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EXECUTIVE SUMMARY
Water heating is the second largest energy usssidential homes in the USA. ltis also

a very inefficient use of energy, with typical gouient efficiencies around 60%. The Center for
Energy and Environment with funding from the Mino&sOffice of Energy Security ran a two
year field monitoring project to determine if higfficiency tankless water heaters could be part

of the solution to this large inefficiency.

A 37% savings of water heating energy per houskWwalk found for replacing a typical
natural draft storage water heater with a tankbess However, this savings was not enough to
offset the high incremental cost resulting in pajsairom 20 to 40 years.

Tankless water heaters saved energy and provale@dwners with acceptable hot water
service at a reduced monthly cost without increasatal hot water consumption. Tankless
water heaters have achieved about 5% of the neer\waater market despite the long paybacks.
Improving the payback could increase installatiand a significant amount of energy could be

saved.

INTRODUCTION
Water heating is the second largest end use afalagas in homes in the United States,

accounting for 24% of residential use (D&R Interoaal 2006). Water heating is also typically
one of the least efficient end uses, since ther&aeinimum efficiency (Energy Factor) is only
0.59 (for a typical 40 gallon water heater). Meffcient water heating technology thus has the
potential to provide large natural gas savings.

The federal rating (DOE 2001) for water heates lisboratory rating that is similar to
efficiency. It is determined by measuring the heafgerformance over a simulated daily usage
pattern. The Energy Factor (EF) is the ratio eféhergy in the hot water output from the water
heater divided by the energy into the water heatehis case in natural gas. The usage pattern
consists of six equal draws, at 3 gallons per naiioit 216 seconds. The draws are at one hour
intervals with a total volume of 64.3 gallons falled by a 19 hour period with no draws. The
inlet and outlet water temperatures, water voluang, energy input are recorded and used to
compute the EF.

A large fraction of the total energy used by cormianal storage water heaters (StWHSs)
goes to make up standby losses from the approxiyr2286 of the day (estimate based on
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(Mayer and Deoreo 1999) when no hot water is basegl. Tankless water heaters (TWHSs),
which are widely used outside the U.S., storeelittl no hot water and so eliminate much of this
standby loss, offering one potential strategy tpriowe water heating efficiency. In addition,
they typically have intermittent ignition, whereamventional storage water heaters typically
have a standing pilot light. The typical fedena¢ryy factor (DOE 2001) of non-condensing
tankless water heaters (NTWHSs) on the U.S. madges from 0.78 to 0.85, while that of
condensing tankless water heaters (CTWHSs) ranges @91 to 0.96 (AHRI 2010). However,
their installed cost is also 2 to 6 times thatafventional StWHs. Moreover, there is very little
data on their real-world energy use and the asasahgs they provide relative to StWHSs.

Field data are important to determine whethera&avings are comparable to those
estimated based on laboratory tests and federeailegf€y ratings. Hoeschele and Springer’'s
(Hoeschele and Springer 2008) field testing, based total of only 48 days of data for two
water heaters (one StWH and one NTWH), showedrafignt difference between field
performance and Energy Factor (EF) and, perhaps mgortant, indicated that the difference
in performance between StWHs and TWHs might nadmoeirately captured by the EF test.
Differences between field and rated performanceiobecause the EF draw profile is not
representative of actual draw patterns or totaWaier use in homes. A 30 home study in
Ontario, Canada found that 44 gallons per day Wwasverage hot water consumption for single
family residences (Thomas 2008). A US Environmigatatection Agency (Environmental
Protection Agency 2005) study found that real ugsgterns are considerably different from
those assumed by the EF test procedure. The sidmigh monitored the hot water usage of
twenty homes in the Northwestern United Statespdaihat the average draw length was 70
seconds and that typically there are only one orlakge draws per day, with over 95 percent of
draws less than two gallons.

The EF is a figure of merit and, as such, wasntended to characterize actual hot
water energy use in homes, but to provide a meaosrpare the relative performance of
different water heaters. However, with new tecbges emerging the draw profile used in the
federal test procedure may result in EFs that d@aocurately reflect the relative real world
performance of various types of water heaters.

TWHs do not have continuous standby heat lossewlven hot water is called for they
must bring the heat exchanger back up to temperaefore they can deliver hot water. The
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input required to re-heat the heat exchanger greadluces efficiency on short draws. StWHs
have large stand-by losses, but when hot watellisccfor it is immediately available at the
heater outlet. The impact of these differing moolflesperation on energy use can only be
accurately assessed using realistic draw patterns.

Other issues that affect the relative energy us&/dfs include electrical energy
consumption and potential changes in water usdadaiivVHs use electricity for controls,
ignition, draft fans, and freeze protection. Hietly must be accounted for in energy savings
calculations and will offset some of the naturad gavings. The EF test procedure takes
electrical consumption for normal operation (colgtraynition and draft fans) into account, but
does not include any conditions that would trigigeeze protection. Unlike StWHSs, which can
run out of hot water if the rate of hot water ugeeds the combined storage volume and
recovery capacity, TWHs can provide endless hoemaita fairly high flow rate, since they have
maximum firing rates three to five times as higls&#/H input rates.

There are also outstanding questions about gtraéitaspects of TWH performance, such
as increased time required for the water heatprdduce hot water, minimum flow rate required
to activate the burner, and “cold water sandwichekjch occur when hot water remains in the
pipes from a previous draw when a new draw isatetl. The hot water in the pipes comes
through first, and then cold water as the heat axghr heats up, before more hot water comes
through. These performance issues could affeecggnese as well as user satisfaction. Delays
in getting hot water, for example, could encourpgeple to walk away from fixtures while
waiting for hot water. Minimum flow rates to adie the burner could cause people to operate
fixtures at higher flow rates. Cold water sandw€lcould encourage people to leave a shower
running between users or to leave a faucet runwimgn rinsing dishes. On the other hand, the
fact that low flow draws do not activate the burmery save energy if people don’t switch to
higher flow rates. THWSs could encourage peoples®the cold water tap for more short or low
flow uses, which would also save energy.

Finally, some utilities have raised questions albbetpotential impact of TWHs on gas
distribution systems. Their concern is that, sin@¢H inputs are typically three to five times
that of StWHSs, they could create problems in ava#tslimited distribution capacity.

These issues were addressed through a field stutlg Minneapolis/St. Paul, Minnesota
metropolitan area. Two or three different wateatkes were installed in each of ten homes and
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were alternated monthly for a year to evaluategnase, hot water use, efficiency, qualitative
aspects of water heating performance and occup#istestion for each heater. The water
heaters were instrumented to collect data contislyaan hot water flow, inlet and outlet water
temperatures, gas and electricity input, time negiifor hot water to reach fixtures, and other
parameters. These data were supplemented witkedwner surveys that assessed occupant
satisfaction with various aspects of water heagefopmance.

Laboratory tests were performed on each wateehéatearn more about TWH
performance. The EF test was performed on eac¢hiaudetermine the EF for the specific unit
tested in the field. A full matrix of steady stated cyclical tests were run on each heater to
define a performance map that could be used to htlbe@nergy use for any arbitrary draw
pattern. The full test matrix would give a largege of test to determine whether or not a small

subset of tests could be used to develop the ensgynodel.

BACKGROUND
Two important aspects of domestic water heatiegevaddressed in the field portion of

this study: in-situ water heater performance féiedent types of water heaters, and domestic hot
water draw patterns and usage by fixture. Theséath high interest areas in energy efficiency
policy and research but little monitoring has bdene in actual homes.

This section reviews the current market for TWpisst field and laboratory studies
comparing TWH and StWH energy use and economica,afacustomer satisfaction with
TWHSs and utility incentive programs for TWHs. lddition, it summarizes previous research on

hot water usage patterns.

Current Market for Tankless Water Heaters
Many NTWH and CTWH units are available for resid@nise. Almost all such units

have modulating burners with electronic controlsi@intain constant outlet temperatures
despite variations in hot water flow rate or inkegtter temperature. Supplementing AHRI data
(AHRI 2010) with information from manufacturerstdrature, residential TWHs have minimum
inputs ranging from 11,000 to 20,000 Btu/hr and mmaxn inputs ranging from 117,000 to
199,900 Btu/hr. Models are available with energtdrs up to 0.95 and flow rates at a 77°F
temperature rise up to 5 gallons per minute (gpm).
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Nationally, annual sales of natural gas TWHSs &#,&00 units (DOE 2008). This
represents a little more than 5% of the total whester market of 9.8 million gas water heater
shipments annually (DOE 2008), and is five timegartban a 2003 estimate (Sachs et al. 2004)
and twice as much as a 2004 estimate (Sachs20@) , suggesting that sales of TWHs are on
the rise.

In discussions with manufacturers’ representatidesributors and contractors the TWH
market has been described as consumer-driven twitimajor users of TWHs and two minor
users. The majority of TWH users are individual$amilies dedicated to energy efficiency and
green building or users that require endless htemfar large families or luxury bath fixtures.
The two smaller groups of TWH users are those wdemirthese water heaters for physical space
savings or for use in a summer or part-time home.

There are many manufacturers of TWHSs in the UuSobthese, only five appear to be
significant players in our region at this time. eBk are Takagi, Rinnai, Noritz, Rheem/Ruud
(Paloma), and Bosch. Noritz, Rinnai and Takageappo have the biggest market shares,
although the exact breakdown is not clear. Nauitd Rinnai factory contacts both mentioned
each other as their biggest competitor in the Uh&. did not mention Takagi. However, the
local manufacturer’s representative for Rinnai shat both Noritz and Takagi were his biggest
competitors. In addition, the Takagi factory thbuthat in the Midwest Takagi had roughly
one-third of the business without mentioning cortpet by name. The Rheem/Ruud and Bosch
brands appear to have smaller shares of the rdgitaréiet, but are still active players.

Most of these manufacturers produce both non-awidg and condensing units. In
addition to the manufacturers previously listedyida has begun to gain a share of the market.
The Navien CTWHSs are noteworthy due to their lowt@nd the option of a small (0.5 gallon)

buffer tank that eliminates some of the hot watdivéry and performance issues.

Previous Studies of TWH Energy Use
Various sources estimate 20 to 50% savings fddéans water heaters relative to

conventional storage water heaters. Energy sawtegs primarily from the fact that tankless
heaters have minimal standby losses (although thes@me heat loss from the small volume of

water that is in the heat exchanger of a tanklegemheater between cycles). Additional
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savings come from higher combustion efficiencies @e fact that most tankless units do not
have pilot lights.

Only one previous field study has measured theggrefficiency of a tankless water
heater (EF 0.82) and a storage water heater (EF} %@ side-by-side comparison (Hoeschele
and Springer 2008, Davis Energy Group 2004). Uafately this study was of short duration
(29 days of data on the tank-type unit and 19 dd@ygkata on the tankless). Figure 1 shows

efficiency as a function of total daily hot watedwme for the two heaters.

Figure 1. Field Measurements of Gas Storage and Thless Water Heater Performance
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This study showed that the efficiency of both StWadd TWHSs varied broadly based on the
actual load, (Table 1).

Table 1. Water Heater Efficiency as a Function of bad in a Single Family Residence
(Davis Energy Group 2007)

Daily Load

Load Dependent EF
StWH
(Rated EF = 0.55)

Load Dependent EF
TWH
(Rated EF = 0.82)
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Minimum Load 10 Gallons/Day 0.24 0.68
Average Load | 53.2 Gallons/Day 0.46 0.75
Maximum Load 60 Gallons/Day 0.52 0.76

The researchers found that maximum efficiency vedseaed when hot water use was concentrated intoadl
number of high volume draws. Efficiency decreasedhorter draws at lower flow rates. Additioyallises that
were well spaced from other uses had lower eff@igsbecause energy was needed to heat up theath@ass of

the water heater itself.

The authors used the regression curves in Figtwecdlculate “load dependent energy
factors” for each water heater type over a ranggady hot water use volumes. These load
dependent energy factors were used in conjunctitnthe Title 24 methat(California Code of
Regulations 2007) to estimate annual energy usae fgpical single family residence. Based on
this methodology, annual savings for TWHs werenested at 47 therms for a California home.

Hoeschele and Springer offer several caveats dbsugstimate. First, it is most relevant
to new construction rather than retrofit becausaitodng was done in new construction and
because of the assumptions in the Title 24 metl8&tond, the field data on which the estimate
is based may underestimate savings due to twosstheetank-type water heater had an EF of
0.62 which is on the high end of what’s availalalegd monitoring took place in August when
standby losses on the tank-type water heater wererlthan a more representative seasonal
average (Davis Energy Group 2007).

National Grid (formerly Keyspan Energy), a Nortbied.S. gas utility, conducted an
informal field comparison between two StWHs and ©MéH in a condominium (Halfpenny
2010). Savings for TWHs were measured betweem@36a%, although these results were said
to be only preliminary because the study was shattiration due to various issues with the
StWHSs.

Okaloosa Gas District, a Florida gas utility, coogd a side-by-side laboratory test on a
gas TWH, an electric StWH, and a gas StWH (ExelenviSes Federal Group 2002). The three
water heaters were operated for 30 days each,jdatitical quantities of water drawn in a
simulated residential usage pattern. The reseear¢ixed the 30-day quantity of water, then
simulated the draw pattern by making hot water drawery half hour between 7 AM and 3 PM

! The Title 24 method for calculating water heateergy use correlates hot water use with floor area.
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on weekdays with additional draws on weekends. aMegage draw volume was 5 gallons and
the average flow rate was 3 GPM. The total loagtayed 85.2 gallons per day, much higher
than the 64.3 gallons per day used in the DOBEprestedure (DOE 2008). Results are
summarized in Table. Dperating costs for the gas TWH were about 37% tbiathe gas

StWH. 47% less than for the electric StWH. Thehtigtal flow volume and the absence of
small volume or low flow rate draws may accounttfog fact that the measured EFs are close to
the rated EFs.

Table 2. Summary of Lab Tests for TWHs and StWHSs (Eelon Services Federal Group
2002)

Gas TWH Gas Electric
StWH StWH
Tank Capacity N/A 40 gallon 40 gallon
Rated EF 0.82 0.55 0.88
Measured EF 0.85 0.55 0.87
30-Day Electric Consumption (kwWh) 0.6 N/A 332.9
30-Day Gas Consumption (therm) 11.3 17.9 N/A

30-Day Total Energy Consumption (site 1,130.55 1,793.74 1,136.29
kBtu)

Electrical Energy Costs ($) at $0.06327/kWh $.04 AN/ $21.06
Natural Gas Costs ($) at $0.9885/therm $11.21 B17.7 N/A
Total Energy Cost ($) $11.25 $17.73 flow dr

Gas TWHs use electricity for controls, for drafhfoperation and for freeze protection.
Electrical energy use is not included in the DOEgy Factor test for gas water heaters.
Electrical wattages are listed in Table 3 for theshcommon sizes of residential TWH from

each manufacturer.

Table 3. Wattage for Electric Use on TWHSs

Wattage
Standby consumption (controls), average S5W
Consumption during operation (controls and draft fan), average 50to 80 W
Freeze Protection — Bosch 120 W
Freeze Protection — Noritz 161 W
Freeze Protection — Rinnai 100 W
Freeze Protection — Rheem 182 W




Actual Savings and Performance of Natural Gas Tankless Water Heaters

8/30/2010 page 14 of 91

102 to 111 W

Freeze Protection - Takagi

Energy use for freeze protection in particularlddae substantial, but no previous field
data are available to quantify this. Most freer#gxtion systems have some sort of sensor
which turns on a heater when the temperature adhgsor goes below a preset level (usually
between 34 and 42°F). Some manufacturers have timameone heater system. In addition, the
exact control strategy varies from manufacturenamufacturer, as does sensor location. Itis
unclear how these factors affect electrical userapulifferent products.

The only study found which measured electricalafsee gas TWH during operation is
the Okaloosa lab tests. This study measured caotsamof 0.6 kwWh over 30 days or about 7
kWh per year. It did not measure freeze proteci®that system did not operate during the test

period.

Economics of TWHs

From interviews with eight local contractors, adktd costs for whole-house gas TWHs
as a retrofit were estimated from $2,000 to $5,00t typical price range of $2,500 to $3,400.
These costs are considerably higher than estingtethers: $350 to $2,000 according to (Sachs
et al. 2004); $1,600 according to (ACEEE 2007); $hd70 to $2,500 according to (DOE
2008). The reason for this disparity is not known.

Local contractors’ estimates of material and latmsts for TWHs are summarized in
Table 4. For comparison, these same contracttirsatsd the installed cost of a conventional
StWH to range from $900 to $1,300 with an averagg of about $1,100. They estimated the
installed cost of a power-vented tank-type heateange from $700 to $2,200 with an average
of about $1,600.

Table 4. Estimated Costs for TWHSs

Low Estimate High Estimate
Material Labor Total Material Labor Total
1 - - - - - -
2 $600 $1,400 $2,000 $1,200 $1,400 $2,600
3 - - $2,500 - - $3,000
4 - - - - - -
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S $1,865 $690 $2,555 $2,000 $1,150 $3,150
6 $1,600 $1,000 $2,600 $1,800 $1,20d $3,000
7 - - $2,500 $5,000
8 $1,000 $2,000 $3,000 $1,200 $2,30d $3,500
Average | $1,266 $1,273 $2,526 $1,550 $1,513 $3,375
Median | $1,300 $1,200 $2,528 $1,500 $1,300 $3,075

Several factors contribute to the higher cosiwHs. The water heaters themselves
have a high cost than StWHSs. The installation\WHs, especially in retrofit applications, adds
significantly to the cost. Side wall venting mbstplanned out and installed, often with
expensive venting materials (stainless steel). BWke typically installed on exterior walls,
which often requires relocation of the water heatet modification of the water piping and
natural gas lines. In some cases the gas line tihengas meter to the water heater has to be

upsized. A 120V electrical outlet is needed nbarfteater.

Most sources estimate savings potential for TWHisguthe DOE EF and the following formula:

Energy Use (hermsiyr) (11040 LR UL + 365 daysiygar « eI
i EF 100,000 Bit

NTWHSs have EFs that range from 0.78 to 0.85 (AB&10), with 0.82 being fairly
typical. CTWHSs have EFs from 0.90 to 0.98 StWHgeh&aFs that generally range from 0.58 to
0.67 (AHRI 2010). Within that range an EF of 0i88ypical for a standard StWH and an EF of
0.64 is typical for a power-vented StWH. Tableutngnarizes costs, savings and payback
estimates for TWHs using the DOE EF.

TWHs are said to have a longer lifetime than StWNk&nufacturers typically claim
about a 20 year life for TWHs, which is longer thha 10-12 year average lifetime of StWHSs.
However, because there were very few TWHSs instaligtde U.S. 20 years ago and because
TWH design has evolved over that time, there ilielevant data to support or refute these

claims.
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Table 5. Estimated Costs, Savings and Paybacks fokWHs

Standard | Power-Vent

StWH StWH NTWH CTWH
Energy Factor (EF)* 0.58 0.64 0.82 0.95
Annual Consumption 258 234 183 158
(therm/year) ?
Annual Gas Cost ($/year)’ $248 $225 $175 $150
Annual Savings compared to N/A $23 $73 $96
Standard StWH ($)
Life Expectancy? 13 13 20 20
Lifetime Savings over N/A $302 $1,450 $1,930
Standard StwH
Installed Cost® $1,100 $1,600 $3,000 $3,500
Price Premium over Standard N/A $500 $1,900 $2,400
StWH °
Payback on Premium (years) N/A 21.5 26.2 24.9
Sources:

1 - (AHRI 2010)

2 — (DOE 2001)

3 — Gas cost of $.96 per therm

4 — (DOE 2008)

5 — Interviews with eight local contractors who aanstalled TWHs

Differences in maintenance requirements betwa#i3 and StWHs could affect
both operating costs (for maintenance), efficieoegr time and equipment life. Older TWH
units required an annual flushing with water andila acid flush every five years. If the
homeowner is not able to perform this work the axtor visits could add considerably to
overall operating costs. However, newer TWHSs oatyuire flushing in areas with hard water.
One study showed a larger performance drop for T\k¢sto scale buildup (PM Engineering
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2005). This study used very hard water that excéegl tolerances of the DOE test procedure
and the maximum hardness recommended by the mamgator use without a water softener.
There have been several reports published in rgeams that disagree about how problematic
hard water is for tankless water heaters (PM Emging 2005) (Gregg 2006). Current TWH
technology only requires the operator to removelanl up from a small screen at the water
heater outlet as long as the water passing thdwgylwater heater meets potable water

requirements.

Customer Satisfaction with TWHs

National Grid Survey
Keystone Energy (now National Grid) is the onlye identified that had completed an

evaluation of its Tankless Water Heater Progrartuding customer feedback (Halfpenny 2010).
This study surveyed 101 program participants whibreaently purchased TWHSs, 91 of whom
replaced a tank-type water heater and 10 of wh@haced some other type of water heater.
Questions included:

» Sources of information on TWHs

* Motivations for purchasing TWHs

» Satisfaction with the performance of and variowdudees of the TWH

* Awareness of regular maintenance requirements\\oH3

* Changes in behavior since installing the TWH

* Demographics

The most common initial source of information AWHSs for people surveyed was a
friend, family member, neighbor, acquaintance ewooker. The second and third most
common sources were the gas-company or programite’elvgl personal contact with a
contractor or plumber. Additional sources of imf@tion included radio or television programs,
advertisements by a contractor or plumber, bilffeta, magazine articles, and manufacturer’s
advertisements.

The primary motivation for purchasing a TWH was&ve energy, followed by saving
money. Additional reasons that ranked high inatudever running out of hot water and saving

space.
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Participants were very satisfied with the ovepaliformance of their TWHs (Table 6).
Respondents were extremely satisfied with the fen§time they could use hot water without
running out and the amount of hot water they resgtiout of the faucet. In general, they also
were satisfied with the ability to use hot waterriwore than one purpose, though participants

were slightly less satisfied with this aspect thanother two.

Table 6. Satisfaction with TWHs (h=101)Halfpenny 2010)

Level of Satisfaction
o . L Neutral or | Extremely ,
Characteristic DI?S ?(tjlsj;ed satisfied satisfied Er?gv:[/
(5t0 8) (9 to 10)
Overall performance of tankless water hea 3 30 67 1
Leng_th of time you can use hot water withg 2 7 86 6
running out
The amount of hot water that comes out of 2 18 77 4
the faucet
The ability to use hot water for more than g 5 32 60 4
purpose
The reliability of the tankless water heater 3 15 51 32
Savings on natural gas bill 0 32 29 40
The amount of time it takes for hot water tg 17 62 21 1
come out of the faucet
The savings on water bills 0 36 26 39

Respondents were less sure of their satisfactitntive savings on their gas bills, the
savings on their water bills or the reliabilitytbeir tankless water heaters. Thirty to 40% of
respondents were unable to rate their level o$fsatiion with these characteristics. The authors
point out that this is likely due to the relativelyort time the homeowners had used the water
heaters at the time they were surveyed.

The attribute with which respondents were leas$fgad was the amount of time it took
for hot water to come out of the faucet, with ng@0% of respondents expressing
dissatisfaction.

The study also found that satisfaction with TWHsyrbe associated with the distance
from the water heater to the primary faucet or @mge. Respondents with TWHSs that are either

closer to or the same distance from the primaryofis®t water as their old water heater were
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more likely to report being extremely satisfiediwihe TWH'’s overall performance. In addition,
this subgroup of respondents also appeared to be satisfied with the amount of time it takes
hot water to come out of the faucet, the abilityise hot water for multiple purposes, and the
reliability of the TWH. Related to this is the diimg that homeowners with their TWHSs located
in a utility closet, bathroom or hallway are moatisfied overall and more satisfied with the
time it takes for hot water to come out of the fiutian were homeowners with their TWHs

installed in a basement, garage or attic.

Fewer than 20% of respondents to this survey wemae that their TWHSs required
regular or scheduled maintenance. Only six oftt homeowners surveyed had performed any
regular maintenance. The maintenance they perfbpriearily consisted of cleaning filters or

filter baskets.

About 75% of those surveyed believed that theythisesame amount of water with their
TWH as they did with their previous StWH. Twelespondents estimated that they osee
hot water now, citing longer showers and the waietto get hot water to taps as the most
common reasons for this. Conversely, twelve redpots estimated that they ussshot water
now. Their most common reasons for using lessMabér were that they use cold water instead
of hot water for some purposes and that they ame ileely to turn the water on and off at the

kitchen sink while washing dishes, rather thartHethot water run continuously.

Local Homeowner Interviews

Prior to the receiving the OES grant, CEE intezexd 10 local homeowners who
currently have TWHSs to obtain end-user feedbaclotorgeographic area. These ten represent
installations of the following brands:

2 — Bosch (both purchased through the retail madqet of them self-installed)

3 — Noritz
3 — Rheem
1 - Rinnai

1 - Takagi
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Five of the installations were done in 2007, thre2006 and two in either 2006 or 2005.
Of the six owners who knew the model numbers, threxe models with maximum outputs of
around 199,000 Btu/h, two with maximum outputs raiusd 180,000 Btu/h and one with a
maximum output of 117,000 But/h.

Nine of the owners interviewed initiated the TWption on their own impetus. For the
tenth owner, the TWH was recommended by a Greeld&uihe owner was working with. All
but one of the nine who took the initiative on thein did so in part because of an interest in
energy conservation, including two who plannedde the TWH in conjunction with a solar
water heater. Two of the nine had seen TWHSs img@iand liked the way they worked there.

Most owners had to rely on their memory to esterasts and only seven came up with
a figure. Their estimates ranged from $1800 (fierelf-installed unit) to $3,000, with an
average of about $2,150.

All of the owners seemed happy with their TWH; ineere very satisfied. None
reported problems meeting demand, though four tegdhat it took longer to get hot water than
their old system. Five reported issues get hoemaith low flow tasks such as shaving and on-
off dish rinsing, but all of them said this was adbig annoyance. Three reported problems with
getting slugs of cold water in between showersusing times of low water usage (“cold water
sandwiches”). Four noticed a need to change betg\but they were small changes and usually
made to accommodate issues around either wates tioavlow to activate the heater and/or cold

water sandwiches.

Utility Incentive Programs

Twenty-nine U.S. utilities and two Canadian ugit (one with some service territory in
the U.S.) were identified that currently offer redsafor gas TWHs. Rebate amounts range from
$100 to $500, with a median of $200.

The minimum requirements to qualify for these tebarary from utility to utility. Some
programs have multiple criteria. For example,iktyimight have a minimum EF requirement
and require the customer to use equipment only fxgre-approved list of manufacturers or a
minimum EF requirement and a requirement that ¢fugpenent have an intermittent ignition
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device (I1ID). Results are summarized in TablA7detailed table of utility programs for TWHs

is given in Appendix II.

Table 7. Qualifying Criteria for TWH Rebates in the U. S.

Number of Utilities
Using this Criterion
Main Criterion Additional Criteria

18 Minimum EF = 0.80 1 also requires pre-approvégrs
2 also require 11D

Minimum EF = 0.81

Minimum EF = 0.82 6 also require 11D

Minimum EF = 0.84

Pre-approved mfgrs.

Wik |kRr|N|R

No criteria specified 1 also requires that the B&/H be
replacing a water heater using a
different energy source or be the
second gas water heater for the
home.

1 also has pilot program that requireg
pre-approved mfgrs.

Note: This table adds up to more than 29 utiliiesause two utilities offer one incentive criter{tire EF) in one
part of their service territory and a differenténtive criterion in another part of their territory

Most of the utilities offer some sort of contract@ining as part of their programs (either
directly or through a coalition), although what stitutes training varies considerably from
utility to utility. For example, some utilities gaer with manufacturers who bring tankless units
to central locations for day or half-day trainiregsions. This is particularly done at the
beginning of incentive programs to make sure catdra are familiar with the equipment that is
being promoted, learn which distributors they carcpase the equipment through, and meet a
factory representative who can offer ongoing produpport. Other utilities do not consider

technical training part of their responsibility,tlilo educate contractors by giving them
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information on their programs and incentives, angtoviding marketing materials to help them
inform customers of the same.

Most utilities provide no education to their custrs on how best to use TWHSs.
Education is usually limited to brochures, billféus, web site materials and trade show
contacts, which typically provide information oretimcentive program but not on the technology
itself except in the broadest sense. Yet industperts as well as local contractors and end-
users who were interviewed all seemed to concursibrae education was important in order to
ensure appropriate use of TWHs and maximum custeatefaction.

Program contacts usually considered their TWH @ to be successful, although few
formal evaluations have been done, or are avaiternally if they are done. Managers of
programs were measuring success by the numbebatiag the participation of contractors and
manufacturers in their programs and the heightémesl of customer interest in tankless
technologies. Most also felt their TWH programgeveost-effective, but a number of utilities
expressed a desire to know more definitively witati@ savings are from this technology. All
contacts who knew the methodology behind their mogsavings estimates indicated that they
were based on Energy Factors and assumed hot wggenot on measured field data.

When asked, most utility contacts were not conegiabout TWHs causing huge gas
demand problems in their systems. A few have amscabout low pressure in certain areas of
their distribution system, but noted that if theyh had any problems it has been rare and in

limited areas.

Water Usage and End Use Disaggregation

There is a wide diversity of water usage in hoa@®ss the U.S. Diversity comes in
both volume and usage patterns. Understandingduoomestic hot water is consumed plays a
large role in understanding and rating water hgageiormance. A few previous studies have
looked at water usage. Several different methade Ibeen used in these studies resulting in

several different types of usage data.
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Total Water Use by Fixture

The American Water Works Association Research Hation conducted a study of 1188
single family homes in twelve different locatiors@ss North America (Mayer and Deoreo
1999). This study collected data at each housevomweeks in the summer and two weeks in
the winter. Though this is by far the largest gtafiresidential water use we identified, it did
not differentiate between hot and cold water usalgsal water flow was measured at the whole
house water meter for each site at 10 second sidteri he characteristics of a hot water end use,
such as volume, flow rate and length define a fedulow trace signature. A flow trace was
determined for each fixture. Data was then analyaeassign each water draw event to a
specific fixture. For example, the toilet in a h@oses the same volume of water at the same
flow rate each time it is flushed. Data processiag assign all draws with a volume and flow
rate matching the toilet’s flow trace to the tailgsing this method a very high percentage of the
total water volume can be assigned to specifiafed.

The AWWA study discovered many interesting thiagsut how residents use water in
their homes. It established a strong relationbeigveen total daily indoor water use and number
of residents with a mean daily indoor use of 6&Bogs per capita. Fixture usage was also
analyzed, resulting in household usage charadgterisEor example, study-wide, 1.98 showers
were taken per household per day. This type of idataportant because water heaters perform
differently under long high volume draws than showt volume draws. Therefore the more
showers there were in a day, the higher the daalenheating efficiency.

Hot Water Use by Fixture

In 2005 the Environmental Protection Agency coned@ study to determine the actual
water savings from low flow fixtures (EnvironmenRiotection Agency 2005). A total of 96
homes in Seattle, WA, the East Bay are of Calimrand Tampa, FLA were monitored,
collecting baseline water use data for two wedkach home was then retrofit with low flow
toilets, clothes washers, showerheads and fautetscond two week monitoring period was
conducted one month after the retrofit. The sape of flow trace analysis used by Mayer and

Deoreo (Mayer and Deoreo 1999) was used to adsgyfiaws to different fixtures. In




Actual Savings and Performance of Natural Gas Tankless Water Heaters
8/30/2010 page 24 of 91

additional to monitoring total water flow, the ERAudy also monitored flow into the water
heater for 20 of the homes, allowing all drawseasplit into hot and cold water usage.

In addition to the primary findings on water sasrfrom low flow fixtures (average
savings of 39% of total water usage per home) #ta collected provided insight into hot water
use. The 20 homes in this study used 55 gallondge(gpd) of hot water prior to the retrofits
and 44 gpd after the retrofits.

Tiller et al. developed a different protocol fasaggregating domestic hot water
consumption by fixture (Tiller et al. 2004). Thusotocol used a flow measurement at the inlet to
the water heater and temperature sensors at edishefi Temperature rises at each fixture were
correlated back to the flow measurements to assagh draw to a fixture. This method allowed

93.7% of events and 99.7% of the hot water volunrgetassigned to specific fixtures.

METHODOLOGY

Water Heater Selection

A total of twenty-four water heaters were instalie ten homes. A single popular StWH
model from one of the largest manufacturers wad aséhe base case system and was installed
in eight of the homes. Only one model was selebtsduse heaters of this type have similar
properties and performance. This standing pilatural draft unit had a 40 gallon nominal
storage capacity, a 40,000 Btu/hr nominal firinig rand an Energy Factor (EF) of 0.60. Three-
quarters of the 40 gallon residential gas watetdrgaodels on the U.S. market today are natural
draft units with standing pilots, and these mogetsably represent an even greater percentage
of total units sold. The EFs of this type and sizbeater range from 0.59 to 0.63, with median
and modal EFs by model of 0.59 (AHRI 2010). Thm§ rate of the StWH units used was
initially measured at 24,000 to 30,000 Btu/h solitbhmer orifices were changed to achieve input
rates of 34,000 to 36,000, closer to the nominalifn Because non-condensing tankless water
heaters are relatively new in the U.S. and differeadels use different control strategies and

freeze protection schemes, units were installeth everal manufacturers that have a significant

2 StWHsfired often fire below their rated input rate. Several factors contribute to the reduced fire rate,
water heater orifices are sized for a particular natural gas heating value and elevation. Changes to these
valuable require a change if the burner orifice size to reach the nameplate rating.
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share of the NTWH market, either in the U.S. ashale/or in Minnesota. Ten NTWHSs were

obtained, two of a given model from each of fivBedent manufacturers (Bosch, Noritz, Rheem,

Rinnai, and Takagi). These units had a varietghairacteristics but all had EFs between 0.82
and 0.84. The median and modal EF of NTWH modaieeatly on the market in the U.S. is

0.82. Eight condensing tankless water heaters pumehased, two of a given model from two

manufacturers and two each of two models fromra thianufacturer. The CTWHSs had EFs
from 0.89 to 0.95. One model, Navien CR-240A, hdightly insulated 0.5 gallon buffer

storage tank intended to allow hot water outputaioy size flow and to reduce the time delay in

hot water delivery. Table 8 lists the characterssof the water heaters installed in the study.

Table 8. Characteristics of Tested Water Heaters

Max. Flow | Max. Flow
Min. Flow | Rate at 70°F| Rate at
Input Rate to (21°C) 35°F (2°C)
Rate, Start, gpm | Temp Rise, | Temp Rise, | DOE
Make Model kBtu/hr (Ipm) gpm (lpm) | gpm (Ipm) EF
AO Smith GCV40 40 N/A 0.60
Rinnai R75Lsi 15-180 0.6 (2) 4.2 (16) 7.5 (28) 0.82
Takagi TK-3 11-199 0.5 (1) 5.0 (19) 5.5 (20) 0.8¢
Bosch GWH 715ES 19-199.9 0.65 (2) 4.7 (18) 9.2 (34) 0.81
Rheem RTG66 DV 11-180 0.5 (1) 4.2 (16) 8.4 (31) 20.8
Noritz NO751 MCDV | 12-199.9 0.66 (2) 4.8 (18) 9.9)3 0.82
Navien CR-240A 17-199 N/A 6.0 (23) 11.1 (42) 0.95
Navien CR-210 17-175 0.5 (1) 5.3 (20) 9.8 (37) 0.95
Noritz N0841 MCDV | 11-199.9 0.5 (1) 4.8 (18) 10.3)3 0.91
Bosch GWH ¢800 ES 19.9-199 0.65 (2) 5.0 (19) 188) ( 0.89

1. No min. start flow rate; water heater has a 4Qayak
2. No min. start flow rate; water heater has a 0.5ayal
3. Sources: (Rinnai 2008) (Takagi 2009) (Bosch 208@yitz 2009) (Navien 2009) (Rheem 2009)

(Bosch 2009) (Noritz 2008)

Instrumentation

Each home was equipped with two water metersiahiouse water meter and a meter

mounted on the inlet of the water heaters. Themaeters were nutating disc, positive

displacement water meters with reed switch puldpuds of 198.4 pulses per gallon from

Badger meter (model M25) (Badger Meter 2006). efioan Standard diaphragm meters were
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used for gas measurements. These meters (AC-25@)fited with IMAC systems domestic
meter pulsers to give a resolution of 40 pulsescpbic foot (Elster American Meter 2008)
(IMAC 2008). These meters and pulsers were laboyatalibrated to make measurements
accurate to 0.03% of the reading. Two gas meters @&iso installed in each house, a total
house gas meter and a separate meter that me#isergas consumption of the water heaters
only. A watt transducer, from Ohio Semitronics, wasd to measure the electric consumption
of each water heater. These watt transducers, IfB®4&-005B, measure true power with an
accuracy of 0.2% of the reading (Ohio Semitroni@¢$®. Matched immersion resistance
temperature detectors (RTD) were installed atbet and outlet of each water heater to
measure temperatures. The RTDs were model P-M1IB:3-0-P-25 from Omega Engineering
and are 1/10 DIN which means an accuracy of +8%@&t 32°F (Omega Engineering 2010).
Surface mount thermocouples were adhered to thevduetr distribution pipes as close as
possible to each hot water fixture. Thermocouples: stuck to the pipe with an adhesive
sticker and then a 2 inch piece of pipe insulatias wrapped and secured around the
thermocouple to isolate it from ambient air tempaes. In homes where some fixtures were
unable to be isolated a remote wireless logger (B{0Bgers) were used. Remote loggers
collected temperature information at one minuterivdls. The HOBO data was used with one
second data collected from a sensor on the ndanasth to assign end uses. Table 9 shows the
important characteristics of the data collectiopaptus. All monitoring equipment was wired
to Campbell Scientific data loggers. The data logge®odel CR-3000, took measurements once
a second and uploaded data to a central servey evening. All instrumentation was hard
wired to the data logger at each site. Each lobgdrtwo water meters, two gas meters, two
RTDs, a watt transducer, and up two fourteen theouples for end use disaggregation. Figure

2 shows the schematic for wiring the data loggeraah site.
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Figure 2. Data logger wiring schemati
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All instrumentation was calibrated or had calibvatverified before being installed in t
field. The total ad water heater flow meters were tested in sefff@sir test draws were rt
through each meter in seriasd then into a weighable bucket. Two low volumenas at les:
than half a gallon per minute and two high volumeag at one and a half gallons peinute
were run through the set of flow meters for eath st he duration anwaterweight of eact
draw was also recorded and then cledagainst the measured volume and duration from
flow meter. All readings were within the manufaet-specifiedcalibration. A similar proces
was performed with each set of gas meters, whaledand water heater. Instead of runi
natural gas through the meters, air was forcedutiiravith a known flow rate. During th
calibration check it was discoverproper performance dle pulsers on the gas me¢dials was
highly sensitive to placemen®ulsers had to be carefully placed so that xieed rotation
matched the dial on the gas met

The inlet and outlet immersion RTDs were matchetthénlaboratcy before installation.
Each set was placed in an ice bath for five minut@se readings for this five minute peri
were then used to determine an offset constanatoheach set of RTDs at 32 °F. Af

matching constants were app, RTDs were chdcby placing them in an ice bath and then
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hot water bath at about 120°F. Warm up curves eleeeked for the set of RTDs to verify
calibration and matching.

Flow and gas meters readings were verified irfitld as well. After installation at each
site a series of hot water volumes were drawnovAflow draw at about 0.75 gpm and a high
flow draw at about 3 gpm were taken at each $ering these draws hot water was run into a
bucket at the fixture and weighed for comparisoth @&s meter dial revolutions were counted.
The measurements taken by the data monitoringreystere checked against these manual
measurements.

Figure 3 shows the installation diagram for a¢hrater heater site. The diagram shows
the basic layout of the site with three-way wat®t gas valves and shut off valves to allow
water heaters that are not operating to be shdtafi the water and gas supplies. The matched
RTDs were installed so that the same two RTDs cbaldsed to measure the temperatures for
all three water heaters. The inlet temperaturemaasured at one location for all three heaters.
This measurement was made just before the wats branched off for each water heater. The
distance from the inlet RTD to the water heaterechfrom site to site but was typically only
about two feet. A single outlet RTD was rotatemtrirwater heater to water heater depending on
which heater was active. It was placed aboutrsikés from the outlet of the active heater.
Water piping distances, from the water heater btdléhe outlet RTD and from water heater
outlet to the common distribution line were matckethin one inch for all water heaters at a
site. An equal distance for hot water distributitom each water heater was important to
compare the performance of the water heaters inetiglg hot water to the fixtures. For
example, if the distance from water heater #1 éoctbnnection at point “A” in Figure 3 was
longer for the StWH, the homeowner would noticerameased hot water delivery time for the

StWH that was a function of the distribution sysierot the water heater.
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Figure 3. Three water heater installation diagran
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Table 9. Key Instrumentation Specification:

Instrument

Parameter Measurec

Resolution

Precision

Range

Water Meter
(positive

displacement
Gas Meter

Wait

Transducer

Total and vaterheater

water volumes

Total and vaterheater
natural gas elumes
Water heaterlectrical

consumption

198.4 pulses/gal

40 pulses/cubic

foot

2% of Readir

0.3% of
reading
0.2% of

reading

@.5to 25 gpm

0 to 250 cfm

0to 500 W
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Immersion Water heater inlet and
1/10 DIN 148 to 752°F
RTDs outlet temperatures

Site Selection and Water Heater Installation

A convenience sample of ten sites was selectddaumix of household sizes matching
that of the single family detached housing in tB@@United Stated Census for Minnesota, space
to install at least two water heaters, and suffityeaccessible piping to enable the hot water
pipe temperature at each fixture to be monitored.

Data from the 2000 Census was used to determabrdakdown of occupancy for single
family detached homes in Minnesota. 18% of homeewccupied by one person, 35% were
occupied by two people, 17% by three people, 18%obypeople, and 12% of homes by more
than four people (US Census Bureau 2000). Thsites for field monitoring were broken down
using these percentages so that two homes hae sewjtents, three homes had two people, two
homes had 3 residents, 2 homes had four residemdsyne home had more than four residents
(it had 5Y.

Homes were selected that had sufficient space/éder heaters and monitoring
equipment. This required space above the StWHawnntemperature sensors and the water
heater flow meter. Space on an exterior wall vegsiired to mount and properly vent one or
more TWHs and the temperature sensors to collétand outlet temperature data.
Additionally, at least partially unfinished baserteewere preferred because of the access they
allow to the plumbing distribution system.

Sites with city water were given preference ovisswith private wells. The city water
in the Minneapolis/St. Paul area leaves the watatrment plants with hardness below the
maximum levels recommended by TWH manufacturersitesfrom private wells in the metro
area is quite hard, which requires that homeowoensistently maintain their own water
softening equipment to keep hardness below recordetemaximums. Water heaters were

sized based on manufacturers’ and plumbers’ sgingdelines and installed in conformance with

3 Site 8 had one occupant moved out in Novembef882educing occupancy from four to three. Sitesid 9 had
a college age child move in May and move out in dsigf 2009.
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manufacturers’ requirements. The sizing guidslinged are based on the size of the homes and
the number of fixtures, rather than the current benof occupants. This practice prevents the
possibility of an undersized water heater whenhibre is sold.

Manufacturer’s sizing recommendations, for TWHs, asually based on inlet water
temperature and a usage component, such as nufrdrst ases. Recommendations are
typically provided for two conditions, northernawld climates where the inlet water
temperature drops below 50°F and southern or wéimates where the inlet temperature is
typically above 70°F. Models are then listed fogit appropriate usage condition. Some
manufacturers use number of major and minor fbguosing 2 gallons per minute as the
dividing point between major and minor uses, afeis use number of showers or bathrooms.
Figure 4 shows a sample of one such sizing chart.

The majority of the TWHs that were installed haakimum inputs between 190,000 and
199,000 Btu/hr. The Rinnai and Rheem NTWHs had maxi inputs of 180,000 Btu/hr and the
Navien CR-210 had a maximum input of 175,000 Btu/finese smaller units were installed in
one bathroom homes with no dishwasher, becauseatbigynot in danger of exceeding the
maximum flow rate ratings of the smaller water besat Table 10 shows the breakdown of

installations.
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Figure 4. Sample sizing chart for a TWH manifacturer

Model | SummerWater Supply 70°F Winter Water Supply 45°F
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Source(Noritz 2010)

Data were collected between December 2008 and2k® An alternating mode te

procedure was employed. Valves weet at each site so that gas and water would ooly b

one water heater at a time. Each site alternatetes) or changed water heaters, every mc

This test method allowed data to be collected &mhewvater heater under similar entering w

tempeature conditions and seasonal usage patternsschiselule for water heater changec

was monitored and adjusted at each site so thay &eater operated over the full spectrun

incoming water temperatures and outdoor air temipeys. At changeor the heater bein
brought on line was flushed and refilled and theqgakrequired to bring StWHSs back

temperature was discarded from the dat:

Installations were slightly staggered and dataectibn was terminated at different tis

for each ge. An average of 363 useful days of data wactdt at each home. Each we

heater had at least 90 days of monitoring, inclg&inough seasonal variation to characte

performance over the entire year. Some days wetegrdined to be unusablee to artificially

introduced draws, water heater or monitoring eqeiphmaintenance, or a forced chang
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monitoring conditions. After deleting these day® average number of days monitored per
heater was 150.

Table 10. Water heater installations by site

No. of
Household No. of _
Showers| Dish-
Site Size, No. of Bath- StwWH NTWH CTWH
and washer
People rooms
tubs
1 3 3 2 Yes AO Smith Takagi | Navien 240A
2 4 2 2 No AO Smith Noritz
3 3 1.5 1 Yes Rinnai
4 2 1 1 No AO Smith Rheem Navien 210
5 1 1 1 No AO Smith Rinnai
6 5 2 2 Yes AO Smith Noritz Noritz
7 2 2 2 Yes Takagi [ Navien 240A
8 4 2 2 Yes AO Smith Noritz Bosch
9 1 2 2 No AO Smith Rheem
10 2 1.5 1 No AO Smith Bosch Bosch

All water heaters were initially set to match tamperature setting of the water heater
that existed in each home prior to the study. Ebiting was determined by measuring the water
temperature at the fixture closest to the watetdndar a full-flow hot draw. After the new
water heaters were installed the setpoints wengsget] until the temperature at the same fixture
matched the measurement for the original watereheat

Homeowners were allowed to adjust the temperaettengs over time for their comfort
and were asked to track any changes they maddognadtached to each water heater. It was
learned through the course of the study that thietowater temperature of a StWH (which all
ten homes had as their existing water heatersg¢svaonsiderably and cannot be accurately
characterized by measuring the temperature ofgdesdraw. Thus the new water heaters may
have been matched improperly to the pre-existitgoseats, leading to a greater number of

temperature adjustments by the homeowners. Nitlgedken sites made at least one temperature
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setting adjustment during the monitoring periodmaére detailed breakdown of set point
temperatures is reported in the results section.

TWHSs were set digitally and temperature settingeeveet at the start of each monitoring
period to match the set point from the end of thevjpus monitoring period for the same heater.
The StWHs had dials to set the temperature. Ttiedée had to be turned to a special setting to
light the pilot at the start of a monitoring periadd were then returned as closely as possible to
the dial setting from the prior period.

Residents at each test site were asked to congpkievey at the end of several
monitoring period for each water heater. The syg\@nsisted of two sections. The first
section addressed the acceptability of six aspddist water performance. The second section
addressed the residents’ likelihood of purchasingod purchasing the water heater given the
heater’s performance on each of these attribuiese six performance attributes addressed
were: delay time until hot water arrives at a frgtfuthe need to increase flow for low flow draws
to receive hot water, the consistency of water &napire for single draws, the amount of hot
water produced before running out, the consisteheyater temperature for multiple
simultaneous draws, and any reduction in flow fatenultiple simultaneous draws. Appendix
lll contains copy of the survey questions and #sponses from each homeowner for each water

heater.

Data Analysis

Annual natural gas use and efficiency were esgdh#trough a two-step process. In the
first step the relationship between daily output daily input was determined, and in the second
step this relationship was used, together with wutiata taken over the course of the 15 month
study, to determine annual energy use and effigieitie same procedure was used to
determine electricity consumption related to hotevautput. Electricity consumption due to
freeze protection was treated separately.

Analysis of the data verified a strong linear tielaship between daily natural gas input
and daily hot water energy output (see Figure mfoexample) for the range of data collected.
This is consistent with results reported previodshycommercial boilers (Hewett 2005),

commercial water heaters (Bohac et al. 1991) raesimledual integrated appliances (Butcher,
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Celebi, and Wei 20069nd commercial gas cooking equipm(Horton and Caron 199. These
linear inputeutput relationships with n-zero intercepts produce typical efficiency curvden
plotted in the form of efficiencys. output (seFigure 5for an example). The slope of the ir-
output line can be thought of as something simdahe inverse of recovery efficiency and
y-intercept can be thought of as the energy inputired to offet standby losses. For StWh
the yintercept closely approximates the energy inputired to keep the heater warm on a
with no draws. Except for the unit with the buftank, the TWHs do not keep themsel
warm, so the yntercept does not prect energy consumption for a day with no draws, Wi
would in fact be close to zero. Rather, it refidtte energy required to make up for typical d
transient losses. These transient losses occuiochesating and cooling of the TWH's thern
masswhen cycling in response to dre. The yintercept for the input/output plot of the TW
does not represent the energage with no hot water draws. It representsdhegrup losse
associated with the watbeater “warming up” during the start of eaw. Actual energy usa(
for a no draw day would by the electric standbystonption (about 0.6 kBtu/da

Figure 5. Daily efficiency and energy input and output for one StWH
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When individual draws (rather than daily averages)plotted on an input-output graph
for TWHSs, some non-linear effects are seen for drawth very small outputs, due to the input
required to bring the mass of the water heatelf iipeto temperature, but over the course of a
day the transient losses apparently are eithetivela constant from day to day or perhaps vary
linearly with daily output, so that the daily inpatitput plots do not show non-linearities other
than the discontinuity right at zero output. Tlhes linear input-output relationship accurately
captures water heating energy use for any practaat draw volume when the homeowner is in
residence, but does not accurately capture enegyou days when the homeowner is away.

The input-output lines for StWHs have more scdtfer 0.91 to 0.98) than those for
TWHSs (#=0.97 to 1.00). Examination of the intervals aiackHStWHs fire when on standby and
the length of standby fires suggests that muchettatter is due to the varying amounts of
energy stored in the tank at the end of each danther factor is that the StWH set point is set
by a dial and it was not possible for the techmc@mreturn the dial to precisely the same point
after relighting the pilot for the start of eacW\& test period. Controlled experiments
conducted in one of the homes after the primaryitoong period confirmed that different set
point temperatures correspond to different stantbbses and therefore different y-intercepts.
For all water heaters analysis of subsets of th& alad other side experiments showed that
different inlet water temperatures, water heatgg@et temperatures and ambient air
temperatures created slightly different lineartreteships. However, the change in these linear
relationships was small enough over the rangesrobdat the ten sites monitored that very high
r-squared values were computed for regressionatafagregated across variations in these
variables.

Because the relationship between input and ousplutear, the mean energy use for any
period can be computed directly from the mean heatgut. Hot water energy output, in turn,
varied linearly with the temperature of the coldevacoming into the house (referred to here as
the “main temperature”). This relationship hasrbshown previously in Minnesota (Hancock
and Bohac 1996). It may reflect both greater epergut required to heat colder water to a
given set point and increased hot water volume dsedo the need to blend more hot water
with the colder cold water for a given shower othbaater temperature, or perhaps taking

warmer showers or baths in colder weather.
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Main temperatures were calculated by looking ahatlwater draws in a day that were
over three minutes. It was assumed that aftefitsteminute of a draw all water that had been in
the pipes between the inlet of the home and thentetater, i.e., all water which had been
warmed by the ambient room conditions, had padsedigh the water heater. This allowed an
average main temperature to be calculated fronatkeage temperature at the water heater inlet
over the remaining duration of the draw. Thesg{draw temperatures were averaged over
each day and defined as the daily main temperatdean annual main temperatures were
computed for each site by averaging the daily neimperatures over the course of a year.

The main temperature varied with season and depesrdéhe water source. Eight sites
were supplied by city water from surface sourcBse main temperature for these homes ranged
seasonally from 37 °F to 72°F. One site had céyewfrom a municipal well. Its main
temperature ranged from 47°F to 57°F. Anotherrsiied on a private well and its main
temperature ranged from 47°F to 52°F. The two reowiéh well water sources did not have a
large enough variation in main temperature to pcedaustatistically significant correlation
between hot water energy output and main temperatur

Day to day hot water energy output varied consiagrdue to variations in water use
activities in the home. Weekly average output mash less variable and so better suited to
analysis of seasonal variations in output. In ptdeletermine whether hot water energy output
was statistically different for different heatetdlze same house, weekly output was regressed on
main temperature with the water heater used asrerguwariable. Because of the linear
relationship between the hot water energy outpdttaa main temperature, the mean output can
be computed directly from the mean main temperatifrhe water heater dummy variable was
not significant, the same mean output was useddoh heater. If the dummy variable was
significant, the water-heater-specific mean outpas$ used. These output values were then used
with the linear input-output relationships for edwater to compute mean annual energy use.

In cold northern climates, such as Minnesota, fHTheat exchanger could be damaged
if standing water were allowed to freeze insideuh#. Under some venting and usage
scenarios cold air can enter the units througtcémebustion air supply or exhaust.
Manufacturers provide freeze protection to prevkist If temperature sensors inside the water
heater drop below a manufacturer-determined |@lettric heaters inside the unit are triggered.
The run time of the electric heaters and the palwaw required during freeze protection vary
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from heater to heater. A reference temperaturedoh TWH was defined as the daily average
outdoor temperature below which electrical consuompfor freeze protection was observed.
Electricity consumption for freeze protection iresed linearly with decreasing average daily
outdoor temperature below the reference temperatémy electrical consumption for freeze
protection was included in the energy use and gawalculations for TWHS.

In addition to the energy use and savings anallgsiswater draw pattern and end use
analyses were also performed. The draw pattedystoalyzed all draws out of the water
heaters to determine overall hot water usage pattefhe end use analysis looked at hot water
draws by fixture to determine usage patterns fohdwet water end use in the home.

The analysis of all hot draws was performed t@weine overall characteristics of the
hot water usage in a home. The one second dataedach site were processed to generate a list
of hot water draws and their characteristics, aglength, volume, flow rate, energy input,
energy output and temperature. The analysis wdsrpeed by using the hot water flow meter
pulses as an on off switch. One flow meter pudsgbiout 0.6 fluid ounces and the data is logger
at one second intervals. The high resolution efvtlater meter allows it to be used to indicate
the beginning and ending of a draw. The summaifairaw characteristics begins any time the
hot flow meter pulse rate goes from zero to ongreater per second and concludes when the
pulse rate drops back to zero. Draws that lagteslthan three seconds were excluded, to
eliminate draws that may result from leaks in tistrdbution system or fixtures as well as
spurious draws that may result from slight changesgater pressure at the flow meter. Table 11
shows a sample of the data processed with thisadethone site. These data can be used to
determine the frequency of draws for the differ@mracteristics recorded. For example, how
many draws with a NTWH are less than 30 secontnigth?

Table 11. Sample of data processed for analysis lodt water draw profiles

Site 4 - Rheem RTGB6 DV - Tset =120
Qutlet | Outlet Draw Flow Input Output Since Before
Temp at | Temp at | Length | Volume Rate Energy | Energy Draw |Last Draw|MNext draw
15 Sec [F] |60 Sec[F]| [Sec] [Gal] [gpm] [Btu] [Btu] |Efficiency| [Sec] [Sec]
11/5/2009 7:30:22 92.1 119.8 833 18.0 1.3 11615.0 | 9249.5 0.80 32842 4130
11/5/2009 8:53:05 95.8 29 0.6 1.2 328.3 143.5 0.44 4963 462
11/5/2009 9:01:16 110.1 29 0.6 1.2 303.0 218.0 0.72 491 37384
11/5/2009 19:24:49| 106.1 15 0.6 2.3 252.5 42.2 0.17 37413 588
11/5/2009 19:34:52| 113.0 19 1.0 3.2 479.8 323.2 0.67 a03 115
11/5/2009 19:37:06| 114.8 44 1.8 2.4 984.8 801.7 0.81 134 40930
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The hot water end use draw patterns were detednisieg the measured fixture
temperatures and the flow meter readings. Surfemeént thermocouples had been mounted on
the “twig” for each fixture. A twig is a sectiori piping that supplies water to only one fixture.
Local minimums and maximums of the derivative webkpect to time of each of these end use
temperatures can be used as indicators of hotttiaeach fixture. This method was developed
for ASHRAE Research Project 1172 (Tiller et al. 2D0Figure 6 shows a single shower draw
with a StWH. This figure also plots the water leeatoutlet temperature, the temperature at the
active fixture (bathl shower) and the temperattgetgpical non-active fixture (laundry sink).
Both of the outlet and active end use temperataasase shortly after flow is registered, while
there is no increase in the non-active end usedemtyre. There is a delay between the increase
in the outlet temperature and the increase in teatyes at the active fixture because the hot
water takes time to flow through the distributigstem. Figure 7 shows the same draw, but
instead of the end use temperatures this plot skiosvderivatives of the running sixty second
backward regressions of each end use temperatwrescuThe large spike in the bathl shower
derivative and the lack of such a spike in the tayrsink derivative can be used as an indicator
that the shower is in use and the laundry sinlots After each draw is assigned to a fixture in
this manner, all draws for each fixture can be ymed to characterize the draw profiles for each

end use.
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Figure 6. Flow rate, water heater outlet water temperature and end use taperature for a
single shower draw with StWH
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Figure 7. Flow rate and end use time derivatives for drawlsown in Figure 6
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Laboratory Testing

One unit of each model of water heater instaltethe field was tested in the laboratory
at Brookhaven National Laboratory. Each waterdéreats tested using the apparatus shown in
Figure 8. Natural gas input to the water heatexs measured using a diaphragm gas meter with
a pulse output sensor. The sensor had a resokftib®00 pulses/it Total pulses per second
were counted on a pulse logger. An “in-line” ghsoenatograph measured gas composition and
relevant properties periodically. Energy outpusw@easured using inlet and outlet
thermocouples and a weigh scale which communieeatesthe lab’s measurement and control
system. The scale is located on the second fldoobw of the lab and drains down during the
periods between hot water draws under control@ldb’s central system. Draining of this tank
is stopped 15 seconds before each draw and forsaddnd period after the end of the draw to
allow readings to stabilize. Temperatures and soalgs are recorded at 5 second intervals. For
some very short draw tests, a 1 second tempernate@surement interval was used. A 40 gal
(151 L) preconditioning tank was used to heat @l tlee inlet water. Inlet and outlet
thermocouples were located 4 inches from the apgdia

Figure 8. Water heater laboratory test apparatus
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Each water heater tested underwent a series of t&be test matrix (Table 12) included steady
state tests at various inlet water temperatures #0 to 70°F and outlet temperatures from 105
to 133°F. Steady state draws also covered a rainii@v rates from the minimum flow rate
required to maintain steady burner fire to the mmaxn flowrate of the water heater. The test
matrix also included a wide range of cyclical tef#signed to replicate the range of draws found
in the field. Draw characteristics varied in thietpcol include flowrate, total volume, time
between draws, inlet and outlet temperatures, @etiwater temperature. The DOE EF test
was also performed on each unit and a test to me&swater volume inside the water heater.

Cyclic testing was done under computer contradefies of cyclic test conditions were
defined in an input file and this typically contathcombinations of draw patterns with the total
test period as long as 20 hours. For each speesic3 to 20 draw/idle cycles were imposed at
the same condition. Short draws required more syfderepeatability. During these cyclic tests
all data were recorded in multiple files and thersee analyzed later to determine average
conditions and results for each pattern.
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Table 12. Laboratory test matrix listing test condiions to be applied to each water heater
CYCLIC TESTS

Idle
Test No. Volume| Volume [T cold inT coldin T out| T out | time
gal L F C F C min
Cyclic Tests at 2.0 gpm
1 1 3.8 60 15.6 | 133 | 56.1 2
2 1 3.8 60 15.6 | 133 [ 56.1 4
3 1 3.8 60 15.6 | 133 [ 56.1 45
4 2 7.6 60 15.6 | 133 [ 56.1 2
5 2 7.6 60 15.6 | 133 [ 56.1 4
6 2 7.6 60 15.6 | 133 | 56.1 45
7 3 114 60 15.6 | 133 | 56.1 2
8 3 114 60 15.6 | 133 | 56.1 4
9 3 114 60 15.6 | 133 | 56.1 45
10 4 15.1 60 15.6 | 133 [ 56.1 2
11 4 15.1 60 15.6 | 133 [ 56.1 4
12 4 15.1 60 15.6 | 133 [ 56.1 45
13 5 18.9 60 15.6 | 133 [ 56.1 2
14 5 18.9 60 15.6 | 133 [ 56.1 4
15 5 18.9 60 15.6 | 133 | 56.1 45
16 10 37.9 60 15.6 | 133 | 56.1 2
17 10 37.9 60 15.6 | 133 [ 56.1 4
18 10 37.9 60 15.6 | 133 [ 56.1 45
Cyclic Tests at less than 1 gpm
19 2 7.6 60 15.6 | 133 [ 56.1 2
20 2 7.6 60 15.6 | 133 [ 56.1 4
21 2 7.6 60 15.6 | 133 [ 56.1 45
22 10 37.9 60 15.6 | 133 | 56.1 2
23 10 37.9 60 15.6 | 133 | 56.1 4
24 10 37.9 60 15.6 | 133 [ 56.1 45
Cyclic Tests at 4 gpm
25 2 7.6 60 15.6 | 133 [ 56.1 2
26 2 7.6 60 15.6 | 133 [ 56.1 4
27 2 7.6 60 15.6 | 133 | 56.1 45
28 10 37.9 60 15.6 | 133 | 56.1 2
29 10 37.9 60 15.6 | 133 [ 56.1 4
30 10 37.9 60 15.6 | 133 | 56.1 45
STEADY STATE TESTS
Flow Flow [T coldinT coldin T out| T out
gal/min| L/min F C F C
31 15 5.7 60 15.6 | 133 [ 56.1
32 2.5 9.5 60 15.6 | 133 [ 56.1
33 max max 60 15.6 | 133 [ 56.1
34 2 7.6 60 15.6 | 133 | 56.1
35 2 7.6 60 15.6 | 105 | 40.6
36 2 7.6 60 15.6 | 115 | 46.1
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37 2 7.6 60 156 | 125 | 51.7
38 2 7.6 40 4.4 133 | 56.1
39 2 7.6 70 21.1 | 133 | 56.1

RESULTS

Hot Water Energy Output

As described in the Methods section, daily wagatér energy input is a strong linear
function of daily hot water energy output. Totahaal energy input can be estimated to a high
degree of accuracy by combining this linear inputipat relationship with information on annual
average hot water energy output. Hot water eneuoggyut, in turn, is a linear function of main
water temperature (Hancock and Bohac 1996).

In order to determine the energy required to previdt water to the home, it was
therefore necessary to characterize the hot watgg output (HWEOQO) at each site and
determine whether it was a function of the particuvater heater being used.

Hot water energy output varies with season. ld&oimonths with lower main
temperatures more hot water energy is used, asséegure 9 and similar figures for all sites in
Appendix VI. The amount of seasonality dependsherrange of main temperatures and the
amount of seasonality in the homeowner’s wateradsts. Table 13 lists the range of daily
main temperature for each site over the entire toang period. Site 1 had a private well,
which reduced the variation in main water tempeestto less than 2 degrees. Site 9 received
water from a municipal well. Though the groundwagenperature is likely constant, there was
a small (9°F) range in main temperature at thes pitobably because water travelling from the
well to the site is affected by ground temperatuf@scause the main temperature ranges were
small at these two sites there was no correlatetwden hot water energy output from the water
heater and the main temperature. At sites 1 ahdr@ was not a significant difference in
average consumption between the different heagpestgo the HWEOs from all water heaters
were analyzed together. At the other eight siteain temperatures varied seasonally by about
30 to 35°F.
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Figure 9.

Seasonal variance in hot water energy usage fall data at Site 10

ol 05

Table 13 Main temperature ranges and hot water energy ogiuts over that range
Main Main HW Energy HW Energy
Site Min. Max. Range | Outputat 40 F Output at 70 F
F F F kBtu/day kBtu/day
1 49.3 51.2 1.9
2 37.4 72.1 34.7 42.6 19.0 55%
3 36.9 71.0 34.1 29.2 16.4 44%
4 38.9 70.7 31.8 17.9 9.7 46%
5 37.9 68.7 30.8 12.8 6.6 49%
6 37.8 71.6 33.8 40.6 24.9 39%
7 38.0 67.8 29.8 24.3 14.4 41%
8 37.9 69.9 32.0 29.1 25.6 12%
9 46.5 55.5 9.0
10 37.3 71.7 34.4 23.5 13.5 43%
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Output as a function of main temperature could ddma which water heater is being
used, either because of differences in the outpartacteristics of the heater or because of
changes in occupant behavior in response to théfeeethces. As an example of the former, if a
StWH delivers hot water more quickly than a TWH;leaf the short draws that occur in the
course of a day or year may contribute more eneugyut when using a StWH than when using
a TWH. As an example of the latter, the abilitygof WH to provide endless hot whater might
induce the homeowner to take longer showers.

The effects of the water heater on HWEO were detexd by comparing the relationship
between hot water energy output and main water ¢eatyre for different heaters.  For this
analysis weekly data intervals were used, in otdleeduce some of the variation that occurred
in daily data due to different showering patternslothes and dish washing that was typically
on a more weekly than daily schedule. Data wasepted as a daily average for the week to
keep consistent units. A test of significance ajglied to the slope, intercept and correlation
coefficient of this relationship for each pair ohter heaters (Wuensch 2007) (Fisher 1921).
Figure 10 shows the relationship of hot water epergput to main water temperature for site
10, for example. For this site the small differeirt the relationship between the StWH and the
TWHs is not significant due to the scatter in tlagad For sites with no significant difference,
output data from all the water heaters was groupgether and regressed on main temperature,

as shown in Figure 9.




Actual Savings and Performance of Natural Gas Tankless Water Heaters
8/30/2010 page 47 of 91

Figure 10. Hot water energy output as a function on main wigr temperature with no
statistical difference betweerwater heaters
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Table 14shows the relevant statistical parameters and @sedcritical value for each
pair of water heaterat all ten sitesDifferences between heatevere determined to k
statisticallysignificant if the magnitude of thparameter computed to compare t slope,
intercept, or correlation coefficient (t_m, or z, respectivelywas greater than tt
corresponding criticatalue (t_m_t, t b orz_t). The only sites where any wateaters
differed significantlyare the two sites where the main temperature rasagdess than 10 ©
(Site 1 and 9) and seasonal effects were disredar@er all other siteoutput fromall water
heaters wagrouped together arregressed against main temperataseshown iiFigure 9.
Table 15 lists the regressiparametel for the seasonal variation of energy output ofalter
heaters grouped at each sitesdrrared values are veiow at sites 1 and 9 because there i
seasonal variation at these sites. There was stobiag fit at site 8 because occupancy chail
during the course of the studydding to the variability in weekly outy. The change i
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occupancy was abrupt and unexpected, thus colcheredata for the storage water heater had a

higher occupancy (and higher outputs) than thatefTWHs.

Table 14. Statistical parameters and critical valus for comparison of hot water energy
output vs. main temperature for each pair of heates at each site

StWH vs. NTWH StWH vs. CTWH NTWH vs. CTWH
t m tb tm tb t. m tb
z zt| tm| t tb t z zt| tm| t th t z zt| tm| t th t

-0.3|] 20| -0.6) 2. 0.4 20 -1 20 12 20 -11 pAal1| 20| 22| 21]|-22] 2.1

Note: There are three comparisons for each siedficent of correlatlon (2), slope (m), and intept (b). If the
magnitude of the value from the computed paraméreits m, t_b) is greater than the critical (tablajue (z_t,
t_m_t, t_b_t) than the two regressions are stedilyi different. The parameters that differ sigeahtly and their
critical values are shaded in gray.

Table 15. Regression parameters for the hot wat@nergy output vs. main temperature
relation at each site

HW Energy Out vs MAIN Temp Average E|r_1|(\a/\r/

Site Slope Intercept R? Main Temp Outp%)t/
1t -2.88 172.53 0.03 49.8 28.8
2 -0.79 73.99 0.50 56.7 29.5
3 -0.43 46.33 0.49 53.1 23.6
4 -0.27 28.91 0.37 54.6 13.9
5 -0.21 21.22 0.68 54.0 9.9
6 -0.53 61.69 0.49 54.7 23.9
7 -0.33 37.49 0.34 52.5 20.1
8 -0.12 33.75 0.03 54.0 27.4
o' 0.51 -15.88 0.08 51.1 9.8
10 -0.33 36.90 0.49 53.7 18.9

1. InSite 1 and 9 had well water and no hot water energy output correlation with season
2. Site 8 had a change in occupancy during the study and the seasonality was lost.
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For each site mean main temperatures were compated daily main temperatures
measured over the year of monitoring, then theaggeedaily hot water energy output
corresponding to this main temperature was detesunffor all heaters together, as described
above). Atsites 1, 8, and 9 where the seasomitican in HWEO as a function of main
temperature was insignificant the average HWEOtakan over the measured daily values for a
full year of monitoring data. Table 15 shows thierage main temperatures and average daily
HWEOSs for each site.

Energy Use, Savings, Costs and Paybacks

The energy input to each water heater as well@bdh water energy output from each
water heater was measured and summed on a daiyy Bdse resulting linear relationship for
each water heater was used with the average datilwditer energy output from each site to
determine the annual energy consumption for ea¢brniaater installed at the site. The input-
output relation had very strond Ralues for all water heaters for natural gas ingtaw-related
electric input and the combined total energy inpLite total energy input versus hot water
energy output regressions for each site, for exaniave Rvalues greater than 0.90. There are
several factors that introduce small non-lineasites discussed in the Data Analysis section of
the Methodology. These non-linearities are smathgared to daily energy input and output
from the water heater and do not have a signifieffiett on annual energy use.

Electrical freeze protection could also introduoa+inear effects for some TWHSs, by
increasing energy input without increasing hot wateergy output. Freeze protection energy
use was treated separately. There are two wagsieity is used by TWHs, during a hot water
event (“draw-related electricity use”) and for zegorotection. Draw related electricity use can
be broken down into an ignition, draw, and posgpustage, as shown in Figure 11. Standby
electricity use is also included in the draw-refadéectricity use regressed on output. Freeze
protection electrical usage is typically used tavpoceramic heaters inside the water heater. If
temperatures dropped below set levels inside theni@ater the ceramic heaters are activated.
Freeze protection operation was only observed yosamificant extent on 2 NTWHs and 1
CTWH during the monitoring period. The degree tuch freeze protection was necessary, if at

all, depended not only on water heater charadiesianhd controls but also on the installation.
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Length and design of veand intake air piping, orientation of vent and k&@penings witl
respect to wind and many other installation spesiéllaffect the extent to which free
protection controls are activateor this reasofreeze protection was treated separatcom

other energy input to theater heates.

Figure 11 Hot water draw based electrical energy consumpin for a sixty second draw or
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Natural gas and (draw related) electrical energuiwere regresseagainst hot wate
energy output for all water heaters monitoreFigure 12shows the regressions for site 10.
average daily energy input fany water heat at site 10 can be determined by taking
averagehot water energy output, froTable 15 and finding the corresponding energy in
from that heater’s regressionfilgurel2. Figures showing the input/output regress for all
ten sites can be found in Appendix \Table 16 shows the regressioarametei for all twenty-

four water heaters. These regressions all hawehigh correction coefficients,? between




Actual Savings and Performance of Natural Gas Tankless Water Heaters
8/30/2010 page 51 of 91

0.905 and 1.000, demonstrating that non-lineaiceffare negligible relative to total energy

input.

Figure 12. Daily energy input versus hot water enrgy output for 3 water heaters at Site 10
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Average daily natural gas and electricity use mbeitged from the regressions were
compared for all heaters at each site to deterthmsavings for NTWHs and CTWHs. Table 1
and Table 18 shows the annual natural gas and diaed electric consumption for each water
heater at each site and the savings for NTWHs anilids relative to the StWH. A range of
savings from 23 to 50% was found for the NTWHs amdnge from 32 to 55% for the CTWHSs
(excluding the Navien CR-240A, discussed separddatdy). On average switching from a
NTWH to a CTWH only increased savings by 3%, whgbmall compared to the 9% average
difference in Energy Factor ratings. Table 18wshthe TWH savings at each site, but does not
include any freeze protection energy consumptioithvivas handled separately and is discussed
below. At sites 3 and 7, where no StWH was instilan average input-output relationship from

the eight StWHSs at the other sites was used togeiitie the hot water energy output at sites 3
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and 7 to compute the estimated StWH energy usksafings calculations are site energy

savings and do not account for site to source gnatps.

Table 16. Regression parameters for energy inputevsus HWEO (natural gas and draw-
related electric input)

Input as a function of Output,
excluding Freeze Protection Input*
Site | Manuf. Model Type Slope Intercept R
1| AO Smith GCV-40-200 StWH 1.355 15.705 0.961
1 | Takagi TK-3 NTWH 1.273 1.600 0.998
1 | Navien CR-240A CTWH 1.133 10.499 0.986
2 | AO Smith GCV-40-200 StWH 1.401 12.573 0.977
2 | Noritz N-841-DVMC | CTWH 1.138 3.304 0.994
3 | Rinnai r7sLsi NTWH 1.293 0.590 0.998
4 | AO Smith GCV-40-200 StWH 1.493 15.366 0.932
4 | Rheem RTG-66-DV NTWH 1.250 0.885 0.999
4 | Navien CR-210 CTWH 1.065 1.511 0.997
5 | AO Smith GCV-40-200 StWH 1.552 9.583 0.905
5 | Rinnai r75Lsi NTWH 1.206 1.414 0.998
6 | AO Smith GCV-40-200 StWH 1.522 10.238 0.975
6 | Noritz N-751-MCDV | NTWH 1.341 2.440 0.994
6 | Noritz N-841-DVMC | CTWH 1.147 3.349 0.994
7 | Takagi TK-3 NTWH 1.321 0.685 0.985
7 | Navien CR-240A CTWH 1.215 10.647 0.970
8 | AO Smith GCV-40-200 StWH 1.328 23.212 0.961
8 | Noritz N-751-MCDV | NTWH 1.332 2.950 1.000
8 | Bosch GWH-c800 ES | CTWH 1.130 2.520 0.996
9 | AO Smith GCV-40-200 StWH 1.487 11.957 0.934
9 | Rheem RTG-66-DV NTWH 1.295 0.661 0.998
10 | AO Smith GCV-40-200 StWH 1.537 11.037 0.957
10 | Bosch GWH-715ES | NTWH 1.205 1.632 0.998
10 | Bosch GWH-c800 ES | CTWH 1.122 1.294 0.999

*Input is expressed in kBtu. Draw-related eledtyiconsumption (3.412 kBtu/kWh) was combined wg#s use (1 kBtuf} to
determine total draw-related input.
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Table 17. Natural gas and electric consumption for each water heater
Natural gas, therms/yr Draw related elec, kwh/yr

StWh | NTWH CTWH | StWh | NTWH CTWH
1 199.6 137.1 153.8 0 72.2 103.2
2 196.6 130.6 0 0.0
3 175.8 112.2 0 0.0
4 131.9 65.2 56.9 0 45.3 80.8
5 91.2 47.6 0 0.0
6 220.1 166.7 145.9 0 96.1 120.0
7 157.3 93.8 122.0 0 170.6 179.9
8 217.5 138.3 116.8 0 167.5 158.3
9 96.8 47.6 0 31.4
10 146.5 86.9 79.8 0 68.5 71.5

Table 18. Water heating energy (gas and draw relatieelectric) consumption savings by site

Site NTWH Saving CTWH Savings
therms/yr*| % | therms/yry %
1 60 30% 42 21%
2 62 32%
3 62 35%
4 65 49% 72 55%
5 42 46%
6 50 23% 70 32%
7 58 37% 29 19%
8 74 34% 95 44%
9 48 50%
10 57 39% 64 44%

*1 therm = 100,000 Btu

Significant electricity consumption for freeze mation was observed for one CTWH
and two NTWHSs. These water heaters had a sigmifimicrease in electrical consumption when
the average outdoor temperature dropped belowifrgeFigure 13 shows the relationship
between electrical consumption and outdoor temperdbr the NTWH at Site 3, where the
freeze protection was significant. Cold outdoomas entering the water heater, most likely
through the combustion air intake or the vent. sTeiduced the air temperature inside the water
heater enough to signal the ceramic heaters nedrethit exchanger to fire. Figure 14 shows the
electric consumption for two freeze protection dset site 3. This heater (a Rinnai R75Lsi) has
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a 100 watt ceramic heater. Some T control systers run the ceramic heater until the
temperaturenside the water heater incres to a specific setpoint, while othews the ceramic
heaterfor a set period of time beforerning off. The Rinnai R75Lsi, as shownFigure 14,
turned on the ceramic heater for approximately iffutes and then rechecked the
temperature. For the day in the figure, Jan. 202When there were nraws,freeze protectiol
ranfor about 16 minutes at about 30 minute intervFigure 13shows the typical relationsh
between freeze protection and outdoor air tempegatbor each TWlthat had significar
freeze protection operatidhere was an outdoor air tempera (the ‘reference temperatl”)

below which electrical consumpti increased roughly linearly.

Figure 13. Electric energy input to a NTWH vs. average outdoor temperatue

Electric Consumption for Rinnai r75Lsi Water Heater
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Figure 14. Electric consumption for two freeze protection gcles at Site &
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Some TWHshowed no substant freeze protection operatipsuch as Site 8 shown
Figure 15. The relationship bkeze protection electrical consumptto outdoor temperatur
and the reference temperature below which the érpeatection was activated each heater
were used with wtdoor temperature dafrom NOAA from 20090 estimate annual ergy
consumption for freeze protectio
Table 19shows the estimated freeze protection energy useafthheater, the adjusted to
energy input including freeze protection energy, and the adjusted percemeegy savings
Three other heatelsead some electrical usage that was probably atrefsfieeze protection, bi
consumption was naignificant cnough to include in this analysis, since in eageanly one

day showed increased electrical consumptice to freeze protection.
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Figure 15. Electrical energy input to two water heaters at aite without freeze protectior
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Table 19. Summary of electrical consumption due téreeze protection and total energy

savings per site

page 57 of 91

Freeze Protection, Energy Input,
Site [kbtu/yr] [kbtu/day] Savings, %
StWH to StWH to
NTWH | CTWH | NTWH | CTWH NTWH CTWH
1 0 0 13716 | 15388 31% 23%
2 N/A 580 N/A 13668 N/A 30%
3 86 N/A 11311 N/A 34% N/A
4 0 0 6525 5697 51% 57%
5 50 N/A 4817 N/A 47% N/A
6 0 0 16682 | 14602 24% 34%
7 0 0 9401 12223 36% 17%
8 0 0 13848 | 11696 31% 41%
9 0 N/A 4765 N/A 51% N/A
10 0 0 8695 7985 41% 45%
Note:
1. Site 1 and 7 had the Navien CR-240A with a smdlidouanks that reduces the water heaters
efficiency.

2. Savings for Sites 3 and 7 were estimated fromeesed of StWH input-output models for the
other eight sites.

When the savings and performance of the CTWHs dismissed above, the Navien CR-
240A was excluded. This heater was handled segpatatcause the 0.5 gallon buffer tank
caused it to operate in a much different manner ttaer CTWHSs. The buffer tank required gas
input during standby to offset losses from the taRlgure 16 shows the measured energy
consumption during a 36 hour period with no draersaf StWH, a typical TWH, and the Navien
CR-240A with the small buffer tank. The CR-240Atareheater used only 33% less energy than
the StWH to maintain the same temperature in latlzet was 99% smaller. The CR-240A also
had standby losses almost 20 times greater thgmeat TWH for a day with no draws. Table
20 shows the energy input and burner firing tingedtiese three water heater groups. Since the
performance of the Navien CR-240A was not like tifatither the StWHSs or the TWHSs, it was

analyzed separately.
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Table 20. Standby energy consumption for water heater

Energy Input Rate Time
No Draw Day| Fire Rate Idle Rate Between Fires Burner On
kBtu/day Btu/hr Btu/hr hrs min
StWH 16.6 33600 333 24.6 14
Avg TWH 0.6 NA, no firing 26 NA NA
Nav 240A 11.1 25300 29 0.6 0.6
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Natural gas savings for NTWHSs ranged from 44 tah#Zms per year, while electrici

usage includindgreeze protection energy ranged from 3170kWh per year. TWHs had n

energy savings ranging fm22% to 49% with an average savings of 36%. idhggas saving

for CTWHSs (excluding the Navien (-240A) ranged from 66 to 101 therms per year, W
electricity usage ranged from 72 to 248 kWh per yEacluding the Navien C-240A, CTWHSs
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had an average total energy savings of 39% witdnge of 27% to 53%. The Navien CR-240A,
saved 15% and 19% at the two sites where it waslied. Table 21 summarizes the energy

input for each water heater and the savings foifihéls at each site.

Table 21. Annual energy consumption for all wateheaters and TWH savings

Annual Energy Inpdt kBtu/yr Saved
StWH | NTWH | CTWH | NTWH | CTWH
1t 19960 | 14201| 16080 29% 19%
2 19656 14285 27%
3 17577 | 11544 34%
4 13195 6829 6239 48% 53%
5 9117 5023 45%
6 22014 | 17327| 15407 21% 30%
7 15731 | 10545| 13430 33% 15%
8 21752 | 14972| 12758 31% 41%
9 9677 4976 49%
10 14647 9154 8464 38% 42%

Note: 1. CTWHs at these sites were the Navien CBA24
2. StWH numbers at these sites are estohizased on an average of the StWHSs at other
sites and the average hot water energy outputaith ef these sites.
3. These numbers include freeze prairatihere it was observed (sites 2,3 and 5)

The costs of electricity and natural gas mustdresitlered in the economics of NTWHs
and CTWHSs. Electricity costs about three timesmabeh as natural gas in the United States
(about $12 per million Btu ($1.20/ therm) for natugas (NG) and about $35 per MBtu
($0.12/kwh) for electricity (EIA 2010). Conventi@nStWHs do not require any electricity.
Electricity consumption is necessary for TWHs submly 2% to 6% of total site energy
consumption. However, it accounts for about 58%lof operating costs for TWHs. Table 22

shows the savings for each site from a cost petispec
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Table 22. Operating costs for water heaters and anal savings for TWHs
Annual Operating Cost Annual Saving vs StWH
Nav 240A Nav 240A

$ 185

1. Savings for these sites were estimated from an average input output StWH model
2. For gas at $1.20/therm and electricity at $0.12/kWh.

Energy costs for the StWHSs at different sites eshfjom $109 to $264 per year.
NTWHSs had an energy cost range of $57 to $200 gar with an average cost savings of 40%.
CTWHs without a tank had energy costs from $68li65%per year with an average cost savings
of 43%. Costs for the Navien CR-240A heater,clvtiiad a small buffer tank, were $185 and
$146 per year with savings of $ and $ an averagesavings of 23%.

Simple paybacks were calculated using total itestaosts as discussed in the
Background section of this report ($2500-$3350N@WHs and an additional $1000 for
CTWH units) and $1000 installed cost for StWHs.e Bimple payback calculation showed that
at current installed costs and energy prices 2IDtgears would be necessary for a TWH to pay
for itself, as shown in Table 23. The economicside improved for TWHSs on a life cycle
basis if, as some TWH manufacturer’s claim theififie of a TWH is significantly longer than

the StWH. See Discussion of this paper for mofermation.




Actual Savings and Performance of Natural Gas Tankless Water Heaters

8/30/2010 page 61 of 91
Table 23. Simple payback for TWHs
Savings
Incremental Cost | per year,| Payback Range in
Range, $ $ years
NTWH 1500 2500 72 21 35
CTWH 2500 3500 92 27 38
CR-240A 2500 3500 49 51 71

DOE Energy Factor versus In Situ Performance

Past work (Davis Energy Group 2007) suggesteditieatederal water heater rating
metric, the Energy Factor, does not accuratelyuwaghe relative performance of StWHs and
TWHs. While the EF was not intended to quantifijuatperformance, iwasintended to be a
meaningful comparison tool. The EF is often usgddnsumers to project operating costs, and
should provide a reasonable representation ofivelaperating costs in typical homes. Two
major factors limit the ability of the EF test tapturein situ performance. First, the draw
profile used in the EF test is not representativaéctual usage profiles. The EF takes six draws
of over ten gallons each at one hour interval$p¥edd by a 19 hour standby period. The
frequency distribution of draw volumes for these sées (See Hot Water Consumption and Use
Section) shows that only 3% of draws were gredt@n ten gallons. Typically draws from these
sites were also much shorter than the three amdf admute EF draws. Homes in this study had
an average draw length of 54 seconds, with onlyo6#raws greater than 3.5 minutes. There
were an average of 32 draws per day with an averalgene of 1.2 gallons. The differences
between real world and test procedure draw pattaasnot be consequential if the products
being compared are very similar. However, whenelcanologies being compared are very
different, as is the case with StWHs and TWHsdifferences in transient losses, standby loss
rates and other factors can result in differenoegsal world performance that are not well
captured by the EF.

The second factor, and perhaps bigger factor rétaices the realism of the EF is the
assumed hot water consumption usage of 64.3 ggbenday. All ten of the sites in this study
averaged less than 64 gallons of hot water usdagerwith a range of 20 to 62 gallons per day, a

median usage of 37 gpd and an average of 41 gpdmétre information about hot water draw
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characteristics see Hot Water Consumption and &s#os of the results on page 72.
Conceptually, all water heaters approach theirdststate efficiency as daily output approaches
full load output (100% on-time). If different teoblogies approach this steady state efficiency at
different rates, relative performance at low dailigputs will not be the same as that at high daily
outputs. StWHSs, because they have large standisgdotend to have substantially lower
efficiencies at lower outputs than do TWHSs.

Across all sites and water heaters, the measumeabh efficiency averaged 16% less than
the DOE EF. The difference between EF and measifietency was not the same for all
heaters. The StWH's efficiency averaged 23% leas its EF rating, with reductions ranging
from 5 to 23 percentage points. Real-world NTWHcedncy averaged 10% less than EF, with
a range of 7 to 14 percentage points. CTWHSs withaodfer tanks had efficiencies averaging
10% below their EF with a range of 5 to 12 percgataoints. CTWHs with buffer tanks
(Navien CR-240As) had annual real world efficiesax¢ 57% and 67% and EF ratings of 95%.

The differences in daily efficiencies are showndae site in Figure 17. As hot water
energy output increases the real world efficienajgsroach the water heater energy factor.
Using the linear input-output relationships ittisaghtforward to determine energy use and
efficiency at various hot water outputs. TablecB/pares the performance of the water heaters
at the actual daily average hot water energy outpgach site, the project average HWEO, and
the HWEO corresponding to the EF test. The CTWHS taffer tanks are listed in their own
category in Table 24. The off-cycle losses friwe $mall buffer tank appear to be the cause of
the reduced in-place efficiencies of these heat€he energy consumption required by the
Navien CR-240A in stand-by mode was calculatecttmant for about a 15 percentage point
reduction in efficiency. Table 25 shows the averagergy savings for each type of TWH
compared to the standard StWH at three differenB@4. Site average savings depended on
the size of home where each water heater waslgtabavings at the project average HWEO

were smaller than at the DOE HWEO but were a lapgecentage savings.
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Table 24. Comparison ofin Situ and Energy Factor Efficiencies

In Situ Efficiencies, fractional Installed Energy Input, therms/yr
wh | e | fue [ARORG | poe | ALSte APy poc
Type | EF | LwE | Hweor | HWEO | Lwe® | mweor | HWEC
StWH 0.60 0.46 0.48 0.56 163 164 269

NTWH 0.83 0.74 0.74 0.76 102 106 197
CTWH! | 0.92 0.82 0.81 0.85 110 97 177
Navien
CR-240A 0.95 0.62 0.60 0.70 143 131 215
Note: 1. CTWHs do not include Navien CR-240A beeaaf the buffer tank in this model

2. For site averages séable 13
3. Project average HWEO is 21 kBtu/day
4. DOE EF test usage pattern results in an estontdWEO of 41 kBtu/day

Table 25. Energy savings for TWHs

Total energy savings compared to StWH,
therms/yr % savings compared to StWH
At Site At Project At DOE At Site At Project At DOE
Average Ave HWEG Average Ave HWEG®
HWEQ? HWEQ® HWEQ? HWEQ®
NTWH 60.3 58.9 71.8 37% 36% 27%
CTWH! 52.8 67.9 92.2 33% 41% 34%
Navien 19.8 33.8 54.3 12% 21% 20%
CR-240A
Note: 1. CTWHs do not include Navien CR-240A beaof the buffer tank in this model

2. For site averages s¢able 13

3. Project average HWEO is 21 kBtu/day
4. DOE EF test usage pattern results in an esohtdWEO of 41 kBtu/day
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Figure 17. Measured efficiencies for three water heaters & single sit
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Water Heater Performance in thTest Laboratory

One water heater of each model was tested in bwedsory. A matrix of test drav
patternsvas performed on each water heito develop a performance map that could be ust
model energy use for any arbitrary draw pa. A two poirt input/output laboratortest
procedure was used predict performance under any draw pro’ A two point was selecte
because it was a small number of test to run inabe&nd was were enough to characterize
linear relationshipThe model was tsed on the observatidhat there was a linear relations|
between energy input to the water heater and htgreaergy ojput The line for each watt
heater was established by a lab measured low aseaird a high use draw. The low use d
was TesB in the lab test matri>Table 2), a one gallon draw at two gmrith 45 minutes of idle
time for the TWHs. The high use draw was T2, a steadtate draw at 2.5 gpnThe results

from each of these tests wehe average of several run of the same draw patThe input
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energy and HWEO rates (Btu/hr), including the ithee after the draw, were plotted for tests
conducted with each of these draw patterns. TtHedé could then be used to determine the
necessary input for any daily hot water usage lexofi

The previously discussed non-linearities near aeeansignificant for daily averages but
must be considered when individual flows are madleleor this reason, the following approach
is suggested for using the input/output relatiopsbipredict performance under arbitrary draw
patterns. During active draw periods, the linedatronship should be used to predict input
required for specific hot water energy outputs.iBgiextended idle periods (2 hours or longer)
the actual measured standby energy should be assditnate input required. For an active
period Equation 1 is used to calculate the HWE(un'hr), wheréd/;,,.is the hot water volume
in gallons, C;is a constant calculated from the density and §pdwat of water, T is the
temperature, and times, t, are measured in hdloge that Equation 1 assumes that the full
temperature difference {&— T) is maintained throughout each draw. EquaZiemused to
predict the energy input required for each HWEQrdpan active period. Input and output
energies are summed for all active periods ancheetidle periods to compute the daily energy

input required to meet that output correspondinthéodaily profile.

Equation 1

HWEO = Vhot C1 (Tset B main)
(tdraw + tidle)

Equation 2

Energy Input = Slope x HWEO + Intercept

This method was applied to the six-draw DOE Enétggtor draw pattern, a second, EF-
like draw pattern modified to meet the project ager HWEO, and a real draw profile for one
week of actual days monitored from that water heaiée results were compared to the
manufacturer’s ratings, an EF test run in our labay, the performance from the water heaters
in the field (at DOE and project average output) tre actual performance for the week of
profiles.

The two-point I-O model closely predicted the EFasweed in our laboratory. The
manufacturers’ EF ratings were higher than the ifa€asured in the laboratory and the EFs

computed from the two-point input/output (I/O) mbtie all water heaters. Table 26 shows
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the results from the Energy Factor comparison lidea models of water heater installed in the
study.

Table 26. Comparing label rating to those determiad at Brookhaven National Laboratory

Two-Point
I-O EF

WH EF Label EF Lab Model
Takagi Tk-3 0.84 0.79 0.81
Bosch 715 0.82 0.80 0.79
Rinnai r75
Rheem 66
Noritz 751

Navien CR240A
Navien CR210
Noritz 841

Bosch ¢800

AO Smith GCV-40

One week of field data was selected from eachmetater at every site. Actual
measured energy input and daily efficiencies weragared to those computed using the two-
point lab 1/0O model. The I/O model was appliedtah the computed and the actual measured
hot water energy outputs. Computed daily HWEOsvadrout 10% to 25% higher than the
actual measured HWEO for TWHs. The increase irctimeputed value is due to the assumption
that all water is delivered at the desired set fg@imperature. For TWHs there is a significant
delay time between the beginning of the draw aedithe the outlet water temperature reaches
the set point temperature. For StWHs the deldgnmperature ramp up is shorter but draw
temperatures are often below the set point temperdinore information about delay times and
temperatures can be found in the Homeowner Evalu&ection). An increase in HWEO
results in an increased efficiency because of tmezero intercept of the linear relationship
between energy input and HWEO. Table 27 compheeactual and modeled performance of
the Takagi TK-3, NTWH, at site 1 for one week ofuat measured data. During this week, on
average, the lab I/0O model with assumed HWEO ovedipted the energy input by 11% but
over-predicted efficiency by only 2 percentage pirFor the same time period the 1/0O model

using measured HWEO over-predicted efficiency Imefdcentage point and under-predicted
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energy input by one percent, on average. Datalfben water heaters is presented and
summarized in Appendix V.

Table 27. Comparison of actual measured and lab ndeled performance
Actual Measured from Installed Two-Point /O Model and Two-Point I/O Model and

Units Computed HWEO Actual HWEO
Energy Energy Energy
HWEO | Input Daily | Hot | HWEO | Input Daily | HWEO | Input Daily
[Btu] [Btu] Eff GPD | [Btu] [Btu] Eff [Btu] [Btu] Eff

10/11/09| 5752 8010 0.72| 11.8 7036 9826| 0.72 5752 8266| 0.70
10/12/09| 11907| 15794| 0.75| 21.8| 13065| 17546| 0.74| 11907 16139| 0.74
10/13/09| 10633| 14786| 0.72| 20.5| 12272| 16383| 0.75| 10633] 14391| 0.74
10/14/09| 19176| 25743| 0.74| 35.5| 21253| 27416| 0.78| 19176] 24893| 0.77
10/15/09| 17834| 24207| 0.74| 32.8| 19633| 25594| 0.77| 17834 23408 0.76
10/16/09] 10634| 14811| 0.72]| 20.4| 12226| 16416| 0.74| 10634| 14481 0.73
Total 75937 | 103351 | 0.73 | 143 | 85485 | 113180 | 0.76 | 75937 | 101577 0.75

Homeowner Evaluation and Qualitative Aspects of WiaHeater Performance

All ten sites returned surveys for each water haagtalled in their home. Residents
rated StWHSs higher than NTWHs or CTWHSs on delagieivery time and need to increase flow
rate to get hot water at low flows (Table 28): 6@#thouseholds rated the wait time for hot water
as favorable for StWHs and 44% of households rdtteahecessity to increase flow favorable,
compared to 11% for both on the TWHSs. Residen&drdaWHSs higher than StWHs on never
running out of hot water, 83% favorable for TWHsmmared to 33% for StWH. (Some
percentages do not correspond to all ten homesefi@rmare only counted if they had that type of
water heater installed. Only two respondents mteid that any aspect of performance would
prevent them from purchasing any of the water lisaté®ne respondent would not buy a TWH
because of the increased delay time. One responaerd not buy a StWH because it often ran

out of hot water. See Appendix Il for the survegtrument and responses from each resident.
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Table 28. Responses to Resident Survey
StWHSs TWHs
Unfavor-| No Unfavor-| No
Performance Attribute able Effect | Favorable able Effect | Favorable
Delay Time Until Hot
Water Arrives 22% 11% 67% 72% 17% 11%
Need to Increase Flow to
Get Hot Water 22% 22% 44% 44% 44% 11%
Consistent Temp for a
Single Draw 11% 22% 67% 6% 0% 94%
Not Running Out of Hot
Water 56% 11% 33% 6% 11% 83%
Consistent Temp for
Multiple Simult. Draws 11% 44% 44% 17% 39% 44%
Decreased Flow Rate for
Multi Simult. Draws 33% 56% 11% 28% 619 11%

Several of the hot water performance charactesigamined in the homeowner survey
can also be evaluated through measured data, ingluditer temperature, the need to increase
low flow rates, and delay time. Water temperatuvese taken at the outlet of the water heater.
Flow rates were recorded and can be compared bet8#%¢H and TWHs to determine if
behavior was changed, and delay time can be detedfitom flow and temperature
measurements.

There are several temperature concerns: the lerfigiime it takes until the water gets
hot, how consistent the temperature is once haotydrether the water reaches its set point
temperature. In order to eliminate distributiosteyn issues, water temperature at the outlet
temperature sensors was compared. These sengeralyait six inches downstream of the
water heater. Because not all water heaters leagdime temperature set point, delay times are
discussed in terms of how long it took the wateatées to first reach 95% of their set point
temperature and how long it took them to get wittfiR of their steady-state. Temperatures
were considered steady when the second by secolthe® was less than 0.5 °F. Table 29
shows the delay time of each water heater. thgirtant to remember that the distribution
system delivery time must be added to this delagti Clearly the StWH has a considerably
shorter delay time than most of the TWHs. The beokthe buffer tank on the Navien CR-
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240A can also be seen in this table, as delay tareeseduced to four seconds. For all water
heaters, performance was the same or worse fofldewrates than for higher flow rates. There
was a range of delay times for each water heatbmduat is presented is an average of the
performance of each heater. Table 29 also shasvditference in performance among TWHS.
One heater reaches 95% of its set point temperat @@ seconds for low flow rate draws, while
other heaters take over 50 seconds.

Table 29. Average delay time until water heater pyduces hot water

95% of Tset w/in 1°F of Steady - State
low flow | high flow low flow high flow
Navien CR-240A 4 4 45 35
CTWH Nortiz N-0841-DVMC 22 12 32 16
NAVIEN CR-210 32 22 270 61
Bosch GWH-c800 ES 52 18 80 30
Rheem RTG 66 DV 23 18 75 37
Takagi TK-3 20 12 90 45
NTWH | Noritz N-0751-DVMC 30 14 42 30
Rinnai R75Lsi 31 19 58 33
Bosch GWH - ¢800 ES 57 20 80 40
StWH | AO Smith GCV-46 5 5 11 9

1. Many StWH draws never reached 95% of their tempegagetting. Values listed are delay time
until reaching 95% of steady-state temperature.
2. Low flow draws are around 1 gpm and high flow drans about 2.5 gpm

All ten water heater models in the study were kiptwater temperature consistent once
hot. This agrees with the survey results (Tableir2@nost cases. At sites where consistency
was reported as unfavorable for StWHSs, runningobtiot water may have been an issue.

TWHs were much more capable that StWHSs of prodyoirtlet water at the set point
temperature. Due to the differences in delay tatr®ss products, outlet temperatures examined
at two different times, 15 and 60 seconds intoaavdrFifteen seconds into a draw is during the
ramp up of the TWHSs and sixty seconds into the dsaafter most of the TWHs have come up

to their steady-state temperature. The frequemstyiltltions of temperatures fifteen seconds
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into hot water draws are basically the same for B/Hd StWHs: 47% of StWH draws &
44% of TWH draws are within 10°F of the set posmpeature (Figure 1P At sixty seconds
storage heaters are the same as at 15 seconds\#fo10°F of setpoint) but TWHs ha
reached steadstate so 79% of draws are within 10°F of setpcFigure 20. At sixty second
the TWHs have gone through their start up phasenawud leveled off at the desired temperat
most of the time. StWHSs reach the ste-state temperature within the first few second$e
draw, andemperature only changes if the burner comes onalagtended use. The out
temperature of a StWH depends on where in the teahype dead band the tank temperature
As the time since the last burner fire increasedahk temperature dropsFigurel8 illustrates
the relationship between time since burner fire stedd-state outlet temperature at one site.
this site with a set point temperature of 120%e autlet temperature would be 120°F
average just after a tank fire, but at 23 hourshatend of the longest period without a bui
ignition, the outlet temperature would be 10!

Figure 18. Effect of the tank temperature dead band (time since last fire) on the
outlet temperature so the StWH at Site 1
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Figure 19. Percentage of draws by outlet temperature bins during TWH

temperature ramp up
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Figure 20. Percentage of draws by outlet temperature bins after TWH steady-state
(60 seconds)
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The final performance characteristic evaluated thasecessity to increase flow ra
due to the minimum flow rates of TWHs. TWHs havaiaimum flow required to turn on tf
burner. This flow rate is typically 0.5 gallon peinute. Eight of the ten sites in the study |
both a StWH and at least one TWH. All eight ofsthsites showed a reduction in flows ur
one GPM when using the TWH compared to the StWHHthiee sites the reduction w
minimal (~1%) , with one siteh®wing a significant reduction in draws under Opbngout ar
increase in draws between 0.5 and 1 gpm. Theingmydive sites showed a significa
reduction including site 9, where draws under gom gvere reduced by 65% for TWHFigure
21 shows the average frequency of draws by flow ratddy all sites and illustrates tl
behavioral change caused by the minimum flow raggiirement of the TWHs. The reductior
frequency of draws can be attributed toer a increase in the flow rate for low flow draws

the TWH or users stopped trying to use low flow Wwater draws
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Figure 21. Reduction of low flow draws for TWHs
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Hot Water Consumption and U:

The same seasonality arsis applied to hot water energy output was appbedhily hot
water consumption. The results were very simifaites 1 and 9 had only very small seas:
variance and were not analyzed. Site 8 had aaetidove out in November of 2009 causing
alrupt change in water usage. Of the remaining sitgististically significant differenc
between water heaters was only detected at onésgaet). Six of the seven sites analy
showed no statistical significant difference in haiter consumptioby water heater type use
To further illustrate this point the seasonal GRDressions for each heater were used with
site’s measured main temperatures to determinavkage annual hot water consumption
day. Figure 22 and Table 3@ow that the difference between water heatersswadl at mos
sites and are not consistent in direction fromtsitsite. At sites 1and 5 the StWH used more
water than th@WHSs. At sites 2 and 10 the TWHs used more hoenthiat the StWHs. At site
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4, 6 and 9 it was unclear which type of water hreased more hot water. The differences at all
sites were much smaller than the daily variancgater consumption (standard deviations
ranged from 12 to 35 gpd).

Table 30. Average daily hot water consumption by water heater type

Annual Average GPD

Site StWH NTWH CTWH
1 58 46 48
2 57 62
3 48
4 24 26 24
5 23 19
6 62 64 61
7 38 38
8 Occupancy Change Prohibited Analysis
9 20 20

10 35 40 38
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Figure 22. Average daily hot water consumption by water heater type

Average Daily Hot Water Volume, GPD
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Note: Missing bars are sites where only one orwater heaters were install

Hot waer usage patterns were analyzed at all ten siteaddition to the flow rat

information presented previously, usage patterndraw duration, draw volume and idle tii

between draws were also analyzed. For this arsadylbt water pulses were ¢ considered

draws if flow was detected on the hot water flowtendor at least three consecutive secc

Draws were typically short, with about 73% of drda&ting thirty seconds or less. T

frequency of short draws varied from site to sitgh a nrinimum of 62% of draws and

maximum of 82% of draws being 30 seconds or lFigure 23shows the frequencies averag

for all ten sites. This figure also illustrateatthe StWHs had a higher percentage call

draws than the TWHSs, which was the case to vargeuyees at all sites
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Figure 23. Duration distribution for hot water draws
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Most draws were not only short but had small tetdlime as well. Seventy percent ot water
draws had total hot water volumes of a half gatlottess Figure 24. Only 4% of draws wer
between 2.5 and 5 gallons. Five percent of draesibove 5 gallons per draw. These cor
mostly of shower drawskigure25looked at the same data but as a percentage bf/tdtene
instead of total draws. This figure shows thatvdraver 5 gallons were small in number

made up 51% of the total volume of drg
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Figure 24. Frequency distribution binned by draw volume
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Figure 25. Draw volume as a percentage of total daily volume
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The delay between draws is especially importanTidiHs. When thre are long idle
times between draws the water heater must reheaintiall volume of water and the metal in<
the unit for each draw. If draws are closely spas@me of the heat will remain in the he:
from the previous draw reducing wasted heifty-two percent of draws were 5 seconds or
apart and 84% were one minute or less apart. [Ose spacing of draws mean that few dr:

must start with a completely room temperature T
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Figure 26. Frequency distribution of hot water draws by idle time between draws
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The hot water draw pattern analysis showed that Tdhkévs are typically longer ar
have a higher volume and flowrate than StWH drakWewever, the total daily volume was r
significantly greater.This was because on average the TWH was usedress per day. Al
average of 28 draws per day was found for homdb@®tWH and only 22.5 hot water dra

per day were used with the TW

Effect of TWHs on Whole House GeDemand

TWHSs have much laer gas input ratings than StWHs (1889 kBtu/h vs. 4(
kBtu/hr). Some gas utilities have expressed caontteat a drastic increase in the water he
gas demand for a neighborhood will affect the gasidution network. Whole house 5 mint
average gademand was analyzed for each site. Whole hasdemand during times whe
the TWHs were active was compared to demand whafiHStwere active Figure27 shows the
frequency distribution of whole hous-minute natural gas demand for Site 1. There was o
small fraction of the time (10% for either wateater type) where-minute demand was abo

40,000 Btu/hr. The home’s furnace was largely raspe for the greater frequency of dem:
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around 100,000 Bthr (this home’s furnace input rate). The jums\geeater for periods whe
the TWHs were active, due to their higher inpuésatFor this site, there was no five min

interval where whole house gas demand was abov@Q@®&tu/hr

Figure 27. Frequency distribution of 5 minute average whole house gas demand
for one site.
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Average daily whole house gas load profiles wese abnstructed for each seaso
each house.. The winter load profile for the entiome by wati heater type is shown for Site
in Figure 28 Site 1 had significant night and daytime spagating setbacks and a regular wi
use schedule. This resulted in strong peaks imitving, when the house wariup and people
take showers, and again in the afternoon whendheéhwarms and water is u. The morning
peak at Site 1 was mostly due to space heatings Site had a single stage 100,000 Btu/hr it
gas furnace. The morning peak was about the magnitude and width regardless of the t

of water heater in use. Figu2é shows the average summer load profile, which doegwlude
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any space heating. The StWH showed the highektwleite the NTWH showd almost no
increased morning gas consumption. The CTWH atdité was the Navien (-240A with the
small buffer tank, and showed behavior intermediateveen the StWH and NTWHFigure 30
plots the winter whole hougead profile for Site 6. This sitshows a similar usage patterr
Site 1. Site 6 has a two stage gas furnace witlralegas input rates of 66,000 and 45,
Btu/hr, which accounts for the reduction in the miog peak from Site 1 to Site 6.t both sites
the morning peaks are similar in duration and ntagei regardless of which water heate

being used.

Figure 28. Whole house gas load profile for average winter day at Site 1
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Figure 30. Whole house gas load profile for average winter day for Site 6
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DISCUSSION
TWHs in this study had simple paybacks of 21 ty&ars. These paybacksre too long

for TWHSs to make sense from an economic standpointauitient energy costs.

Current federal rebates for ene-efficient products make the paybacks for TWHs m
better. Water heaters that meet the federal e-efficiency requiremeistcan have 30% of the
total cost rebated up to $1500. Applied to theviogsly discussed payback analysis this re
would reduce homeownersicremental costfor TWHs to $75082200. Reducir incremental
costs improve paybacks tavaich more managble 10 to 23 years.

Assuming these federal rebates cont, a utility program with additional rebates co
make TWHs economicalligasible as an ener-efficiency technology. For instance, ifa 0
EF NTWH can be installed for $2500, the federaate brings that cost down to $1750, whic
about a $750 incremental cost over a typical StVifHthis project the 0.82 EF NTWHSs sa\v
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about $72/year and about 75 therms/year. An anhditi$200 utility rebate would bring the
payback for this heater down to 7.5 years and & $&Bate would bring the payback down to 3.5
years. However, this would be a very high rebate per therm saved and may not be viable.
With the gross payback period generally exceediegeikpected TWH life, TWHs would not
pass the societal test required for CIP programs.

The simple paybacks of tankless water heatersbheadetter than indicated in the
analyses conducted here if the TWH manufacturéaghcthat the TWH has twice the lifetime
of StWHs is valid. StWHSs are generally considemetave a lifetime of 10 to 12 years, and
manufacturers claim a lifetime of 20 years for TWH#%$ere has not been enough information
collected to verify this lifetime. If this claim tsue the incremental cost is reduced by about
$1000, reducing simple paybacks to 7 to 27 years.

These findings leave the search for economic, &ffjiency water heating alternatives
unresolved, though many alternatives remain toxaenaned. One alternative, for example, is
the use of TWHSs for both domestic hot water andseeating, since the economics would
likely improve if one appliance could be used fottbfunctions. Another alternative is the use
of storage water heaters with higher efficienciBgsidential StWHs with electronic ignition or
with power venting/power combustion can have higféciencies: for instance, 40 gallon
models on the market today have EFs ranging fr&& tx 0.70. Residential condensing StWHs
are not available but commercial models are aviglabd have efficiencies exceeding 90%.
These more efficient StWH options also have higiosts. StWHs can also be used as
combination heating/water heating appliances. Qtpgons include use of boilers for both
heating and water heating, solar water heating, fh\@ap water heaters, point-of-use heaters for
small draws, and more. These options, while woaothiyrther investigation, are outside the
scope of this study.

The findings from this study strongly suggest that DOE Energy Factor needs to be
modified. This report shows that it does not aately predict installed performance or provide
a non-biased metric for comparison between teclymdo Comparing measured daily
efficiencies versus rated EFs showed that EF oxestigted efficiency by 14 percentage points
(23%) for StWHs compared to 9 percentage point%ojidr TWHs. The American Society for
Heating Refrigeration and Air-Conditioning Engine€ASHRAE) is currently working to
update their residential water heater test standdr@®.2). A proposed U.S. Senate bill would
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force DOE to revaluate the rating procedure fohlmmmmercial and residential water heaters.
Two methods are under consideration to improveEtheéest, (1) updating the draw profile to be
more representative of how hot water is actualdusr (2) switching to a modeling approach
where two-point lab tests are used to generataut-output line and performance is modeled
from this line and a standard load profile. Datd &nowledge gathered from both the field and
lab portions of this project have been and willtowre to be used to support efforts to improve

the water heater rating methodology.

CONCLUSIONS
Tankless water heaters can be successfully indtatid operated in Northern Midwest

climates. TWHSs can be used in residential appboatwith only moderate changes in
gualitative aspects of water heating performandt some attributes rated better and some
worse than for StWHs. TWHs save a considerableuainaf energy over natural draft StWHSs.
TWHs saved an average of 37% of site energy conddionavater heating at ten sites in the
Minneapolis/St Paul area, which was about 6000 ldgtuhome per year. TWHs provided this
energy savings with no significant change in hatewaonsumption. Even with these positives
of tankless water heaters the low cost of natusaland the high installed cost of TWHSs limits
their feasibility. Without considerable rebates #imple paybacks for these heaters were 20 to

40 years, making widespread installations seenkeigli
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Appendix | — Table of available TWHs
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Utility Name, Territory, Web Site

Incentive Netwk

TANKLESS INCENTIVES
Incentive Details

Source of Info
E-Sour Web  Verbal

Amount

Min EF Other

Reb?

Other

Alliant Energy
parts of [A, MM, WI
www.alliantenergy.com

Focus on Energy

5100

0.80

Aquilla
CO, IA, KS, NE., MO
www.aquila.com

5100

none

iy

Only in lowa

Avista
parts of OR, WA, ID
wwwavistautilities. com

5200
$200

0.80
0.82

ODOE for OR
.80 EF in OR
.82 EF in WA, ID

Bay State / Nothern Utilities (NiSource)
Parts of MA, ME, NH
wiww. baystategas.com, northemutilities.com

GasNetworks

5300

0.82 1D

200

Berkshire Gas Company
Western MA
www. berkcshiregas.com

GasMetworks

5300

0.82 1D

Cascade Natural Gas
Parts of OR, WA
WWW.GNgEC. com

Energy Trust OR

5200
5200

0.80
0.81

ODOE for OR
.80 EF in OR
.81 EF in WA

Enbridge Gas Distribution
Parts of Ontario. Canada
hittps:/#portal-plumprod.cgc.enbridge. com

$300

Pre-Approved M

Commercial
Cust. Only

Gainesville Regional Utilities
Gainesville, FL and surrounds
WWW.gru.com

5350

none

For fuel switch
or add’l gas unit

Gaz Metro
VT, USA; Quebec, Canada
www. gazmetro.com

5450

Pilat Pgm

none
Pre-Approved M

Goes to Installer
Commercial
Residential

Madison Gas & Electric
South-central & Western W
WWW.mge.com

Focus on Energy

5100

0.80

MN Energy Resources
Parts of MN
WWW. minnesotaenergyresources. com

5250

0.54

NationalGrid / Keyspan Energy Delivery *
Parts of MY, MA, NH, RI
www.nationalgridus. com/igas

GasNetwaorks

§300

0.82 11D

900

New England Gas Company
Parts of MA
WWW.NEgasco. com

GasMetworks

5300

0.82 1ID

Northwest Natural Gas
OR. Southwest WA
www.nwnatural.com/index. asp

Energy Trust OR

5200

0.80

Oregon also
eligible for ODOE]

tax credits

NSTAR Gas
Parts of MA
wiww.nstaronline. com/esidential

GasMetworks

5300

0.82 1ID

900

Palo Alto City Utilities
City of Palo Alto, CA and surrounds
www. city. palo-alfo.ca.us

5300

0.80 1ID

Pacific Gas & Electric
Morthern and Central CA
www.pge. com/myhome

5200

0.80 D

Mew Const. Only

Pacific Power
Elect for parts of OR, WA, CA
www. pacificpower.net/Homepage

Energy Trust OR

5200

Oregon also
eligible for ODOE]

tax credits

Portland General Electric
Elect for most of SW Portland, OR
www.portlandgeneral.com

Energy Trust OR

5200

0.80

Cregon also
eligible for ODOHF

tax credits

Questar
Parts of UT, WY
www. guesiargas. com

5300

Southern California Gas (Sempra)
Central and Southern CA
www. socalgas. com

5200

0.80

Pilot Program
Mfgrs give rebate

Unitil Corp.
Parts of MA: Elect parts of NH
www. unitil.com

GasMetworks

5300

0.82 1D

WE Energies
Parts of WI; Elect parts of W and UP of MI
WWW. We-energies. com

Focus on Energy

100

0.80

Wisconsin Public Service
MNE & Central WI, parts of UP of MI
www. wisconsinpublicservice.com

Focus on Energy

5100

Xcel Energy
CO, ML, MM, MM, MD, SD, TX, W
www.xcelenergy. com

Focus on Energy

5100
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[Il — Survey Information

IV — Additional Figures and Plots

V — Daily Measured vs Lab 1/0O performance
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