic water and hydronic heating), there may be opportunities to standardize and reducestise co

of these systems so that even more customers would save.
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H.EXIBLE WATER HEATING TO INTEGRATE WITH RENEWABLE ENERGY

Similar to our approach in the residential sector, we also assessed the potential increase in bill savings
and fraction of commercial stiomers who experience savings with flexible operation, in response to
future reaktime prices or demand response programs. FigdBshows the results of this analysis across
scenarios that include: three retail electricity price ratios (1:1 (flat / neetof-use changes), 2:1, and

3:1); COP between 1 and 5; and betweeB00% of the daily load flexible and available to shift from high
to low-price times.

The overall results are similar to the residential sector: the COP is the most important factovjémt p
outcomes, with few sites benefiting with COP less than 2, and COP irthenge most favorable in

terms of cost savings. Flexibility is also an important factor, however, particularly with higher price ratios
approaching 3:1. In that case, thesee approximately double the expected savings for customers who

are replacing a gas water heater with a heat pump ($1000 vs. $500/year). This increases the fraction of
customers who experience lower bills from 75% to 95%. For district heating custonezesatie also
significant savings on the order of a-48% increase in bill savings from incorporating flexible operation.
Given the relatively tight economics for commercial water heating, these gains from flexible operation
could be important for overcomg financial hurdles to adoption.
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Annual savings for commercial customer switch to HPWH
By electric price ratio and baseline fuel type
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Figure 23.Average commercial customer outcomes for a range of scenarios for HPWH performance (COP), retail
GNBIRTYSéE St SOGNROAGE LINAOS NI GA2a3 | e td Isvpricd tiiesOThé 2y 2 F
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heaters. Note that the scales in the top plot are different between these two groups since district heating customers
use much more energy per sieop:average annual savings operating costs for HPWH compared to status quo.

Bottom: fraction of customers with savings.
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Residential and commercial specialty applications

Across the sectors we studied, there are a range of special applications of heat pumps that merit their
own focus. Two of these are briefly summarized below to illustrate the importance of nuanced and
detailed understanding to advance the heat pump market: swimming pool heaters and district heating
hot water systems. Application areas like these could be thadmf targeted R&D to ensure
decarbonization advances beyond typical domestic hot water applications.

SVIMMING POOL HEATERS

Pools exist in association with sinddamily homes, multifamily buildings, schools, colleges, lodging, and
private andpublic recreation centers. Thanks to low water temperature elevation requirements

compared to domestic hot watét, rated COPs range from 3 td3hut the lack of a test standard forces

reliance on incommensurate manufacturer reported values. Currentijlae products serve the

needs of residential as well as larger commercial pools. There are unfortunately no ENERGY STAR ratings
for these products. Concerns about space availability, cool spots, and noisehfunmapplications

would be largely irreleant in pool applications.

There are 8.3 million pools in singkmily homes (plus an unknown number in multifamily buildings), of
which ~2.5 million are heated. Cursory reference is made to 300,000 public/community*indiso
primary sources could bleund. We estimate about 80,000 pools at lodging properties.

While pools operate at much lower temperatures than water heaters, their volume means that a typical
residential pool can store as much heat as 10s to 100s of typical residential HPWHSs, nig penitie

volume and temperature. Once pools are up to temperature, the typical energy use in a residential pool
is about the same as a HPWH if a cover is used (and about five times as much if one is PotHesd)
pumps in pool heating applications ateus ideal candidates for demandsponse applications, as the

pools cool off slowly and can thus be heated when rate andgpidlitions are most advantageous.

These systems are far less costly than stilarmal pootheating systems, and function yeaund. A

FEMP report notes the value of HPWHSs for indoor pools and spas, where there are significant
dehumidification needs (FEMP 1997). Armstrong et al., (2019) identifies four models of HP pool heaters,

£
0

32 The efficiency of heat pumps is higher when th¥ eJS NI 1 dZNB RAFFSNBYy 0SS 0680688y G(KS «a
(evaporator) sides of the system are closertogetifeK A & A& NBf I ISR (2 da GASSRNIKN QK 2%
documented online and in engineering textbopkad defines the maximumQP limit, CORx= Thot/ (Thot G Tcold)-

33 See https://www.energy.gov/energysaver/heptimp-swimmingpookheaters

34 See https://www.liveabout.com/factebout-poolsspasswimmingsafety2737127

35 https://www.energy.gov/energysaver/gaswimmingpool-heaters

K2
&
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with heat output ranging from 90 to 140 kBFJThee are at least two dozen HPWHSs in the market
today applicable for pool¥

The earliest documented HPWHSs for pools date back to the early 1940s (in Switzerland; Zogg 2008).

I 902 NRAYI (G2 /IEY OmMpyTOs (GKS A6AYYAYE 6BREFEOKBAKSI
in Europe as early as 1985. DOE offers consumers a web page seemingly endorsing thaidasade

ago, Brookhaven National Laboratory conducted field tests of two commercial heat pump heaters (and

other heater types) (McDonald 2009). sured results for two units were 4.5 and 5.0. At that time, the

low capacities of heat pump pool heaters (~100kBi)Were seen as a limitation for larger pools, but
G2RIF@Qa dzyAita 0O02YS Ay I gARS NIy3dS 2F OFLIOAGASAD

Hotels and recreation centers are probably the main location of pools (and spas/jacuzzis) inthe non
residential sector, and thus a promising goal for ldgment programs. DOE survé¥&lentify 91,000
hotels/motels/inns nationally and 100,000 "recreation” buildings, many of which have pools. Hotels
have drainwater and sewer hookup nodes as potential heat sinks, not to mentiomafehumidair in

indoor pool areas About 42% of hotels surveyed had indoor pools and 45% outdoor pools (AHLA 2019),
with a highly compatible dehumidification load for the former group. A third of these hotels have
spas/jacuzzis as well. While residential spas are mostly integjfaind thus hard to adapt to HPs), most

of the commercial ones are sitauilt and would likely have a separate mechanical calfmeititating
integration

DISTRICT HEATING

District heating (centrally produced hot water or steam that is piped to a pa#yiarge number of
individual buildings), serves customers in every sector (residential, commercial, industrial). Its benefits
include reduced capital cost for individual homes or buildings, reduction of associated maintenance
costs, and the saving gbace in buildings otherwise occupied by-site mechanical systems. District
heating thermal distribution losses are estimated at only 2.5% today, and are projected to decline to
1.5% with improved energy management (DOE/EIA 2018).

As of 2012, about 48,00tbn-residential buildings in the U.S. (5.5 billion square feet) were served by
district heating systems, with considerable geographical diversity (DOE/EIA32Q18)ent growth is
concentrated in hot water systems (expected to increasddikby 2050) while steambased systems

are projected to stay ghresentday levelsDOE/EIA 2018Districtheat is an excellent fit for HPWHs (and
efficiencies are far higher when producing hot water versus steam), with many precedents outside the
U.S. stretching bk decade4?®

36 See https://lwww.lesliespool.com/heat
pumps.htm?utm_medium=organic&utm_source=blog&utm_campaign=heater_vs_heatpump

37 See https://www.energy.gov/energysaver/heptmp-swimmingpool-heaters

38 https://www.eia.gov/consumption/commercial/data/2012/bc/cfm/pbal.php

39 Seehttps://www.eia.gov/consumption/commercial/data/2012/bc/cfm/b38.php

40 Note that there are examples in some countries of consumers moving from district heating to individual HPWH (Roestenberg
2020 and Hirvonen and Kleefens 2020).
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In the U.S., district heating systems existed as of 2012 in every state. Remarkably, out of a total of about
650 systems assessed in 2018,16% were fueled by coal and only 1% by electricity, with the vast
remainder served by natural gas (DGEX 2018).

Heat pumps have been used for district heating in Europe for many decades, with plants approaching

100 MW thermal output. There are early precedents of the use of heat pumps in district heating in the

United States, even as far north as Alagkén 2011, Ball State University converted from a doat

district heating boiler to a large heat pump, and stetorhot-water transitions are beginning to occur

(DOE/EIA 2018). NYSERDA is presently launching a program to promote heat pumpsctdnetisiing

AY bSg ,2N]l 3z 9KAOK GKS@& NBTFS NPWhiRe comimontin EarGp2,Y Ydzy A G &
localities in the U.S. are only beginning to expand their sewer services (a good source of waste heat for

heat pumps) to include district heat provisioas is occurring in King County, 4A&xd Denver, C&.

Many district heating systems are equipped with storage (which can be done in tanks, aquifers, or

boreholes), which would enhance flexibility in response to grid needs. In one example, over 500
a02NF3S A4 AYUGS3INIXGSR Ayid2 GKS OAaGe 2F {FAyd t I dzZ

Industrial heat

The industrial sector offers by far the most diverse applications and configurations of hot water heating,
and the opportunities ee correspondingly varied and complex, as well as the largessifeesavings
opportunities. Segmenting the U.S. industry for heat pump applications is very challenging. Between and
within market segments are a range of temperature needs (Fox et al.) 20drhe boilers and process

heat equipment comprise the single largest source of greenhouse gas emissions in the industrial sector
(Steinberg et al., 2017).

Our analysis of the industrial sector is based primarily on a dataset produced by McMillah (206it®

combines the venerable Manufacturing Energy Consumption Survey (MECS) with EPA greenhouse gas
reporting and other supporting datasets to estimate coutgyel demand for heat in the industrial

sector at various temperatures. A great deal of the@theemand in the industrial sector (about 6.5

jdzt RNAf E A2y . (dzZ 2NE davdzr Raéuv NBIljdzANBa GSNE KAIK
current heat pumps. However, as we describe in more detail below, emerging heat pump technology in

the industrial sector is able to reach up to 150°C. Conversely, we do not assess the likely significant

potential for using heat pumps to provide the preheating for higteenperature systems.

In these lowto-moderate temperature applications, there are 5 Quadisieat demand annually. The
overall picture is illustrated in Figug4. It shows the cumulative distribution of heat for each of the

41 Seehttp://www.r744.com/articles/9003/alaska_district_heating_project with _co2 heat_pumps_undervaage projects

exist at Stanford University and U.C. Merced.
“%https://www.nyserda.ny.gov/Researchers%20and%20Policymakers/Clean%20Heating%20and%20Cooling/Clean%20Thermal
%20District%20Systems

43 See https://www.kingcounty.gov/services/environment/wastewater/resoweeovery/sewerheatrecovery.aspx

44 See https://www.cpr.og/2021/05/11/sewerheatcould-be-hiddenally-againstclimate-changehereshow-denveris-pulling:
it-to-the-surface/
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three end use categories estimated in the data source we use: boilers for hot water and steam, the
GKSI G¢ LI NdedHaf ang fowed @MR), and process heating. Approximately 70% of all the
heat delivered by boilers or CHP systems falls below 150°C, while only 9% of process heat is below this
level.
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Figure24. Cumulative fraction of industrial heat used by delivery temperature.

Since the focus of this report is heat pumps, we do not address very high temperature heat, above
150°C. Other researchers have identified a range of decarbonized and electric teghioolthigese
applications, however, including electric resistance heaters, arc furnaces, hydrogen, microwave,
sustainable biomass combustion, and nuclear power (e.g., see Friedmann et al. (2019), McMillan et al.
(2021)).Depending on the application, heatimps may be able to provide pteeating for these uses,

but we do not attempt to estimate the scale of this opportunity.

Our report also excludes curredty electrified heating in the industrial sectavhich is already primed
for decarbonization as themissions froninput electricity fall The total electric heatingse across all
industrial sectors and temperaturesirrently adds up to approximately 300 TBtu annuallyout 2% of
the total heatin the sector based on MECS Table)FBIA 2021c)These alreadeglectrifiedapplications
may or may not be possible to convert to more efficient heat punhggeending on thaletails on site

How much of tle fuetbasedheat below 150°C is replaceable with heat pumps? The wide diversity and
customized nature of the applications in the industrial sector mean that some will be addressable and
others will not. In some cases, industrial heat is provided through burning fuels that are intrinsically
linked with the processes or byproducts on sitegdamuld not make sense to replace. Boilers that burn
purchased fossil fuels to make hot water and steam are more obvious candidates for replacement. Sites
using the heat from combined heat and power systems, which use waste heat from onsite electrical
gengation to provide hot water and steam, may or may not be candidates in the near term. As the
overall economy is decarbonized, however, the electrical power needs of these facilities are likely to be
increasingly powered by renewable and loarbon energyThis will leave a need for providing useful

heat through other means, like heat pumps. In our analysis of the scale of the opportunity for CHP, we
assume 45% of the fuel burned is ultimately useful heat (with the other portion for electricity generation
and waste heat) (USDOE 2016). Industrial process heat includes a highly diverse set of applications,
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some of which will be addressable with heat pumps and others requiring other technology. Our analysis
below traces the overall total scale of heat in thiti@wable temperature range, understanding that

some, but not all, will ultimately be possible to decarbonize with heat pumps. Pdig®w summarizes

the heat demand in the industrial sector up to 150°C.

Table 9. Summary of industrial heat demand by emsk, for applications up to 150°C. Based on dataset from
MacMillan et al. (2019), with additional supporting information from EIA (2021c). Heat demand is based on
assumptions for the fraction of fuel that ultimately is converted and useful as heat; wmas¥6 efficiency for
boilers and process heat, and 45% for CHP.

Industrial Heat | # of sites with | Average annual heat| Average annual | Total spending

Enduse Type |end use type |demand per site spending per site| across all sites
(MMBtul/year) ($lyear) ($lyear)

CHP 370,000 2,500 $36,000 $13 billion

Boiler 330,000 6,000 $50,000 $17 billion

Process 200,000 1,700 $13,000 $2.6 billion

INDUSTRIAEMISSIONSUMMARY

Within the industrial sector, the emissions associated with heat below 150°C totals 345 million metric
tons of CQe (MMTCQe) per year, with a breakdown of the fuels used in eachesgltype shown in
Figure25. Boilers and CHP represent the largest emitienduses, with 180 and 140 MMJIQe
respectively.

Industrial Heat Carbon Emissions Summary
For applications at or below 150°C

Fuel Used

boiler < Coal
Coke_and_breeze
Diesel

LPG_NGL
Natural_gas
process 4 Other

Residual_fuel_oil

chp A

End Use

0 50 100 150
MMTCO2e

Figure 25Carbon emissions associated with fuels combustion for industrial heat by end use type. Based on data from

MacMillan et al. (2019), with additional supporting information from EIA (2021c) and stationary emissions factors
for the fuels used. This does ntlude current electric heating in the industrial sector.
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The fuels used in the industrial sector include additional options that are not commonly used in
residential or commercial applications. Some are due to high temperature needs. Coal, coke, aed bree
are all associated primarily with high temperature processes (e.g., steel manufacturing). A large category
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extracted from wood in the milling process) is commonly burned as a fuel in conmivraecnd power
systems that provide electricity and heat for those facilities. At petroleum processing facilities, a range
of fossil fuel residues, oils, and fractions may be available for heating distillation columns and powering
onsite combined heat angower systems. While most of these unique applications are not ready targets
for heat pumps, many applications involve more conventional fossil fuels (natural gas, diesel, low
temperature applications of coal). Substitution of heat pumps may be easidndse conventional

fossil fuel combustion applications, which result in 200 M&3Je per year across the industrial
applications we included in the analysis.

In the industrial sector, application engineering and careful integration with processes driowvita
successful replacement of conventional combustion with heat pumps. Figure 26 summarizes the total
emissions associated with heat below 150°C across industriadesttbr groups. Chemicals, paper, food,
and petroleum are the largest groups. Even theafler industrial groups in the inset box of the figure,
however, are similar in scale to some of the largest commerciaksuators we identified in previous

sections.

Industrial Heat Carbon Emissions by Sub-Sector
For applications at or below 150°C

Chemical -

Paper 4

Food -

Petroleum and Coal Products -
Beverage and Tobacco Product -
Transportation Equipment
Textile Mills

Primary Metal -

Plastics and Rubber Products 4
Textile Product Mills
Machinery -

Fabricated Metal Product -
Nonmetallic Mineral Product -
Miscellaneous -

Apparel 4

Zoom for small sub-sectors

Textile Mills 4
Primary Metal -
Plastics and Rubber Products -
Textile Product Mills 4
Machinery 4
>— -------- Fabricated Metal Product -
Nonmetallic Mineral Product -
Miscellaneous -
Apparel 4
T T
01 2 3
MMTCO2e
T T T T T T
0 25 50 75 100 125
MMTCO2e

Fuel Used

Coal
Coke_and_breeze
Diesel

LPG_NGL
Natural_gas
Other
Residual_fuel_oil

Figure26. Carbon emissions associated with fuels combustion for industrial heatthyse type. Based on data from
MacMillan et al. (2019), with additional supporting information from EIA (2021c) and stationary emissions factors
for the fuels used. Detailed data from this figure is in TARK
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INDUSTRIAEATPUMPAPPLICATIONS

While conventional building®ptimized heat pumps do not provide temperatures at levels required for
many industrial processes, industry has been introdubigi-temperature heat pumpgHTHPS), which
are significantly expanding the realm of possible applicegti@@veit et al., 2020).

Such heat pumps have been used for water and hydronic speatng since at least the early 1940s, as
exemplified by a district heating plant (see next section) with a 4MW (heating capacity) system
constructed in Zurich, Switzarid in 1942 (Zogg 2008). Gehring (1996) describes early uses in U.S.
dairies and steel fabricatioft,and uses in Japan (up to 120°C) were noted a decade ago (Tono 2011).
Required temperatures are largely higher than those sought in the buildings sdotorarfeted heat
source is wastdeat streams, which are often in the 3®°C range. These valuable waktat streams
manifest in cooling liquid in chillers, waste water, warm compressed air, cooling towers, transformers,
or exhaust air (Arpagus et alQ28a). Research on HTHPs was considerable in the late 1970s and early
1980s, then dropping off for two decades, followed by significant research in the past 10 years. Japan
had developed a 400kW HTHP as early as 1985 (Arpagaus 2018b). The U.S. appddrstimtl most
other industrialized countries in R&D as well as application, and we have not identified any targeted
policies or incentives to help the market develop.

Each industrial application and the teckroonomic conditions surrounding it are une} There has

been a decadebkng effort to electrify industrial processes, which presumably helps set the stage for
innovation. The reward is that each site represents enormous amounts of energy and load compared to
typical sites in the buildings sectdmportantly for demaneresponse, large storage tankse@ted now

by preexisting boilers) are often used in conjunction with these systems.

I NLJ- 3 dza 6Hnmyouv y208a GKFG F 3aNBFG FLILX AOFGAZ2Y
paper, and chmical industries, in particular in drying processes, as well as in pasteurizing, sterilizing,
SOFLRNI A2y YR RAAGGATELFGA2YDPE LYy I NNAGAY3I i 4K,
industries according to process heat needs. Many are largelydevith heat below the 30°C(300°F)

currently met with most advanced commercially available systems: food and tobacco ~65%, paper

~90%, chemicals ~50%, machinery ~95%, wood product products ~95%, textiles ~90%, and remaining
segments ~85%. This suggemtermous potential for HTHPs even with existing technology.

Large numbers of diverse reabrld applications of HTHPs have been achieved by industry. Dairy
applications offer an intuitive case study of the role for HPWHSs in lkb@raperature industrial

applications (Tate 2018). NRECA identifies the relevant processes as chilling milk, heating water (to
179°F), and warming drinking water for the cows in winter, with COPs up to 6 to 8. Hot water is also
used for flushing alleys. In one case study, water ngatind milk cooking were responsible for about
30%ofamea Al SR RIFEANRQa (2041t o6lFlaStAyS SySNHé& daAaSo

45DEC marketed them in Europe in 1974 and in the U.S. in 1976 (Gehring 1986).
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In our background research we identifiadotal number oftasestudies (actual implementation as well

as feasibility studies) describing 44 examples ieduhtries (Figur®7).%6 Arpagaus and Bertsch (2020)
document 25 examples within Switzerland alone, representing an aggregate heat delivery of 25 MW.
Watanabe et al., (2014) describe seven esisglies in Japan, the earliest of which was written around

2007. Note that we have been unable to find re@drld casestudy implementation in the United States,

but examples likely exist. In the case studies, the applications are variable; many are in the food
processing industry where there are often simultanebeating and cooling needs: Dairies, chocolate
making, meat processing, breweries, and others. There are also examples of lumber drying, brickmaking,
paint drying, and more. The COP achieved in the case studies are often impressivelyragta (p to

10), particularly since many involve simultaneous heating and cooling.

Remarkable advances have occurred in lesgale installations and feasibility studies in Europe, Asia,
and Australia, in many cases achieving payback times between three and sevefWeaiarsabe et al.,
2014; EHPA 2018; Leak 2020). While acknowledged as potential contributors to sustainable
electrification in the U.S. (Jade al., 2017), their full scope of application is not generally recognized in
decarbonization assessments and pathway studies.

46 Australia, Austria, Belgium, Denmark, Finland, Germany, Hynigaly, Japan, Netherlands, New Zealand, Slovenia,
Switzerland, and the U.S.. Sales of kiginperature heat pumps are also occurring in Portugal, Slovakia, and Spain (EHPA
2019).
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Heat Sources Heat Pumps Applications Industries
Water heating }*
Sanitation | I
Sterilization o ’ 1

Ambient air i
Pasteurization

Drying / dehydration / evaporation

\ p.\.l.lﬁ“I-

Food processing

Distillation
Waste streams T =
(air/water) Metal conditioning ,
Pre-heating
Laundering

Brick and block drying

District heating
Direct space heating
Free dehumidification/cooling/refrigeration

Case Studies

Cooling towers

Vapor condensation

Transformers

Refrigeration
equipment

Water bodies Y 44 examples in 17 countries

Earliest system implemented in 1942 (Zurich)

27 product manufacturers
COPs: 3-10 (wide range; many fantastic applications)
Payback times frequently 3-7 years
Max heat / cooling output: 90.5 MW / 60 MW
Documented process energy savings up to 100%

Sewage

50,000/ 40,000 kW

Figure27. Examples of high temperature heat pump installations in industry. Sources: Assembled by the authors
based on casstudies from EHPA (2018), Watanabe et al., (2014), Leak (2020), and Zogg (2008).

BILLSAVINGS ANDOSTS FOREATPUMPS

Based on electricity to fuel price ratios alone, the industrial sector has generally favorable operating cost
economics for switchingotheat pumps. The average COP required for a heat pump to break even on
cost is between 2 depending on the subectorand fuel usedFigure28). However, the myriad specific
applications and costs of engineering and development for heat pumps makesatizatons difficult.

The application areas and case studies described above illustrate the importance of detailed work; the
payoffs in carbon savings are immense, and economic benefits from switching to heat pumps are
apparent in the operating cost econacs as wellln order to achieve these cost and carbon savings, it

will take industrial deployment R&D work to develop pilots ardemonstrationsof the options.

LYRdzAGNE | 2a20A1 GA2y a | NBizefitgf RS NE U FLYLENRGY SBORHRS Vid2A 0 A O
and, by extension demangsponseas well (CIBO 2003). While it is generally more cost effective to
install efficient systems from the start than it is to modify (retrofit) them after the fact, some retrofit
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projects have been documented &xhieve payback times between 2 and 4 years (Emerson 2011; Jutsen
et al., 2017). Many industrial sector energy managers have expressed a tolerance for payback periods on
the level of these successful case studies (TAB®. Only 13% of customers expredsa need for

payback faster than 2 years overall in the MECS survey.

Industrial
Transportation Equipment Manufacturing- —{J_}—— e

Textile Product Mills-  {I__}F—

Textile Mills- {1 +— Baseline GHG
Primary Metal Manufacturing- —{_ | }—e Emissions
Plastics and Rubber Products Manufacturing- 4_1__F— in Sub-sector
5 Petroleum and Coal Products Manufacturing - 1+ (MMTCO2)
"g Paper Manufacturing- —{1__}— 120
U|> Nonmetallic Mineral Product Manufacturing- _1_H— ° 90
= Miscellaneous Manufacturing- {1 }—
2 Machinery Manufacturing- —{___F—— 60

Food Manufacturing- - }——— o o
Fabricated Metal Product Manufacturing - —I:I—
Chemical Manufacturing- —J__———ee
Beverage and Tobacco Product Manufacturing- —{__}——

Apparel Manufacturing - 1T +H—

0123 45¢6 78
COP required to break even on cost, given the price ratio

30

Figure 28. Heat pump performance (COP) required to break even on operating costs (excluding incentives for
demandflexibility) for industrial susectors. Based on data from MacMillanal. (2019), with additional supporting
information from EIA (2021c) and stationary emissions factors for the fuels used. Detailed summary data are shown
in TableA20

Market transformation opportunities

The cost saving and emissions cutting opportesitve identified will not be captured without market
transformation effort. This section describes a set of actions that could be taken to accelerate a
transition to lowcarbon hot water and industrial heat, with a focus on federal policy.

RECOGNIZING BRIERS TO MASS DEPLOYMENT

There are unquestionable advantages to HPWHSs, even beyond energy cost savings. For the homebuilder
(and new home buyer) there are simpler infrastructure connections. For the ultimate home occupant,
added benefits include reduced fire risks and indoor aglify problems associated with combustion
appliances, and (in some cases) added value from the supplemental dehumidifying effect that the units
have due to condensation on their cold coils. Manufacturers also note that maintenance costs are lower
than forconventional fueffired water heaters. However, it is clear that these attributes have not

TOWARDCARBONFREEHOTWATER ANINDUSTRIAHEAT WITHEFFICIENT ANREXIBLEEATPUMPSC PAGESS



SCHATENERGYRESEARCEBENTER

enabled the birth of a vibrant market in the U.Since their modest introduction to the market in the
1950s and more concerted efforts in the 1980s, HPWH uptakephoceeded in fits and starts and today
only 1% of new residential water heater sales are HPWHs. Early government reports (Dunning et al.,
1978) exhibit clear recognition of the multiple technical and market barriers.

Many of the challenges that doggedrty generations of HPWH deployment efforts remain, although to

lesser degrees in some cases (Tdlile*” Limited program evaluations shed some light on market

inertia. For example, while more than a third of customers interviewed by Efficiency Vermaomt we

aware of HPWHSs, only 1% owned them (NMR Group 2019). Evaluations of the NEEA program find that

93% of participants would recommend HPWHSs to others (Cadeo Group 2018). On the other hand, six of

eleven installers trained during the program report unwantembling as likely to result in customer

complaints or service requests shortly after installation. For this same group, four in eleven reported

unwanted cooling and noise as reasons for such callbacks, and only half of these installers are likely to
recommend HPWHSs to their customers (Nevius et al., 20B@)zbaugh et al. (2017) and TRC (2016)

provide good reviews of these dynamics, and generic responses, and are compelled to offer the sad
O2YYSy Gl NE GKFG altz21 §SOKy 2 ptidntérvedYat, intye Nortkeast, S NI &
O9FFTAOASYOe al AyS TF2dzyR I 02 dzi onfy8% disfafisfied trdoing de@eéh a + S|
6219/ S It wnmpod ! OO2NRAY3I G2 .dziloldzaAK SiG | f
adoption curve g innovators and early adopters who tend to have above average financial resources

FyR SRdzOF A2y t SOSt & 0é

In hindsight, the arguably premature commercialization of residential HPWHs (Barbour et al., 1996;

Ashdown, et al., 2004; TAIX and Environmaster 2884piro and S. Puttagunta 2017) that took place in

the early 1980smarked by reliability and qualitgontrol problems-can be seen as resulting in a degree

2F AaYFN] SO aLRAfAYIES gKSNBAY (GKS LINRPofSya ¢SNB LI
of mouth. In another example, a poorly researched program by Connecticut Light & Power deployed

several hundred thousand aeth HPWHSs that experienced enormous reliability problems before the

program was abandoned (Talbot 2012). Northeast Utilities dismdoned an adebn HPWH program

after similar problems (Sachs et al., 2012). Yet, warnings about the potential for such preblems

particularly the need for ensuring reliability and training of tradespeeplere issued by DOE as early as

1978 (Dunning etlg 1978). Lack of subsequent market research only compounded the problem

(Ashdown et al., 2004). Much can still be done to optimize performance (HetdginH n MH O ® ¢ 2RI @ Q&
Fodzy RFyOS 2F alt21 a&disHndicativgd & ho@ entbédded nafvid BotsKnieNS a
sentiments have become.

47E.g., AD Little (1992) reports recovery rates of only 10 to 24 ggilmisour in 1992. Today, they range from 46 to 130 g/h
(per ENERGY STAR product list).

48 E.g., https://www.contractormag.com/management/beptactices/article/20882745/5ommonmyths-and-tips-when-
sellingheatpump-water-heaters
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Table10. Barriers to the market uptake of traditional HPWHSs.

Inertia

Unclear value
proposition

Applicability,
installation
complexities,
operations

Experience /
perception of
inferior quality
or service
levels

Trades and
market
conditions are
biased in favor
of the status
quo

[ 2y adzYSNI G§SYRSYDRA18¢ LNERHSINDE&Y S &a

Many (probably most) consumers are unaware that the technology exists

Thevastmajoritg ¥ NBAARSYGAIf AyadlftftlrdArazya | NS alL
research. Estimates range from 65% te%B6 for homes (Parker 2011; Butzbaugh et al., 2017) an
least 85% for commercial installatioffs.

Equipment and installation costs remain higher than incumbent technologies
Inability to estimate return on investment (retailers/installers usually also unprepared to do so)
Split incentives where buyers are not users (e.g., builders, landlords

Adequacy of hot water flow (especially for units with smaller tanks)

Thermal conditions (ambient temperatures, overcooling garages, stealing useful heat from condi
space in winter, etc.)

Unavailability of 220V circuit and receptacle near unit

Warranty conflictsifad@ y dzyAdia AyaidlftSR 2y RAFTFSNByid °
Multiple trades may be needed for installation

Measured performance has shown to decline significantly when put in spzalés (Shapiro and
Puttagunta 2016)

Units are larger than standard water heaters and may not always fit in the available space
Because of their aisupply needs, units require significant surrounding space, although some unit:
allow for ducting; care mudie taken re: home depressurization

Need for a condensate drain or pump

Noise

Maintenance: Evaporator filter cleaning and replacement

Prior conversions to tankless water heaters often involve new HW location in house and convers
WH closets to other s deemed valuable by consumers

Early units were reported to experience extensive reliability problems, although some reports at 1
time (Calm 1984) asserted high reliabilBualuation of the NEEA program found that enesix
Ayadrtf SNE NBOSAOS aFNBldSyidés OrffolOla 2y
In some cases recovery may be more sluggish than that of standard water heaters

Shorter equipment life (pdicularly in comparison with tankless water heaters) (TRC 2016)

Most contractors lack incentive/motivation/familiarity with the technology or see it as excessively
complexot SELISNAYSy (L féz FyR LX dZYoSN& 61 02YY2Y
literate about energy efficiency than other trades

Local service providers may be reluctant or insufficiently skilled to install or perform maintenance
Some have pointed tlack of expertise as contributing to the market collapse in the 1980s (Butzbe
et al., 2017; Nevius, Powell, and Abraham 2019).

Absence of local inventory and long lead times due to supply chain inertia (CEE 2016; Nevius, P
and Abraham 2019). This@ LJA OF f £ & NXIljdzANB’a GKFd | &a&aLISOA|
Distributor constraints and limitations on installer brand/product options

Bias of some energy codes against electricity (TRC 2016)

Lack of building department experience (TRC 2016)

49 See https://lwww.regulatios.gov/document?D=EERB14BTSTB00420042
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The differences between barriers in residential and commercial settings have not been systematically
examined, but those shown in Taldl@ largely apply to both, particularly concerns about reliability

Owlk ROt ATFT Si I t-Sy nyiiné wadNBe@iSS nfofe EoyhiRdn 2 KB commercial
sector, while issues such as noise could be expected to be less frequent. Some of the problems will be
far less common in commercial settings with dedicated mechanical spaces, such as the potential for
increasiy spaceheating costs (Sachs 2002).

Arpagaus (2018b) and the European Heat Pump Association (EHPA 2018) summarize the barriers to
fuller deployment of HTHPs in the industrial sector as follows, which are largely overlapping with those
facing conventional PWHSs in the buildings sector:

Lowercost fossHfuel systems, typically prexisting with long remaining service life
Fast payback time expectations

Risk aversion: skepticism about new technologies

Low awareness of options among users and implementingesdgdiumbing and electrical
contractors)

Rarity of pilot and demonstration systems

Poor understanding of how to integrate HTHPs into industrial processes

Rarity of refrigerants in the high temperature range with low global warming potential

Looking forwad, with the potential for widespread use of grhabled HPWHSs, a new set of barriers
must be reckoned with, even once gifiéxibility programs are established. These include consumer
confusion about the value proposition, concern about loss of contirtheir appliances, concern about
privacy and security, concern about unavailability of hot water during adigidiption event (BPA
2018).

A look at the market for wateheating equipment on the one hand provides a strong existence proof
that heatpumpwater heaters are viable, save energy, and will be purchased by consumers. On the
other hand, uptake is limited and there are numerous barriers identified. Meanwhile, there has been a
decadedong effort to electrify industrial processes, which helps &et $tage for innovation in a time
when decarbonization rather than growing load irrespective of generation choices is the goal.

INITIATIVES FOR NEFEERM IMPACT

Targeted national campaigns

By targeting particularly promising market segments, Federal policymakers have new opportunities to
build on past successes with highofile voluntary energy and climate programs. Following are nine
possible campaigns, with some degree of intersectindiegtons in terms of building types,

technologies, and decision makers. While many of the targetedusedocations are not under direct
federal control, significant incentives and facilitation can be championed by the federal sector in the
form of tax hcentives, direct incentives to intermediaries (designers, installers, ESCOs, utilities, etc.),
technical assistance, and facilitation. Federal incentives to states and municipalities to address publicly
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owned and managed facilities could take other forfagisting ENERGY STAR relationships, particularly
with nationalaccounts companies could be leveraged during participant recruitment. For the initiatives
below we estimate several metrics to provide a sense of scale for the direct impact. These include the
addressable scale of greenhouse gas mitigation, the annual total customer bill savings, and the implied
grid flexibility resource in terms of megawdtburs shifted per day, which can also be compared to a
battery system with similar capabiliti€®In adlition to these direct impacts, there would be important
technology learning and market transformation impacts to lasgale initiatives that supported scaling

up heat pump technology.

Targeted residential HPWH upgradesuld achieve early large numbeytdeployments, while

developing strategies for hardeo-reach market segments. Influencers of large groups of publicly

and privately owned housing units would be emphasized, including multifamily building owners,

mobile home manufacturers and park owngpaiblic housing authorities, loimcomehousing

landlords, and military housing managers. Moreover, the success of pilot projects in the Pacific
Northwest suggests that consumarstalled gridenabling controllers could cogfffectively convert

existing vater heaters (BPA 2018). If this initiative led to an additional 1% of housing stock

upgrading to flexible HPWH each year fdiva-yearperiod (a total of about 6 million households),

this initiative could cut annual GHG emissions by 4 million metris 6d68Qe and help customers

save a total $900 million per year. The total flexibility resource would be 4 gigheats, which

could replace the need for batteries that have a capital cost of $1.7 billion.

Targeted residential new construction incentivdgve keen most successful in existing regional

campaigns. One segment that has been misseabisufactured housingmobile and manufactured

homes), which represent 7% of the owngecupied housing stock and about 95,000 shipments each

yeaP! (more than the entie HPWH market). Since hot water heaters are factosyalled, a

program tailored for this industry (perhaps employing tax incentives) could have material impact.

The beneficiaries would be in the lowigicome segment of the population, and water heatirgrd

represents a far larger fraction (24%) of total energy use than irbsiiie housing (12%). Production

builders are another natural constituency to work with in this regard. Combined spadevater

heating solutions may be a particularly good fitddf all of the mobile homes produced for the

next 5 years ship with flexible HPWH, this initiative could cut annual GHG emissions by 500 thousand
metric tons ofCQe and help customers save $140 million per year. The total flexibility resource

would be400 megawatthours, which could replace the need for batteries that have a capital cost of

$160 million.

Programs tailored for lowincome/subsidized housing and disadvantaged communitgsild

introduce HPWHs and other clean energy electrification upgsaa® millions of lonincome

K2YSa OdaNNByidife NBOSAGAY3I NBYy(G FyRk2NI dziAfAade O3z
AAIYAFAOLIYyGfte AYyONBFaSR Ftf2y3a gAGK | YFIYyRIGS (2
billion/year Lowincome Heating Ener@drogram (LIHEAPY 5h9 Q& PHnn YAffA2ykeé$S

50We assume a COP of 3.0 and that 25% of the load is flexible based on our analysis and synthesis above. We assume the cost
of alternative load shifting and balancing on the grid is a stationary lithium ioefyattith a $400/kwWh capital cost (Mongird

et al. 2020).

51 See https://www.census.gov/data/tables/timseries/econ/mhs/shipments.html

52 See https://liheapch.acf.hhs.gov/Funding/funding.htm
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deliver HPWHSs (ang with amplifying their impact more broadly), with otime capital payments

for installation resulting in partial permanent reductions in energy subsidy requirements. The

benefits from reduced energy bills could not only benefit customers but alsanexapecess to

programs like LIHEAP. 35 million households are currently eligible for LIHEAP, but only 20% receive
assistance due to federal budget constraiftéinother mechanism would be to use existing rent

subsidy mechanisms for leincome landlordstF A y I yOS 1t 21 AyadttfladArzyao
public housing program constructs, maintains, and operates approximately 1.3 million housing units

and could readily modify policies to implement HPWHSs. These programs would provide an equitable
alternative fa lower-income households not always able to make use of programs such as tax

credits.

The four Federal Power Marketing Administrations and Tennessee Valley Authodtid be

compelled to do mord¢o promote residential and commercial HPWHs among theinledale

LIJdZNO K a8 SNE Q Odza ( 2-9pS &l munikipakfilites) Fycdsed\cHaphigns cOuid

deploy bestin-class utility programs based on lesséearned from the last 20 years to reach 20% of

their customers in 5 years, which would repres@ft of all customeP& Successfully reaching these
customers with flexible HPWH could cut annual GHG emissions by 2.2 million metric @@s of

and help customers save $410 million per year. The total flexibility resource would be 2.4 gigawatt

hours, wheh could replace the need for batteries that have a capital cost of $1 billion.

Hotels and other lodging facilitieare the commercial segment with the most intensive use of hot

water: 15% of their total energy consumption. By virtue of this, and of ¢feted applications

pools, laundries, restaurants, and hot tap water in the roethgy are an optimal application of

lt21ad ¢KSe KI @S | @I Af | eheabthavcar sénelhBatDpundps anddeényY & £ 2 7
require active cooling (e.g., indoor pspkitchens, etc.). This sector may represent hot water use

equivalent to 6 million homes, but with about 100,000 locations and far fewer decisionmakers. A

targeted initiative to deploy flexible heat pump systems that reached 20% of the lodging failities

the country could cut annual GHG emissions by 450 thousand metric t@@®fnd help

customers save $70 million per year. The total flexibility resource would be 800 megawuast,

which could replace the need for batteries that have a capital 6b$800 million.

Swimming poolsare a vast repository of warm water, which can be heated extraordinarily

efficiently with HPWHSs while offering significant demand flexibility. There are ~2.5 million heated
residential pools, 300,000 community pools, anddD® pools at lodging properties. Opportunities

for synergisms are significant, e.g., where cooling and dehumidification support are usefully

provided as HPWH byproducts. Residential pools use about the same total energy as water heating

at sites where thg are present, but given the significant thermal mass of water could in principle be

nearly 100% flexible in timing to optimize renewable energy integration. An initiative to change out

53 See https://www.hud.gov/program_offices/economic_development/eegtilities

54 See https://www.eei.org/issuesandpolicy/Pages/liheap.aspx

5¢KS F2dzNJ ta! Qa dGz2drt 38y Shibsilivivdvia.dodtodeymener@yAletdi. ghB?idyiich@ang v | £ G2 G|
¢+l Qa G201t 3ISYSNI A 2hitpsk dwwivascomRAbbuttiaKvE-at-g-dlanck). Ziuk T1% bf2hé tothl o

customers are served, and 20% of this is ~2%.
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20% of the residential pool heaters with flexible heat pumps that amtyduring favorable times on

the grid could cut annual GHG emissions by 550 thousand metric t@@®find help customers

save $70 million per year. The total flexibility resource would be 700 megdwats, which could
replace the need for batteriethat have a capital cost of $300 million.

Laundromatsare considered highly desirable settings for HPWHSs, given that they have constant
waste-heat streams occurring simultaneously with water demand, and normally also high
dehumidification and space coofimeeds (both of which can be met with the HPWH). There are an
estimated 30,000 coin laundries in the U.S., and up to 100,000 laundry facilities in the lodging and
hospitality sectors. While an initiative to reach these desirable customers would haviicaigni

impact, our analysis does not have sufficient disaggregated detail to estimate the total.

District heatingsystems today are located in every state, and serve up to 50,000esitential
buildings (5.5 billion square feet, produced by only 660daygstems). (USDOE/EIA 2018). A
remarkable 16% of the energy input (156 TBTU/y) is provided by coal (and could perhaps be
targeted first) and only 1% with electricity. Half of the heat is delivered to puldighyed buildings.
About 30 million square feadf districtheated floor space are added to networks each year,
representing a rising opportunity (DOE/EIA 2018). In some areas, district heating networks could be
expanded opportunistically (in conjunction with conversion to heat pumps with centralipeags).

In total, the heating for district heat adds up to over 700 TBTUAfeahich is equivalent to 40% of

the energy used for residential water heating, and nearly double that of commercial water heating.
An initiative to reach this sector with heatimps could have a significant impact.

Industrial demonstrationgtargeting highly compatible manufacturing contexts could help pave the
way for broader adoption of higtemperature heat pumps, while more fully engaging U.S. heat
pump manufacturers in thislgbal market.Five fullscale U.S. demonstrations of commercially
available technologies in different segments providing heat pldses@fit services

(dehumidification, cooling, spadeeating) should be carefully designed and evaluated, and the
results wiely publicized. Ideal candidates for early pilots are food processing, dairies, and facilities
using heat for drying lumber, paint, and similar processes. Based on the results, broader campaigns
could be scaled up. The industrial heat sector is aaagdimportant target for decarbonization, not
only in the U.S. but globally as well.

Federal leadership by example

Government buildings consume about egearter of all hot water and one half of the distribeating

energy in norresidential buildings. Thehare of housing (subsidized, military, prisons) is not known. The
well-established Federal Energy Management Program (FEMP), as well as-baseatynergy

management offices, energyriented procurement protocols, and other initiatives provide the vehicle

for deployment. FEMP also issues internal standards for its own equipment purchases, and these could
be fortified to emphasize heat pumps.

56 https://www.eia.gov/analysis/studies/buildings/districtservise
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Many of the campaign concepts noted above would naturally include a cohort of fedevallyd
buildings. Specifiopportunity areas include: Veterans Affairs and other government hospitals; public
and other assisted housing; military housing and otherWwater uses on bases (laundry, food service,
pools, etc.); prisons; laboratories; supercomputing centers; and dtites with available heat sources
and highertemperature, industriatype water/heat/cooling/dehumidification uses; and central plants
or district heating systems serving various types of facilities.

Federal engagement should include partnering withetamd local governments to incorporate schools,
colleges, and universities. The federal sector may also be able to use its buying power to leverage larger
projects, which could have multiplier effects that benefit the private sector. An example of thisenay
adding space to existing district heating grids and/or helping finance the establishment of new grids to
serve a mix of public and private buildings.

ENERGY STAR program enhancements: residential and commercial

Public and private energy users aliketinaly refer to ENERGY STAR for purchasing guidance. The
program incorporated residential integrated HPWHs more than a decade ago, and a recent update to
version 4.0 made several important improvements. These recent changes included:

Raising theminimum performance threshold to a UEF of 3.3.
Including criteria for optional gridonnected functionality.
Including more heapump waterheating product categories, e.g.: split systems,-addunits,
pool heaters, and 120olt options.
There are a numheof potential ways to continue to improve the program in the future:

Focus further on consumer amenity and quality as a criteria for inclusion, including extending
SEA&GAY3T 61 NNI yiGé NBIdANBYSyidi&da FYR AYiNRRdzOA Y3
barriers to adoption.

Consider requiring gridonnected functionality or other flexibility as these features become

mature.

Cease endorsing foséilel-fired water heaters (there are 1,300 natectric water heaters with

ENERGY STAR certification).

Increased focus by ENERGY STAR on-targle (commercial and industrial) heat pumps through

its benchmarking, design guidelines, and voluntary partnership campaigns.

Increase emphasis on HPWHs in the-poescriptive noAresidential ENERGY STAR Buildings

program.

| 2Y&aARSNI RS@St2LIAYy3I Iy a9b9wD, {¢!w azald 9FFAO
towards high performance products.

Tax incentives

Tax incentives (aka credits) are particularly important for market segments where mandatory standards
O y Q {plied, Particularly norresidential applications where each system is somewhat bespoke or
inseparable from the broader system within which it is embedded. They can also help mitigate the risk
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of reversion to fuebased water heating in the face of high HR\bsts. Tax incentives for residential
HPWHSs were once set at 30% (Franco et al., 2010), and were reduced (arguably prematurely) to $300
(perhaps 1€20% of the installed cost). Uptake was very low: orlf¢2of taxpayers took advantage of

any residentiaknergy tax incentive in recent years, and participation and fund distribution was highly
skewed towards higheincome households (Crand#&lbllick and Sherlock 2018). To have impact, these
should be restored at much higher incentive levels and be much miolely advertised than has been

the case in the past. However, it should be kept in mind that leweome households may not be able

to make productive use of consumer tax incenti¢@#th strategies developed to address this)

Seasoned program adminiators indicate the need to have deep incentives in place in the absence of
minimum efficiency standards. Existing incentive levels for the residential sector, averaging about $400
per heat pump water heater, are insufficient to achieve market transforomati

Deeper incentives for residential and small commercial customers should be scaled to cover the full
incremental project cost in order to move the needle on accelerating HPWH. We recommend the
following amounts be considered:

Incentives that result in000- $1,500 retail savings per unit for HPWH equipment, depending

2y &AT ST LIWXASR Fd GKS Yl ydzFl OGdzNBNJ 6 & dzLJa i NB |
incentive amount may be lower since supply chain markup adds to the retail impact of lowe

wholesale prices.

$1,000- $2,000 in additional installation support applied as a midstream incentive to installers

or downstream refundable tax incentive (or other similar mechanisms) with a streamlined and

simple process. This support could be targkefer the many customers who require costly

electrical panel and/or building circuit upgrades to power HPWHSs.

Historically, utilities have been the primary source of incentives and have achieved very low market

penetration in the household sector (witlery little attention to commercial and industrial customers).

While participation rates are increasing, overall penetration rathe ratio of HPWH units rebated each

year to number of customersare very low according to the latest national review (frorto 0.15% in

most cases, with the best at 0.4%) (Rosenberg 20¥6)recommend that utility efforts be augmented

GAGK FTSRSNIffeé RANBOGSR OFYLIAIYyEad LYyy20F G§ADBS oI &,
explored, including focus on particukapromising opportunities such as in the hospitality and food

products industries. Opportunities not deemed attractive to utilities (e.g., pools) could also be

emphasized. Some efforts could be carried out in cooperation with states and cities, e.g., in

decarbonizing district heating systems or coupling heat pumps to municipal waste infrastructure.

Another role for tax incentives could be to induce the manufacture of HPWHs (millions per year, versus
a few tens of thousands today) in the U.S. vs. oversgaspkctive of where the existing assembly lines
are (mostly overseas), far more new ones will need to be built to meet the demand envisioned in our
scenarios.

Few if any tax incentives currently exist for aasidential applications of HPWHSs. Investment
credits, accelerated depreciation, and other favorable tax treatments could be implemented to provide
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clear incentives. Since projects in these sectors are often bespoke, it may be more efficient to design
"performance" rather than the "prescriptivahcentives. This could involve creating a program where
they are taxcredited on a $/kW saved/stored or $/tonne of carbon basvith credit given for ancillary
savings like cooling, if those measures are pursued as well. Such projects are large enbugh tha
engineering documentation could be justified. This would also induce sites to seek the deepest impact
possible. For larger commercial and industrial applications, tax incentives could indlamation of

existing sinks and sources of heat, along wittiriect incentives such as those routinely used by states
and localities to attract industries to their areas (permitting and planning streamlining, local tax relief,
tax-increment financing, establishment relevant criteria for economic redevelopment zetes$.
Refundable investment tax credits may yield a more robust response than do conventional credits.

Irrespective of the exact incentive mechanisms chosen to makingegebtlled HPWHs competitive with
conventional electric resistance water heatessweell as fossiiuel-fired technologies (condensing or
tankless water heaters), our analysis suggests that incentives need to approach the full incremental cost
of upgrading to HPWHSs (equipment plus labor). Incentives should be tailored to reflecteelasits of
incumbent technologies (gas vs. electric). Similarly, consideration should be given to ensuring that
incentives do not inadvertently steer consumers towards leyerforming products (including units
with tanks that are too small to deliver imded performance, cost reductions, and/or grid flexibility
benefits), which could create counterproductive maHspiiling effects. In this vein, incentives should
be nuanced so as to recognize material cost differences between integrated and split sftbieiater
of which may be necessary for contexts such as mobile homes or apartments where it is more
challenging to install HPWHSs indoors) or ducting (for contexts where ancillary cooling would be
unwanted).

INITIATIVES FOR LONGERM IMPACT

Mandatory equipment standards

Minimum efficiency standards for water heaters should be updated to reflect the new realities of the
opportunity for heat pumps to replace inefficient and polluting equipment.

Mandatory standards for residential HPWHs were considered and deemegffestive as early as
1994 (59 FR 10464, March 4, 1994), but failed to be included in the final rulemaking (66 FR 4474,
January 17, 2001) due to concerns about industry ability taufecture and install the systems.

The current paradigm for water heater standards, does not seek to optimize energy use or emissions
across fuels. Thus, electric water heaters have different standards thabdsetl water heaters. The

2015 standards regring HPWHSs were limited to units with tank capacities at or above 55 gallons, a
minority share of the market (Ryan et al., 2010). Only about 12% of households have existing tanks that
would need to convert to HPWH if replaced with an identical size.

Standards should be broadened to cover the full range of unitary water heaters (not only tanks above 55
gallons) and evaluated for technologies currently not covered, including: split systerasnanits,
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pool heaters, and central systems for commercialdings.A radical adjustment to the status quo
should be seriously considered as well: fue¢utral GHGperformancebased standards.

Another element standardshould consider is the interaction between HPWH and the grid. Forthcoming
standards in Washington are calling for geidabled HPWHs (using standard €DA5) in 2021, and for

all electric water heaters to be grighabled in 2022. Oregon will adopt thestandards in 2022 as well.

In 2020 the California Energy Commission initiated a rulemaking process under Title 20 for demand
responsive appliances (including water heatéfd)OE should consider harmonizing with these further
progressed efforts.

Perspectie should be retained that known barriers to market uptake must be taken seriously, and not
assumed to be universally overcome by mandatory standards. Building codes not oriented towards
decarbonization also present obstacles. Furthermore, the trades tlavised multiple ways of
circumventing existing HPWH equipment standards (Nevius et al., 2019), reducing compliance by half or
more. This tendency is compounded by the high cost of panel upgrades, required in many cases,
although this may be overcome byugtin 120V units that are arriving on the market in 2021 from

several leading HPWH manufacturéfsleanwhile, sales of fudired tankless water heaters and

efficient gas storage water heaters have increased since the introduction of HPWH standards.in 201
(Tankless units are deemed the most profitable type of water heater by installers in the NEEA program
(Nevius, et al, 2019)). Importantly, the economic dynamics ofemabled water heaters are not

captured in the current standards analysis methodologkich uses only flat electric rates rather than
more realistic timeof-day/season rates. This prohibits any meaningful assessment of this technology.

Given the realities of the market and experience with adoption thushfaret is reason for concerndk
tightened standards may drive consumers even more strongly from HPWHs to tankless and condensing
gas units, suggesting that incentives may be combined with standards at least for a transition period.

As always, stakeholder impacts must be evaluate8. thanufacturers of residential water heaters are

for the first time in HPWH history ideally positioned to enlarge and dominate the HPWH market in the

U.S., as all major U-Based manufacturers of domestic hot water heaters also offer heat pumps. These

coYLI yASa YIS dppr 2F (GKS dzyAda FGFHAfTlIoftS Ay (2RI &
market and offset sales from fublsed and electricesistance units. With the exception of

Westinghouse, all manufacturers of grethabled resistance watdreaters also produce HPWHSs. Few

offshore manufacturers offer HPWHSs in the U.S. market today, although this could change rapidly if the

market is perceived to be poised to grow. U.S. manufacturers should be prepared for this eventuality.

The average efficiey of HPWHSs sold in Europe in 2019 was lower than that of those sold in the U.S.

(EHPA 2020).

A key consumer impact of concern is dissatisfaction with mandated products. Unfortunately, equipment
standards are poorly positioned to mitigate these riskgsdiese, by statute, standards are based on a

single energy consumption or efficiency metric rather than on product quality. Thus, the standards are

AAt Syl 2y FFrOUG2NAR adzOK | & y2AaiSsudsSughdas hotleNJ NBE A 0 A f .

57 See https://www.energy.ca.gov/proceedings/energgmmissiopproceedings/flexibledemandappliances
58 GE plans to launch a product in early 2021, and A.O. Smith and Rheem are developing units as well.
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equipment located in a building may have adverse impacts on thermal comfort or humidity levels .
9b9wD, {¢!w YR 20§KSNJ OSNIAFTAOFGAZ2Y LINRPINI Ya fA]
Water Heating Specification should continue to be looked teedscles for fostering product quality

assurance.

(s}

Builders, developers, trades, and service providers can all benefit from the higher products (higher
markups). In evaluations of the Pacific Northwest HPWH programs, many installers stated that HPWHs
were the most profitable type of water heater to install (Nevius et al., 2019). Consumers will benefit if
the relative fuel prices and incentives for flexible load embodied in tariffs and payment agreements
(combined with any government or utility incengis) are sufficient. Gasnly utilities stand to lose sales
unless they diversify; many dufiel utilities already promote electrification.

Building codes for integrated savings

Local building codes can amplify or impede uptake of new technologies, dheir ifise is regulated

nationally. While building codes are not set federally, federal policymakers should work with local code

officials to mitigate barriers and maximize synergies. Gedted obstacles to deployment of HPWHs

are the preclusion of elécNA OA 1@ O0SELX AOAGE & 2NJ AYLX AOAGE&@0 oé& 3
tank-sharing in multifamily buildings (Farnsworth et al., 2019). Some building codes do not allow side

venting of combustion appliances (at least for commercial applicatians)) pthers apply time

dependent valuation methods that discriminate in favor of gas (TRC 2016).

On the positive side, and equally importantly, building codes influence system design and system

integration and thus capture opportunities (and, potentiathgmand flexibility) that cannot be simply

mandated into isolated products. Moreover, HPWH systems can be productively integrated into HYAC

YR RSKAZYARAFAOIGA2y aeaidtSvyaz a ¢Sttt a aLINROSaa
refrigeration systemsrad waste heat recovery food stores, food service, and hotels). Improved building

codes can capture these benefits, while enlarging the market for and uptake ophegt water

heating.

~

Local and state codes and standards are catchingup tothe potedtdf | t 2 | & | a ¢Sttt T /I ¢

24 building codes are now neutral between gas tankless water heaters and HPWHs and will favor

HPWHSs starting in 2022. Federal policymakers could support local and state officials to harmonize and

deploy codes like thosthat are in process in California and Washington, among others. The upcoming

California 2022 code update is poised to move much of the new construction market to HPWHSs starting

in 2023, with 80,000 units expected per year. This would roughly double aagates of HPWHSs. There

I NB ydzYSNRdza f20Ff aNBIOKé¢ O2RSa Ay OAdGASa FyR 02

minimum codes, and could be models for replication with federal support.

Other regulatory strategiei this arenanclude the fdlowing:
¢2 KStL I ROLYyOS t20rt O2RSa:z (KS FSRSNIE 3208N
buildings standard for federallgwned buildings to demonstrate and take advantage of these
opportunities, while encouraging their adoption by state ceder privatelyowned buildings.
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adequate power, drains, etc., are provided in new construction such that the cost of installing a

HPWH in the future is minimizeds already included in the California 2022 code update.

Building codes can also offer compliance credits to conventional cegatdled HPWHSs, as

I FETAFT2NYALF Qa KIF & NBOSyidfeé R2YyS F2NJ NBAARSYOGALlf
Hightemperature HPWHSs used in industry are typically uniquely designed and thus not

amenable to traditional standards. However, these may be approachable via statemaige

air emissions standards rather than energy efficiency standards.

Low global warming impactefrigerants

Adopting heat pumps can significantly reduce direct combustion of fossil fuel, cutting greenhouse gas,
but many common refrigerants also lead to global warming if and when they leak from the systems. The
global warming potential (GWP) of rigferants varies widely. Some cause essentially negligible warming
(e.g., ammonia and Gdased systems with a GWP efPwhile others have GWP that are significantly
higher (e.g., R34a with a GWP of 1430, and other common refrigerants with GWP ramgmgbD0

2000+5°. There are emerging refrigerants with lower GWP (near 5) and favorable qualities for heat
pumps as well (Kleefkens 2019).

It is of course important to place the GWP of potential refrigerant leaks in context with the savings from
reduced bssil fuel use. Radhavan et al. (2017) analyzed the tradeoffs between leaks in refrigerants and
reduced combustion and found that the overall climate impact of refrigerant leaks with conventional
refrigerants (i.e., those with a GWP of ~1400) are expefdk on the order of 10% of the avoided
emissions from fossil fuel that result from heat pump adoption. While not insignificant, the balance is
still in favor of heat pump adoption even with conventional refrigerants.

Federal support for R&D to developasupport scalaip of heat pumps using Io@WP refrigerants
could be an important longun strategy to improve the climate performance of the heating system.
These advances would apply in other markets and sectors as well beyond water heating.

Supporting U.S. manufacturing

As the market for HPWH and other heat pump systems grows, there will be an opportunity to grow
domestic manufacturing capacity the highly concentratetl).S. residential wateheater industry. As of
2015, three companies weresponsible for almost all U.S. water heater s&feEhese companiesand
offshore manufacturershave had a protracted rolleroaster ride in attempting to establish a
sustainable presence in the U.S. market for HPWH.

Two residential HPWH manufacturerstered the market briefly in the 1950s. No activity is

documented for three decades at which time different manufacturers appeared. Activity rapidly rose to
17 manufacturers and products by 1984, falling again to 2 to 5 manufacturers/products for tloree m
decades. This latest, fourth wave of activity is unfolding as with a rise to 11 manufacturers offering an

59E.g, see data dtttps://ww2.arb.ca.gov/resources/documents/higiwp-refrigerants

60 per CEE (2015): AO Smith 41%, Rheem/Ruud 34%, and Bradford White 20%.
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impressive array of 207 Eneryarlj dzl f A FASR LINPRdzOGA& O6LISNJ 9y SNBE& {dalft
earlier episodes, all leading manufacturefsconventional water heaters are participating (A.O. Smith,

Rheem, and Bradford Whiterepresenting 96% of the market for conventional water heaters). Given

this profile, the HPWH market is arguably at its most robust and vibrant point of its histibiy th S.

market.

That said, some major manufacturers (Electrélu®@ES? and Westinghous®) have in recent years
discontinued a total of ten HPWHSs previously offered (Schoenbauer 2015) in the U.S., and Rheem and
State exited in the early years, althoughentered at some later point (AD Little 1992).

[ 221 AY3 Y2NB 0 NP Rf-ReatihgimanifacRiting 1@rilscépg (Glllpmdiict gyges), S NJ
today about 55 brands of residential water heaters are offered in the U.S. market, made by 31
manufacturerUS DOE 20260)Of the 9 U.S. companies making any sort of water heater (33 brands), 4
make HPWHSs (17 brands). Of the 5 US companies that don't make HPWHSs, 3 produce only tankless
water heaters (Bradley, Heatworks, and Niagra Industries). Westinghoussrabdctrie and fuelfired
storage, and gafired tankless water heaters and Bock makes strictljirgitl storage tanks. In sum, few
significant U.S. manufacturers are absent from the HPWH market.

There are two ways federal action could support growtkhim capacity othese U.S. manufacturing
firms: first is through providing substantial and sustained support for growing the market for HPWH.
Given a strong presence in the market these firms are poised to capitalize. The second pathway for
support couldbe targeted tax incentives and other industrial support for supporting domestic
manufacturing scaleip, both for HPWH as described above and also for larger commercial and
industrial equipment.

Industrial policy innovation and the role of R&D

The combinedmpact of publieprivate collaboration over the #Qear development of the U.S. HPWH
market has been quite muted. There have been many false starts and acedister of companies

entering and leaving the market, with corresponding erratic fluctuabbRlPWH sales. Overall market
penetration has been negligible. There are many lessons to be learned from comparing our experience
to that of other countries (Mills 2021).

7z 1%

WE LI yQ&d SELISNASYOS A& AyaiaNHzOGA OGSO | fivdde@adea K (KS O
later than in the U.S., they leapfrogged over prevailing technology to,agfi@erant which has far

lower global warming potentiand higher CO®Rnhile also significantly expanding application to cold

climates. They then surpassed the UnSsales in the first launch year, with residential product

saturation in the residential sector as of 2019 that is nearlyi®@s that of the U.S. This was achieved

through acarefully plannecombination of R&D support, incentives, and regulatory measuwapan

also manufacturersGO t 2 1 & F2NJ O2YYSNOALFf o6dzAf RAy3aa | YR Ay Rdz
approach was to develop core technology with public support and then deploy it to all manufacturers on

61 Seehttps://www.electroluxappliances.com/SeardResults/?2g=heat%20pump%20water%20heaters

62 Seehttps://www.geappliances.com/search.php?search _gquery=hybrid%20water%20heater

63 Seehttp://westinghousewaterheating.com/electribeatpump-water-heater.htmi

64 The manufacturer and domicile of 4 brands could not be identified. All of these companies make exclusively tankless units.
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the market, rather than picking winnershis of course fostered competition, and maximized market
exposure of the new products.

¢KS 9dzNRBLISIY [/ 2YYAAdaA2yQa | 2NART 2y LINBcAdbdeaf Kl & Fdzy
pump applications in specific sectors where drying (e.g., brickmakuhdoaa products) is a key driver

of process heating energy demaffdVioreover, all major manufacturers of these systems appear to be

based in Europe and Asia, yet their largest potential market is probably theSlh&t industrial policy

could help to gow this market and garner the energy and flexible demand benefits, while nurturing an

industry of U.S. HTHP manufacturers which appears to be languishing.

The case of Australia offers a particularly stark counterpoint of what can happen when government
engagement is incomplete or too shelived. The introduction of substantial government incentives

caused HPWH sales to risefbld within less than two years, but sales plunged to near their pre

program level when incentives were abruptly and prematureimeged. Many manufacturers rapidly
entered-and then exiteddl KS YI N] S ¢KS RSIANBS 2F RSAGNUzOGA DSy
ONBRAOGATAGE a ¢Sttt Fa G2 1t21 YIFydzZFlIOGdzZNBENAQ | YR
estimated, but can be inganed.

In contrast to the aforementioned positive outcome of federal R&D in collaboration with industry in

Japan, the U.S. Government has conducted R&D on HPWH since the late 1970s, with unclear results. A
serious look should be taken at why pulgiévate collaboration has not borne significantly greater fruit.

LG Ftaz2 R2Sa y20 KStLI YFIGGSNR GKFIG GKS ' of & 5SLI N
pump water heater (DOE 2014). In fact, the technology was initially developed by industry, and was
AYUNRBRdAzZOSR O2YYSNDAFff& Y2NB GKFEY HAa &SI NJ LINKR 2N b
the commercialization of the unit (with General Electric) that DOE seems to lay claim to.

¢KS It2] GSOKyz2f23& Aa f | NE&eatch shdwd beRuoiled. I sypRort LINE O NJ
of this caution, as of a couple of years ago, the California Energy Commission placed HPWHSs very low on

the ranked list of technologies requiring publicly funded research (Gupta and Smith 2CGdifferent

kind of research is needed however to accelerate the market: application oriented, systems integration

research designed to develop and disseminate best practices to bring deployment costs down.

Of greater concern, roadmaps continue to call for public funds to bested in improving fossitiel
water heating systems (Brueske 2019; Gupta and Smith 2019). This is arguably counterproductive and
sends mixed messages to industry and consumers.

In terms of commercialization efforts in the United States, it is evideritt&WHs were brought to
market prematurely (Mills 2021). While these were decisions made by manufacturers, the government
played an active role in encouraging and incentivizing repeated cyclesabédlintroductions.

Looking forward, HPWHs and largermamercial and industrial heat pumps are likely to be a key
competitive frontier. However, there only appear to be two minor U.S. manufacturers focusing on larger
HPWH and industrisdcale systems are rare, while overseas companies already manufacturgediver

65 See DryFiciency program websitp://dry -f.eu/
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lines of highoutput heat pumps. Proactive industrial policy can help U.S. manufacturers catch up and be
prepared to have a place in the market.

Conclusion

Efficient and flexible heat pumps meet the moment by creating jobs in an important 21st century
SSOG2NE f26SNAY3I Odzali2YSNRQ SySNHeE o6Affazr Odziday3
renewable energy.

The United States could play a leading role in developing and deployirgahtvn heating technology,
creating thousands of jobs. There iaeed for lowcarbon heat and hot water around the world, and
the U.S. could be a leadirthis important and growing technology sector

Each dollar invested in market transformation will eventually lead to a dollar in the pockets of
households and theudgets of businesses who benefit from lower energy &sthis clean energy
annuity effect can ease the burden of energy poverty for lower income households and provide a long
term, durable, and persistent stimulus effect.

Carbon emissions from fosgilel have pushed our planet to the brink of a climate emergency. Replacing
the millions of direct combustion appliances and equipment we use for heat is a necessary step for
stabilizing greenhouse gas.

Finally, the grid is already faced with more frequéintes of renewable electricity surplus that will only
accelerate as more clean energy generation is added. Flexible heat pump systems can make productive
use of this valuable renewable energy, helping balance the grid and cutting the cost of the dearall ¢
energy transition.

Taking advantage of this opportunity will require sustained and significant effort from federal
policymakers. After decades of stagnation in heat pump deployment, new approaches like those
outlined in this report are needed to trafem the market and accelerate a transition towards tow
carbon hot water and industrial heat.

66 Based on the midpoint of our recommended camédxl equipment and installation incentive, $1,500.
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Appendix 1: Data Analysis Methods

NATIONAIB_LECTRIPOWERSYSTEM

The general approach for estimating the value of flexibility is described in the main report. Below are
tables and figures with sne details on the scenarios we assessed.

To estimate future loads, we conduct an analysis based on actual operations data from 2019 (EIA 2020).

¢KS NBLR2NI A& o0lFlaSR 2y |y aS@Sy odzAf RE A0Syl NAZ2 g
wind. When wariable renewable generation is over 80% of the total demand we assume that renewables

will be marginal and subject to curtailment. The hours when this occurs are labeled as low price times

FYR 20KSNJ K2dzNE | & KA 3IK LINRaGeseledirkity frideddS/k/R)ysl £ £ 8 = S O
adjusted so that the ratio of high:low prices is equal to some factor (e.g., 2:1 or 3:1) but the average

price per kilowattk 2 dzNJ 2 3SNJ 6 KS O2dz2NBRS 2F GKS RI@ O0F2NJ I G¥Ff

TableAl Scenarios considerdar electricity system.

Scenario Name New Generation Mix
Baseline None--based on 2019 data
Mostly Solar 75% solar, 25% wind
Even Build 50% solar, 50% wind
Mostly Wind 25% solar, 75% wind

TOWARDCARBONFREEHOTWATER ANINDUSTRIAHEAT WITHEFFICIENT ANREXIBLEEATPUMPSC PAGESS



SCHATENERGRESEARCEBENTER

Connection Comparison
Net Load (Demand - [Solar + Wind]) by Month
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FigureAl: Estimated future net electricity demand for the east, west, and Texas interconnection.

Marginal system state (renewables vs. storage/dispatch) by Month
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FigureA2 Estimated future probability of marginal renewable generation in surplus for the east, west, and Texas
interconnection.
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RESIDENTIAHPWHOOSTS

The capital cost of water heaters consists of two major components: the equipment cost and the installation co

All water heaters have some seasonal variations in energy use, as hot water use changes with mains water
temperature, but some technologies, including HPWHSs, are more sensitive to seasonal changes. HPWHSs typically
have higher initial cost than conveatial storage water heaters. However, they have lower operating costs, which
can offset the high initial and installation costs. Table xx displays the common specifications and cost estimates for
residential building water heaters. The estimates are obtdifrem theBuildings Sector Appliance and Equipment
Costs and Efficienegports. The reports are produced by Navigant Consulting, Inc. prepared for the U.S. Energy
Information Administration.

TableA2. Estimated typical installation costs (Residential)

Integrated / Hybrid
Metric Natural Gas Electric Resistance
Heat Pump
Typical Capacity (gallons) 40 50 50
Uniform Energy Factor (UEF) 0.81 0.95 3.55
Average Equipment Life (years) 13 13 13
1,850 700 1,200
Retail Equipment Cost (2017%)
2,100 900 2,300
2,450 1,000 1,600
Total Installed Cost (2017%)
3,700 1,450 3,350
Annual Maintenance Cost (2017%$) - - 20

* Installed cost reflects differences in installation cost between typical andéffghiency products. Typical efficiency products

are norrcondensing, whereas the higtfficiency products are condensing and require different installation. Furthermore,

higher UEFs can be achieved by additional insulation, which also increases the size of the unit and the associated installation
cost (EIA, 2018).

TableA3. HPWH split system (Sand€Q)--much higher COP up te5t

Electrical Plumbing Freeze protection .
Equipment Taxes and
. Total
] ] ] cost permit
material | labor material labor | material labor
$124 $361 $522 $912 $115 $184 $4,084 $137 $6,440
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COMMERCIAWATERIEATERSOSTS

The capital cost of commercial water heaters consists of three major componengqtiigment cost, the

installation cost, and, a third cost component which differs from residential water heaters, the maintenance cost
(TableA4)). There are no integrated commereiecific HPWHs (CHPWHS) on the market (i.e., heat pump module
and storagdgank combined in one unit); all units are add units which are typically designed to be used with a

storage tank(s). However, in principle, residentiahle HPWH may be appropriately sized for many small

commercial applications.

TableA4. Estimated Typal Installation costs of commercial natural gas and electric water heaters

Metric Natural Gas Electric Resistance
Typical Capacity (gal) 100 119
Typical Input Capacity 199 18
(kBtu/h) & (kW)
Thermal Efficiency (%) 99 98
Average Life (yrs) 10 12
Retail Equipment Cost (2017$)** 4,050 2,700
4,950 3,200
Total Installed Cost (2017%)** 5,550 3,800
6,600 3,950
Annual Maintenance Cost (2017$) 270 50

**The range of retail equipment and installed costs represents the range from replacement market to new construction

market.

TableA5. Estimated Typical costs of central commercial HPWHs

Parameter HPWHValue
Flow rate (gal/min) 34

Typical InputCapacity (kW) 50
Coefficient of Performance (COP) 3.9

Average Life (yrs) 15

Retail Equipment Cost (2017$)** 47,100
Total Installed Cost (2017%)** 50,950
Annual Maintenance Cost (2017%$) 100

TableA6. Cost synthesis for replacing storag@mmercial water heaters

Fuel $ / kBtuh (heat)
Natural Gas 35
Electric Resistance 65
Heat Pump 80
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INDUSTRIMEATPUMPCOSTS

Our synthesis of a literature review of total system capital investment of heat pump technology in the
industrial sector is shown in Figutd. We derived the following specific cost equation across a range of
sources.

A .
N * 8
T php v Do

2,000 Heat.Source
Air

Excess Heat
Flue Gas
Ground Water
Not Reported
Sewage Water

1,500-

¥ E+ 0>

Source

Arpagaus and Bertsch, 2020
Arpagaus, 2020 A2EP Briefing
-+ Emerson Climate Technologies, 2011
-+ Grosse et al., 2017
-+ Kosmadakis et al., 2020
Meyers et al., 2018
Pieper et al., 2018

1,000-

Specific Cost USD/kW,,

500-

g y=1319x"%

0 2,500 5,000 7,500 10,000
Heat Rate (kWy,)

FigureA3. Synthesis of large commercial and industrial heat pump installation.costs

Ultimately our analysis in the large commercial sector used the three most recent (2020 dated) sources
in FigureA3, based on an assessment of their relative value $bin@ating current prices for industrial

heat pump projects. These are shown in Fighdavith the equation used to estimate the unit cost of
custom heat pumps.
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Avg Specific Cost $/kW vs. Avg Heat Rate (kW)
® Avg Specific Cost S/kW 1658x7-0.174
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FigureA4. Synthesis of recent large heat pump unit cost data
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These may be valuable for future work in applied R&D to reduce costs. Grosse et al., 2017 offer insight

into fixed O&M costs of electric driven heat pumps in thelD MW range as welThey project $3,200

to $3,500 per MWM-yr over the next decade. This is expected to drop as the technology matures. These

O&M figures and cost breakdown were not included in our analysis but are included here as an
informational item.

TableA7.Percenage breakdown of total systenost by heat source: ground water (GW), waste heat (WH), flue gas
(FG), air, and sewage water (S\Wom Grosse et al., 2017

Cost Source GW | WH | FG
Equipment 47 | 49 | 48
BOP 31 16 20
Electrical and 1&C 6 13 20
Civil andStructural 10 13 4
Development 3 4 5
Interconnection 3 5 3

TableA8. Percentage breakdown in totabsts by heat source (groundwater (GW), waste heat (WH), flue gas (FG),
air, and sewer water (SW). From Pieper et al., 2018.

Cost Source GW WH FG Air SW
Heat Pump 54 48 45 40 38

Heat Source 13 16 12 15 35

Construction 9 18 15 13 12
Electricity 16 16 28 19 7
Consulting 9 2 0 13 8
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DATAOURCES

The data sources we use to support our analysis are listed in Agbl@ each sector, the data represent
the best available source we could identify for estimating the scale of the opportunity and
understanding the diversity of expected economic and teéchl outcomes across the United States. We
focused on nationascale surveys and datasets that provided uniform coverage rather than attempting
to stitch together disparate local and regional surveys that may have more granular but divergent
approaches.
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TableA9. Summary of data sources used to support the analysis

Sector Data Scope Source

Residential Hot water demand and incumbent technology Residential Energy Consumptior
characteristics for representative households, with| Survey (RECS) microdata from
demographic information and other supporting 2015 survey.
information on energy consumption and
expenditures. (EIA 20214a)

Residential Estimated load shapes for hot water demand by | Modeling data from a HPWH
climate zone Load Shifting Stud{Carew et al

2018), provided by (Deforge
2020).

Commercial | Hot water demand and incumbent technology Commercial Building Energy
characteristics for representative businesses and | Consumption Survey (CBECS)
other commercial building premises, with microdata from 2012 survey.
demographic information and other supporting
information on energy consumption and (EIA 2021b)
expenditures.

Commercial | Estimated load shapes for hot water demandby [/ 2 YYSNOAFf awS1
building type load shapes.

(Wilson 2014)

Industrial Estimated demand for heat by industry type, Manufacturing Thermal Energy
temperature range, and fuel used, at the County | Use in 2014 ataset from
level. National Renewable Energy

Laboratory analysis.
Estimated load shapes for heat demand.
(McMillan 2019)

Industrial Fuel cost by industry type, by region. Manufacturing Energy
Consumption Survey (MECS)
summary data from 2014 survey|
(EIA 2021c)

All Greenhouse gas intensity for stanary fossil fuel Environmental Protection Agenc

combustion in heating appliances and applications| stationary emissions data.
(EPA 2018)

All Greenhouse gas intensity for electricity consumpti¢ Environmental Protection Agenc

with currentday grid mix. Go9Yraairzya IyR
wSaz2dz2NOS Ly dSan
(eGRID) 2018 data.
(EPA 2020)

All Electricity grid generation data by region HourlyElectric Grid Monitor
datasets.
(EIA 2020)
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Appendix 2: Summary data and tables
This appendix includes a number of summary data tables that support the main report and are the basis
for many of the figures.

Table A10. Summary of current greenhouse gas emissions from conventional heat sources for hot water-and low
temperature industrial heat (circa 20D20) that are in the scope of analysis for this report.

Sector Application MMT CQe / year Data Source

Residential Water Heating 140 Analysis of RECS

Commercial Water Heating 30 Analysis of CBECS

Industrial Hot water and steam below 180 Analysis of NREL Industrial He
150°C provided bigoilers Toolbox Data

Industrial Hot water and steam below 140 Analysis of NREL Industrial He
150°C provided bgHP Toolbox Data

Industrial Processeating below 150°C | 30 Analysis of NREL Industrial He

Toolbox Data
TOTAL All in scope for report 520 Synthesis

Table A11 Summary of current greenhouse gas emissions from conventional heat sources for space heating and
high-temperature industrial heat (circa 204D20). These are not in the scope of analysis for this report.

Sector Application MMT CQe / year Data Source
Residential Space Heat 220 Billimoria et al. (2018)
Commercial Space Heat 170 Billimoria et al. (2018)
Industrial Space Heat 20 Analysis of MECS Survey (EIA
2021c)
Industrial Hot water and steanabove 110 Analysis of NREhdustrial Heat
150°C provided boilers Toolbox Data
Industrial Hot water and steanabove 70 Analysis of NREL Industrial He
150°C provided bgHP Toolbox Data
Industrial Processeatingabovel50°C | 300 Analysis of NREL Industrial He
Toolbox Data
TOTAL Not in scope for reprt 890 Synthesis
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Table A12. Estimated primary energy consumed for hot water and industrial sector heat in applications that are
G§SOKYyAOIfte LRaaAroftsS O o-diBIst IAGS |df AAi2K 1Kyl oy LBdaY LAGRIS Yol t y2RAEY
KSFEGAY3Id 51 G &2 daNIBEOS, REGS| &8 INECS dadiads¢aiAdierdix &

Segment TBTU per| % of % of | Elec:Fuel Price | COP to Break
year TOTAL sector | Ratio even

All sectors and segments (7.8 EJ, 7,656 100%| n/a n/a n/a

primary energy)

Singlefamily 2,082 27% 71% 3.01 2.408
multifamily 618 8% 21% 3.35 2.68
Mobile home 239 3% 8% 2.7 2.16
Centralized / Storage 335 4% 40% 4.2 3.36
Point of use 43 1% 5% 4.2 3.36
System mix 129 2% 15% 4.2 3.36
District heating 341 4% 40% 4.2 3.36
Industrial Conventional Boilers 2,533 33% 65% 2.7 2.16
Industrial CHP (useful heat portion 918 12% 24% 2.84 2.272
Industrial Process Heat 417 5% 11% 3.16 2.528

TableA13 Summary statistics for breakeven COP based on operating costs. Supportin@.Figure

Sector Baseline | 5th % | 25th median | mean | 75th % | 95th Number of
Fuel % % Sites

Residential | Natural 1.49 231 | 284 3.17 3.55 5.17 56,304,361
Gas

Residential | Other 0.94 1.24 |1.71 1.89 2.20 3.51 7,324,009

Commercial | Natural 1.35 214 | 2.79 3.08 3.71 5.19 1,734,013
Gas

Commercial | Other 0.72 1.04 | 1.37 2.47 2.18 3.29 1,381,151

Industrial Natural 2.36 3.07 | 3.28 2.64 3.71 5.33 268,776
Gas

Industrial Other 0.69 097 |1.44 1.93 1.99 3.16 627,757
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TableAl14.Summary statistics for breakeven COP based on carbon intensity. Supportin@Figure

Sector Baseline | 5th | 25th % | median | mean | 75th % | 95th % | Number of
Fuel % sites

Residential | Natural Gas 0.95 | 1.24 1.54 1.46 1.95 1.95 56,304,361
Residential | Other 0.67 | 0.67 1.06 1.05 1.32 1.67 7,069,807
Commercial| Natural Gas 0.98 | 1.28 1.59 1.46 1.73 2.01 1,734,013
Commercial | Other 0.69 | 1.12 1.42 1.93 1.94 2.90 119,163
Industrial Natural Gas 0.40 | 0.92 1.50 1.72 1.97 3.44 268,776
Industrial Other 0.28 | 0.64 0.99 0.95 1.41 2.40 627,757

TableA15 Residential sector emissions from water heating (million metric tons of CO2e per year). Data sources: EIA

2021a, EPA 2018, EPA 2020). See Fajimredata view.

Sub Sector Electricity Natural Other Total
Gas
Mobile home 9 0.9 0.6 10.5
Singlefamily detached house 45.6 38.5 6.5 90.6
Singlefamily attached house 3.5 3.4 0.1 7
Apartment in a building with 2 to 4 units 4.4 4.8 0.6 9.8
Apartment in a building with 5 or more units 11.7 6.5 1.4 19.6

TableAl6 Residential sector greenhouse gas emissions per household (kilograms of CO2e per household per year).

Data sources: EIA 2021a, EPA 2018, EPA 2020). See Figure TTQN for data view.

Region Baseline Energy 5th % | 25th % | median| mean | 75th | 95th % | Number of
Source % Sites
Midwest Electricity 407 972 1,540 | 1,786 | 2,286| 3,999 | 9,406,971
Midwest Natural Gas 461 577 891 989 | 1,255| 1,828 | 16,001,711
Midwest Other 553 847 1,064 | 1,205 | 1,599| 2,100 | 963,053
Northeast Electricity 144 460 794 843 | 1,141| 1,815 | 6,802,145
Northeast Natural Gas 460 595 946 | 1,063 | 1,391 | 2,055 | 10,598,254
Northeast Other 474 772 1,259 | 1,390 | 1,736| 2,863 | 3,606,139
South Electricity 473 803 | 1,218 | 1,395 | 1,858| 3,051 | 30,106,882
South Natural Gas 328 563 795 879 | 1,170| 1,715 | 12,909,205
South Other 296 617 883 | 1,119 | 1,405| 2,152 | 1,425,887
West Electricity 260 626 | 1,042 | 1,162 | 1,532| 2,682 | 8,263,881
West Natural Gas 330 574 843 938 | 1,182 | 1,980 | 16,795,191
West Other - 603 | 1,017 | 1,071 |1,392| 2,287 | 1,328,931
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TableA17.Shipments of residential water heaters over time (number per year in U.S.) SeéAHiffaredata view.
Sources: Gas and Electric storage: AHRI (2020)-Z0#4 Instantaneous gas water heaters: (EERE 2006) and
ENERGY STAR Unit Shipment and Market R&nrtReport (2012019); HPWH data also from ENERGY STAR (2010
2019).

Year| Gas Storage Electric Storage Gas tankless Heat Pump
water heaters

2000 4,907,007 4,257,433| missing missing

2001 4,931,267 4,333,170| missing missing

2002 4,987,976 4,390,495| missing missing

2003 5,124,265 4,429,880| missing missing

2004 5,053,775 4,572,932 85,000 | missing

2005 4,801,188 4,518,598 156,000 missing

2006 4,654,436 4,791,640 242,000| missing

2007 4,384,428 4,470,232 322,000| missing

2008 4,000,493 4,189,451| missing 2000

2009 3,760,657 3,751,994| missing missing

2010 3,918,150 3,736,597 384,000 59000

2011 3,953,113 3,738,882 337,000 23000

2012 3,959,444 3,733,988 339,000 34000

2013 4,282,104 4,008,478 397,000 43000

2014 4,471,903 4,277,329 416,000 46000

2015 4,374,199 4,027,067 297,000 55000

2016 4,208,984 3,937,936 304,000 52000

2017 4,359,297 4,127,302 387,000 72000

2018 4,521,373 4,229,912 444,000 65000

2019 4,377,001 4,201,274 491,000 84000
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technology with a HPWH with a COP of 3.0. Data view available in Efjure

Region Baseline Energy | 5th % | 25th % | median | mean | 75th % | 95th % | Number of
Source Sites
Midwest Electricity -623 -348 -239 -282 -156 -85 9406971
Midwest Natural Gas -136 -65 -31 -38 -5 26 16001711
Midwest Other -378 -240 -166 -182 -109 -27 963053
Northeast Electricity -765 -456 -330 -349 -195 -74 6802145
Northeast Natural Gas -175 -89 -49 -45 -2 67 10598254
Northeast Other -508 -285 -171 -201 -90 -15 3606139
South Electricity -607 -369 -247 -280 -162 -99 30106882
South Natural Gas -248 -148 -92 -108 -60 -26 12909205
South Other -601 -372 -235 -280 -157 =77 1425887
West Electricity -636 -348 -228 -282 -146 -78 8263881
West Natural Gas -179 -102 -67 =77 -41 -8 16795191
West Other -519 -362 -261 -263 -140 -21 1328931

TableA19 Breakeven COP on an ongoiagst basis for commercial customers by baseline energy source. This data

is shown in figur@1l.

Baseline Energy Sourc{ 5th % | 25th % | median | mean 75th % | 95th % | Number of Sites
District Heat 1.4 1.9 25 3.2 3.0 3.7 23854
Electricity 1.0 1.0 1.0 1.0 1.0 1.0 2441974
Fuel Oil / Kerosene 0.6 0.9 11 3.5 13 1.9 69187
Mixed 1.0 1.5 21 1.9 25 3.6 1288110
Natural Gas 1.4 2.1 2.8 3.0 3.7 5.2 1734013
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Table A20. Heat pump performance (COP) required to break even on operating costs (excluding incentives for
demandflexibility) for industrial sulsectors. Based on data from MacMillan et al. (2019), with additional supporting
information from EIA (2021c) and statemy emissions factors for the fuels used. A view of this data is shown in
Figure28.

Sub Sector 5th | 25th | median | mean | 75th | 95th | Number of
% % % % Sites
Apparel Manufacturing 15| 15 3.4 35| 40| 6.0 13222
Beverage and Tobacco Product 0.7] 1.2 20 | 30| 3.7 | 53 85927
Manufacturing
Chemical Manufacturing 05| 1.0 1.6 18| 2.6 | 4.0 51927
Fabricated Metal Product Manufacturing 1.0 | 1.9 2.0 24| 32 | 3.8 314358
Food Manufacturing 0.7 1.0 1.7 19| 28 | 3.9 88992
Machinery Manufacturing 08| 1.2 2.0 24| 33| 55 167412
Miscellaneous Manufacturing 09| 1.0 15 23| 39| 50 64446
Nonmetallic Mineral Product 0.6| 0.9 1.7 17| 25 | 3.2 2720
Manufacturing
Paper Manufacturing 05| 0.9 1.4 18| 25| 35 4851
Petroleum and Coal Products 05| 0.8 1.3 16| 22 | 33 5487
Manufacturing
Plastics and Rubber Products 06| 0.8 1.9 18| 31| 3.3 41921
Manufacturing
Primary Metal Manufacturing 04| 11 1.7 19| 23 | 3.7 4345
Textile Mills 06| 1.0 1.5 18| 27 | 3.3 27489
Textile Product Mills 0.7 1.0 1.3 20| 3.2 | 46 18638
Transportation Equipment Manufacturin 0.7 | 1.3 1.8 21| 28| 3.6 4798
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TableA21 CO2e emissions per year from water heating by commercial building subsectors. Data from CBECS survey
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(EIA 2021b) with emissions intensity from EPA (EPA 2018, EPA 2020). Data visualization i821.figure

Sub Sector District | Electricity Fuel Qil / Mixed Natural
Heat Kerosene Gas
Refrigerated - 1,621 - - 15,782
warehouse
Other - 8,245 128 70 24,713
Enclosed mall 25,019 138,433 - 27,327 41,805
Vacant 494 479 69 - 43,005
Laboratory 13,567 1,580 - - 62,430
Food sales - 12,506 20 - 157,362
Outpatient health care 23,810 14,221 39 353 194,239
Retail other than mall 10,876 57,974 72 910 220,975
Public assembly 49,861 28,813 3,355 4,663 308,800
Nonrefrigerated - 70,234 41 1,181 524,638
warehouse
Religious worship - 36,402 486 583 534,547
Public order and safetf 251,471 | 108,578 121 - 875,439
Service 3,488 39,890 45 - 1,135,932
Office 249,144 | 203,652 433 7,704 | 1,575,674
Nursing 5,142 74,378 3,607 - 1,965,485
Food service 16,526 | 318,922 269 28,053 | 2,150,137
Education 664,465 | 326,709 9,614 9,393 | 2,910,920
Strip shopping mall - 344,273 - 125,447 | 3,049,660
Inpatient health care | 1,113,821 | 80,795 6,538 83,181 | 3,053,321
Lodging 1,168,587 | 194,335 28,597 605 4,088,062
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TableA22.CO2e emissions per year from water heating per commercial building, divided in four national regions.
Data from CBECS survey (EIA 2021b) with emissions intensity from EPA (EPA 2018, EPA 2020). Data visualization in
Figurel8.

Regon Baseline Energy | 5th 25th | median| mean | 75th % | 95th % | Number of

Source % % Sites
Midwest District Heat 2813 | 28395 | 148819| 171064 | 734200 | 1954532 5042
Midwest Electricity 6 42 215 866 2238 28137 483442
Midwest | Fuel Oil / Keroseng 30 110 771 531 1479 1672 4474
Midwest Mixed 0 0 0 379 0 14323 255248
Midwest Natural Gas 57 648 6278 8601 | 34480 | 493737 489274

Northeast District Heat 4345 | 42327 | 126696 | 138085 | 664005| 1984821 7478

Northeast Electricity 5 42 248 497 1403 13766 279352

Northeast| Fuel Oil /Kerosene| 5 29 287 440 2225 41202 60900

Northeast Mixed 0 0 0 233 0 21400 172240

Northeast Natural Gas 124 | 1308 | 11605 | 15072 | 64805 | 889331 285513

South District Heat 1493 | 23131 | 146900 | 144499 | 675322 | 3112003 7253
South Electricity 8 59 267 1008 2229 18266 1167398
South Fuel Oil / Keroseng 405 | 1997 | 2406 8524 | 12390 | 27164 2740
South Mixed 0 0 0 217 0 7051 553587
South Natural Gas 116 | 1960 | 11948 | 16213 | 85790 | 1313165| 515825
West District Heat 3122 | 37890 | 107052 | 160040 | 498800 | 2754214 4081
West Electricity 8 53 205 640 1218 11415 511782
West Fuel Oil / Kerosene 402 | 1884 | 3737 863 31881 | 54397 1073
West Mixed 0 0 0 106 0 556 307035
West Natural Gas 106 | 1159 | 7851 | 13663 | 49222 | 647934 443402
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TableA23.Trends in sales of commercial storage water heaters, by fuel. Sources: Heater Shipme+it89298zim
U.S. DOE 2010, and 262019 from AHRI (2020). Unfired storage tanks and boilers used for water heating are not
included here.

Year| Gasfired Hectric Total
storage storage
1994 91,027 22,288| 113,315
1995 96,913 23,905 120,818
1996 127,978 26,954 | 154,932
1997 96,501 30,339 126,840
1998 94,577 35,586| 130,163
1999 100,701 39,845| 140,546
2000 99,317 44,162 | 143,479
2001 93,969 46,508 140,477
2002 96,582 45,636| 142,218
2003 90,292 48,137| 138,429
2004 96,481 57,944 | 154,425
2005 82,521 56,178| 138,699
2006 84,653 63,170 147,823
2007 90,345 67,985 158,330
2008 88,265 68,686 156,951
2009 75,487 55,625 131,112
2010 78,614 58,349 136,963
2011 84,705 60,257 | 144,962
2012 80,490 67,265 147,755
2013 88,539 69,160 157,699
2014 94,247 73,458 167,705
2015 98,095 88,251 | 186,346
2016 97,026 127,344 224,370
2017 93,677 152,330 246,007
2018 94,473 138,882 233,355
2019 88,548 150,667 239,215
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Table A24. Carbon emissions associated with fuels combustion for industrial heat by end use type. Based on data
from MacMillan et al. (2019), with additional supporting information from EIA (2021c) and stationary emissions
factors forthe fuels used. Data visualization in FigRée

Sub Sector Coal Coke and | Diesel LPG NGL | Natural Other Residual
breeze gas fuel oil
Apparel - - - 0.002 0.007 - -
Miscellaneous - - 0.004 0.002 0.115 - -
Nonmetallic Mineral Product | 0.001 - 0.003 0.000 0.081 0.056 -
Fabricated Metal Product 0.046 - 0.000 0.001 1.037 0.032 -
Machinery 0.106 - 0.002 0.002 0.860 0.148 -
Textile Product Mills - - 0.072 0.003 1.670 - -
Plastics and Rubber Products | 0.008 - 0.005 0.001 1.783 0.033 0.002
Primary Metal 0.011 0.729 0.006 0.004 2.078 0.305 0.001
Textile Mills 1.008 - 0.006 0.005 1.872 0.645 0.011
Transportation Equipment 0.086 0.004 0.005 0.009 3.559 0.435 0.036
Beverage and Tobacco Produ¢ 1.998 - 0.034 0.006 6.771 5.341 0.007
Petroleum and Coal Products | 0.025 - 0.039 0.064 5.736 44.209 0.046
Food 17.850 0.502 0.297 0.129 29.939 12.830 0.338
Paper 13.771 0.000 0.123 0.007 17.081 50.349 0.759
Chemical 18.063 - 0.065 0.056 74.973 27.577 0.054
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TableA25.Estimated average emissions from electricity generation by state. Data are from eGRID online tool (EPA
2021).

Region CO2 total output emission rate (Ib/MWh) by state 2019
United States Average 884.23
WYOMING 2053.963
WEST VIRGINIA 1929.876
KENTUCKY 1767.68
INDIANA 1623.637
UTAH 1590.641
MISSOURI 1586.815
HAWAII 1550.538
PUERTO RICO 1537.308
NORTH DAKOTA 1436.445
COLORADO 1322.745
NEW MEXICO 1319.372
NEBRASKA 1255.483
MONTANA 1253.318
OHIO 1235.41
WISCONSIN 1225.376
ARKANSAS 1121.449
MICHIGAN 1006.839
ALASKA 969.657
TEXAS 909.538
KANSAS 887.175
GEORGIA 876.208
MINNESOTA 874.768
FLORIDA 873.661
ARIZONA 869.18
IOWA 855.493
RHODE ISLAND 851.411
MISSISSIPPI 835.152
LOUISIANA 823.639
DISTRICT OF COLUMBIA 796.57
ALABAMA 781.905
NORTH CAROLINA 775.01
MASSACHUSETTS 773.102
PENNSYLVANIA 754.916
NEVADA 737.453
MARYLAND 734.631
OKLAHOMA 731.952
ILLINOIS 720.994
DELAWARE 709.974
TENNESSEE 700.313
VIRGINIA 633.189
NEW JERSEY 543.142
SOUTH CAROLINA 535.124
SOUTH DAKOTA 489.05
CONNECTICUT 474.377
OREGON 396.591
CALIFORNIA 385.591
NEW YORK 376.722
WASHINGTON 297.247
NEW HAMPSHIRE 251.051
IDAHO 210.845
MAINE 205.232
VERMONT 40.858
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TableA26.Summary of maximum allowable simple payback period for investments in the industrial sector. This table
is a summary of seteported survey responses, based one publicly available results of the 2014 Manufacturing
EnergyConsumption Survey (EIA 2021c)

Subsector Num. of Less 1to2 2t03 3to4 | Greater No Don't
Sites than 1 years years years than 4 Such Know
year years | Require
-ment

Food 13,690 4% 12% 15% 11% 4% 26% 27%

Beverage and Tobacco Product| 2,443 - 5% 9% 12% - 40% 28%

Textile Mills 1,355 - 18% 23% 8% - 32% 11%

Textile Product Mills 4,277 - - 4% - - 61% 21%

Apparel 3,874 - - - 0% - 51% 35%

Leather and Allied Products 466 - 9% 11% 7% 0% 54% 11%

Wood Products 8,398 3% 11% 13% 4% 3% 32% 34%

Paper 3,220 - 11% 20% 10% 13% 21% 22%

Printing and Related Support | 14,005 3% 8% 13% 5% 4% 34% 33%

Petroleum and Coal Products | 1,918 2% 16% 14% 9% 12% 17% 29%

Chemicals 8,530 3% 17% 17% 10% 4% 23% 27%

Plastics and Rubber Products | 8,217 8% 20% 18% 6% - 19% 28%

Nonmetallic Mineral Products 12,184 1% 8% 13% 10% 3% 37% 29%

Primary Metals 3,138 2% 20% 16% 7% 4% 25% 25%

Fabricated Metal Products 36,439 - 5% 13% 4% 5% 43% 28%

Machinery 15,307 3% 10% 12% 8% 6% 32% 28%

Computer and Electronic Produc|{ 6,831 - 13% 13% 4% - 32% 32%

Electrical Equip., Appliances, an| 3,298 - 16% 11% - - 27% 32%
Components

Transportation Equipment 6,603 8% 17% 17% 2% - 26% 29%

Furniture and Related Products| 7,913 3% 6% 8% - - 43% 34%

Miscellaneous 13,001 - 8% 8% 3% 4% 46% 30%

Total 175,107 3% 10% 13% 6% 4% 35% 29%
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