Batielle

,I‘?If_’ Bu-.-.lm.-a:. of[muwatum

FINAL REPORT

STUDY ON BENEFITS OF REMOVAL OF
WATER HARDNESS (CALCIUM AND
MAGNESIUM IONS) FROM A WATER

SUPPLY DOCKETED
15-BSTD-01
TN # 74363

By JAN 22 2015

D. D. Paul, V.V. Gadkari, D.P. Evers, M.E. Goshe, and
D.A. Thornton

Battelle Memorial Institute
505 King Avenue
Columbus, OH 43201

Prepared for

Water Quality Association
4151 Naperville Road
Lisle, Illinois 60532-1088

Agreement No.OP53257R1




Battelle does not engage in research for advertising, sales
promotion, or endorsement of our clients' interests including raising
investment capital or recommending investments decisions, or
other publicity purposes, or for any use in litigation.

Battelle endeavors at all times to produce work of the highest
guality, consistent with our contract commitments. However,
because of the research and/or experimental nature of this work the
client undertakes the sole responsibility for the consequence of any
use or misuse of, or inability to use, any information, apparatus,
process or result obtained from Battelle, and Battelle, its
employees, officers, or Trustees have no legal liability for the
accuracy, adequacy, or efficacy thereof.



Table of Contents

F e (0101 1 1T PP PP PPPTPTPPPPPPPPPPTON \
EXECULIVE SUMMAIY ....eiiiiiie ittt ettt e e bt e e sb e e e mb e e e snb e e anbe e e e nneeeenaeeenes i
FIXTUres and APPHIANCES. .......oiiiiieiiiie it neee s \Y]

1.0 a1 g0 o [N T Ao o PRSPPSO 1
2.0 GOals AN ODJECLIVES .....eeiiiiie ettt ettt e et e e ne e 1
3.0 Technical APPrOaCh........oo i 1
I R VA =T g o (=T U= SRS PPRRPR 2

3.2 Fixtures and APPIIANCES ........oiiiiieiiiie e 4

3.3 Differential Carbon FOOTPIINT.......cccuviiiiiii e 5

4.0 TESEPIOOCOI .....vviieeeieei e e e e e e e e e e e e e e e e e e e 5
O R V=T o [T =] (PP PP P PPPPPPPPPPPP 5

4.2 FixXtures and APPIIANCES ........oooiiiiiiii et 6

4.3 Differential Carbon FOOtPrint ASSESSIMENT.........c.uveiiiiieiiiieeiiie e 6

R I 1o IS = (1] o TSP 8

441 WALl HEALEIS. ..o 8

A.4.2  APPHIANCES oo e s 9

5.0 RESUIES ...t a e e e 10
9.1 WALl HEALEIS ... 10

5.2 Instantaneous Gas Water HEALEIS ..........oeiiiiiiiieiiiiie et 11

5.2.1 Instantaneous Gas Water Heaters on Soft Water............cccceevveiiiieeiinnenne 11

5.2.2 Instantaneous Gas Water Heaters on Unsoftened Water..............ccceeveene. 14

5.3 Gas Storage Water HEALEIS .........ooiiiiiiiieiiiiii ettt 23

5.3.1 Gas Storage Water Heaters on Soft Water ...........ccccoveviiiiiiiniiie e, 23

5.3.2 Gas Storage Water Heaters on Unsoftened Water ...........ccccccoovvviveeiiiiiineens 25

5.4  Electric Storage Water HEaterS..........cooueiiiiieiiiie i 31

5.4.1 Electric Storage Water Heaters on Soft Water ...........ccccocoeeiiieiiiie e, 31

5.4.2 Electric Storage Water Heaters on Unsoftened Water ...............ccoceveevennnee. 32

5.5 Fixtures and Appliance Test RESUIS .........ccceiiiiiiiiiiii e 36

5.5.1 Low FIow ShOWErheads ..........cccveiiiiiiiiiii e 36

5.5.2 LOW FIOW FAUCELS ......oeeiiiiiiiei et 38

5.6 Dishwashers and Clothes Washers Tested Using Unsoftened and Softened Water40

5.7 Summary of Findings on Fixtures and ApplianCes...........cccooeevvieriiieniiiee s 45

Final Report



5.8 Differential Carbon FOOTPrINt........cuviiiiiiiiiici e 45

IO 0o o [V ] (0] o PP UPRUPRPPRRTRS 49
6.1 Instantaneous Gas Water HEALENS .........ccooiiiiiiiiiiiiiee e 49
6.2 Gas Storage Water HEALEIS .........ooiiiiiiiieeeieee e 49
6.3  EIeCtriC Water HEALEIS ... 50
6.4  Fixtures and APPIHIANCES .......cooiiiiiiie e 50
7.0 RETEIEINCES ...ttt ettt ettt e e e e e e nnaee e 50
Appendix A Appliance Energy Consumption Test Data.........cccooovveiiiieiiiieniiie e 51
Appendix B Carbon Footprint CalculationsS.............cooviiiiiiiiiiiiie e 57
Appendix C Energy Efficiency Data For Instantaneous Gas Water Heaters Using
SOTLENEA WALET ... 61
Appendix D Energy Efficiency Data For Instantaneous Gas Water Heaters Using Unsoftened
WVBLET ...ttt e e e a e e e 75
Appendix E Energy Efficiency Data For Gas Storage Water Heaters Using Softened Water......91

Appendix F Energy Efficiency Data For Gas Storage Water Heaters Using Unsoftened Water 105
Appendix G Energy Efficiency Data For Electric Storage Water Heaters Using

SOTLENEA WALEK ... 119
Appendix H Energy Efficiency Data For Electric Storage Water Heaters Using Unsoftened

AL L] PP PPPPPPPPPPPPP 129
Appendix | Photos of Heat Exchangers of Instantaneous Water Heaters After 90 Days Using

SOTLENEA WALEK ... 139
Appendix K Photos of Gas Storage Water Heaters After 90 Days Using Softened Water ....... 153

Appendix L Photos of Gas Storage Water Heaters After 90 Days Using Unsoftened Water-....160
Appendix M Photos of Electric Storage Water Heaters After 90 Days Using Softened Water.168
Appendix N Photos of Electric Storage Water Heaters After 90 Days Using

UNSOTLENEA WALET ... 175
Appendix O Culligan Analysis of Softened Well Water ... 183
Appendix P Culligan Analysis of Unsoftened Well Water...........ccccoooeiiiiiiiiiiiiee e 189

Appendix Q Culligan Analysis of Hard Water Scale Taken From Piping at Outlet of
Instantaneous Water Heater Operating With Water of 26.2 Grains Per Gallon

HAIANESS ...t e e e e e e s e a e 196
Appendix R Pictures of Low Flow Showerheads Using Unsoftened Well Water and Softened
WEBITWVALET ... e e e e e e a e e e aae e e 204

Final Report ii



List of Tables

Table 3-1.
Table 4-1.
Table 4-2.
Table 4-3.
Table 5-1.

Table 5-2.
Table 5-3.

Table 5-4.

Table 5-5.

Table 5-6.

Table 5-7.

Table 5-8.

Table ES-1. Summary of Results for Water Heaters ...........coooveiiieiiieiiiee e iii
Table ES-2. Estimated Savings for Gas-fired Water Heaters using Softened Water Over 15 years
I £ PSSP PRRSPPPRRSPTPIS v

Summary of Acceleration Factor Calculations .............ccccooviiiiieiiiiicie e 3
Summary of Water Heater Operating Conditions............coovuveeiieieiiieeiiiee e 5
Summary of Appliance Operating CoONAItIONS..........cooiueiiiiiieiiie e 6
Carbon Footprint Calculation Data ............ceeeiiiieiiiiiiiiieiie e 8
Predicted efficiencies of instantaneous water heaters as a function of water hardness
ANA NOT WALET USAQE. ... vveeeieieeeeiieeeieee ettt ettt ettt ettt e sib e e srb e e st e e snbe e e snbeeeanbeeeannnaeas 20
Energy costs as a function of water hardness for instantaneous water heaters........... 21
Predicted efficiencies of gas storage water heaters as a function of water hardness
level and daily household hot water USage. ...........ccveeiiieiiiiiiiiie e 29
Energy costs for operating a gas storage water heater as a function of
WALEE NAITNESS. ©.eiiiitiiee ettt e e e e e e e st e e e s e e e e e ataee s 30
Hard water scale collected from the gas storage water heaters on unsoftened or
SOTEENEA WALET ... e e e e e s aareaa e 31
Energy costs for operating an electric storage water heater as a function of water
NAIANESS. .. et 36
Hard water scale collected from each of the electric storage water heaters using
either unsoftened or SOfteNed WALEN . ...........coeiiiiiiiiiiiiec e 36
Example Carbon Footprint Calculations ..o 48
Summary of Carbon FOOtprint RESUILS..........cuviiiiiiiiiie e 49

Table 5-9.

List of Figures

Figure 4-1.
Figure 4-2.
Figure 4-3.
Figure 4-4.
Figure 4-5.
Figure 5-1.
Figure 5-2.

Figure 5-3.
Figure 5-4.

Figure 5-5.
Figure 5-6.
Figure 5-7.

Figure 5-8.

Final Report

System Boundary for Water Heating Carbon FOOtPrint ...........cccceevvveiiiiniiiiniiieee, 7
System Boundary for Appliance Carbon Footprint...........ccccevviiiiiiiniie e 7
EIECLriC WaaLer HEALEIS .....vviii et 9
GAS WALET HEALEIS ....vvveieeeeeeiiciiiiie ettt e e e e et r e e e e e e s st aaee s 9
APPHANCE TESTING ...veee ettt e e e sna e e e annee s 9
Efficiency of the instantaneous gas water heaters on soft water over time............... 13
95 percent confidence intervals for the efficiency measurements of the

instantaneous gas water heaters on Soft Water. ..........cccccevvieriiiin e 13
Efficiencies of the instantaneous gas water heaters using unsoftened water. ........... 14
Loose scale inside the elbow from the instantaneous water heater on unsoftened

1T L] PP PPPPPPPPPPP 16
Clogging of the strainers from the disassembled pressure regulators of the

instantaneous water heaters on unsoftened Water. ..........cccccevieeiien e, 17
95 percent confidence intervals for the efficiency measurements of the instantaneous

gas water heaters on UNSOfteNed WaLer. ...........oooveriiiieiiiee e 19
Linear regression of the efficiency data for the instantaneous water heaters on

UNSOTEENEU WALET ...ttt ra e 19
Efficiency of the gas storage water heaters on soft water. ...........cccccovveeiiieeiiieeenne 24

1]



Figure 5-9. 95 percent confidence intervals for the efficiency measurements of the gas storage

Figure 5-10.
Figure 5-11.

Figure 5-12.

Figure 5-13.
Figure 5-14.

Figure 5-15.
Figure 5-16.

Figure 5-17.
Figure 5-18.

Figure 5-19.
Figure 5-20.
Figure 5-21.
Figure 5-22.
Figure 5-23.
Figure 5-24.
Figure 5-25.

Figure 5-26.
Figure 5-27.
Figure 5-28.
Figure 5-29.

Figure 5-30.
Figure 5-31.

Final Report

water heaters 0N SOt Water. ..........oooiiiiiiii e 24
Efficiencies of the gas storage water heaters using unsoftened water. ................... 27
95 percent confidence intervals for the efficiency measurements of the gas storage

water heaters using UNSOfteNed WaLer. ..........cocuviiiiiiiiiieeee e 27

Predicted efficiency of a gas storage water heaters operating on soft water (0 grains
per gallon) versus one operating on unsoftened water with a hardness of 30 grains

PEI GAIION. <. 28
Efficiency of the electric storage water heaters using soft water................c........... 33
95 percent confidence intervals for the efficiency measurements of the electric
storage water heaters 0N SOt Water. ...........ooiiiiiiiiiiie e 33
Efficiencies of the electric storage water heaters using unsoftened water.............. 35
95 percent confidence intervals for the efficiency measurements of the electric
storage water heaters on unsoftened Water. ..........ccccceevviiiii i 35
Typical spray pattern from one of the showerheads using soft water at the end of
L () SRR PPPPR 37
Typical spray pattern from one of the showerheads using unsoftened water at the
BN OF thE TESL. .. 38
Photo showing the Set 1 faucet strainers at the end of the test............cccccccevineen. 39
Photo showing the Set 2 faucet strainers at the end of the test............ccccceeeiiieenn. 39
Photo showing the Set 3 faucet strainers at the end of the test............ccccceeevineenn. 39
Photo showing the Set 4 faucet strainers at the end of the test............ccccceeeviinen. 39
Photo showing the Set 5 faucet strainers at the end of the test............cccccceeinneenn. 40

Photos showing condition of dishwasher at the end of 30 days using soft water...41
Photos showing condition of dishwasher at the end of 30 days using unsoftened

LTS TP PP P PP PPTP PRI 42
Drum of the laundry washer using softened water was almost completely free from
water scale DUITAUP. ......oooii s 43
Drum of the laundry washer using unsoftened water had significant water scale

buildup on all of the INterior SUMfACES. ........c.coiiiiiiiii e 44
Laundry washer spray nozzles after 30 days of testing...........ccccceeevviiveiiiiiiieeennne, 45
Summary of Laundry Washers Daily Average Per Cycle Energy Consumption. ...46
Summary of Dishwashers Daily Average Per Cycle Energy Consumption............ 46
Example Dishwasher Operating CUIVES...........cooiuieiiiieiiiie i siiee e 47

iv



Acronyms

Btu

cf

Eq

F

g

gal
gm/yr
gpm
arg
Ib/yr
kg
kWh
MJ
ppm
scf
SMCL
WQA
y or yr

Final Report

British Thermal Units
cubic foot

equation

Fahrenheit

grams

gallon

grams per year

gallons per minute

grains per gallon

pounds per year

kilogram

kilowatt-hours

Megajoule

parts per million

standard cubic foot
Secondary Maximum Contaminant Level
Water Quality Association
year or years



This page intentionally left blank.

Final Report i



Executive Summary

his study tested devices fed with softened and unsoftened water under controlled laboratory

conditions designed to accelerate the water side scaling in the device and quantify the
performance efficiency. The project specifically focused on efficiency improvements in
household water heaters from use of softened water, and the subsequent effect on performance of
fixtures, such as low flow showerheads and faucets, and appliances, such as laundry washers and
dishwashers. For this study, Battelle tested 30 water heaters supplied by WQA over a 90-day
period using a Battelle-developed and WQA approved test protocol. Battelle simultaneously
studied the effect of water hardness on performance of faucets, low-flow showerheads,
dishwashers, and laundry washers. Using the empirical data generated from the water heater
testing and the effect on performance of fixtures and appliances, Battelle developed a differential
carbon footprint assessment for homes using unsoftened water vs. softened water.

Water Heater Results

Battelle set up and tested ten storage type gas water heaters, ten storage type electric water
heaters, and ten instantaneous gas water heaters with the following specifications using an
accelerated scaling methodology developed at Battelle.

e (Gas Water Heaters (10), 40 gal, 38,000 Btu/h burners
e Electric Water Heaters (10), 40 gal, 4500 W heating elements
e Tankless Gas Water Heaters (10), 199,000 Btu/h burners

Five of each type of device were tested without any preconditioning of the water supply, and the
other five were tested using a water softener to remove hardness constituents from the water
supply. Five units were chosen for each of the groupings in order to be able to calculate 95
percent confidence intervals for the results.

At the start of the test and at approximately one week intervals, the thermal efficiency of each
water heater was measured to determine the change in efficiency as water side scale built up in
each water heater. Each water heater was instrumented to measure the inlet and outlet water
temperature at 15-second intervals, the amount of hot water generated, and the amount of energy
(gas or electric) used to produce the hot water. These data were used to calculate the average
thermal efficiency of the water heater.

In summary, the electric and gas storage water heaters and the instantaneous gas water heaters on
soft water performed well throughout the entire testing period. Although the pressure regulators
and needle valves were tweaked throughout the testing to maintain constant testing conditions,
all of the water heaters on soft water required minimal attention because the conditions were
very stable. This is reflected in the efficiency data for these units that show the efficiency
remained essentially constant over the duration of the testing with the variations being within the
experimental error of the instrumentation and testing protocol. Overall, the softened water did a
good job of minimizing scale buildup in the water heaters.
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In contrast, none of the electric or gas storage water heaters or the instantaneous gas water
heaters on unsoftened water made it through the entire testing period because the outlet piping
system consisting of one-half inch copper pipe, a needle valve, and a solenoid valve became
clogged with scale buildup. Although the pressure regulators and needle valves were tweaked
throughout the testing to try to maintain constant testing conditions, all of the water heaters on
unsoftened water were removed from the testing at some point due to the inability to maintain

sufficient flow.

Table ES-1. Summary of Results for Water Heaters

Average Thermal
Efficiency, (%)

Equivalent

Average

Carbon

Field Annual Scale Footprint?
Water Heater Service Accumulation® (kg COygal
Type Test Start Test End (Years) (grams/year) hot water)
3
Instantaneous | Unsoftened | 80 | 2 16 | NA 0082
Gas Softened 80 80 16 NA 0.050
Unsoftened 70.4 67.4 20 528 0.066
Gas Storage  |----mmmmmmmeepe oo R e R R
Softened 70.4 70.4 295 7 0.056
Not
Electric Jrecftened | BS 120 e A Determined _
Storage Not
Softened 99.3 99.3 1.25 14 Determined
Notes: * The submerged heating element in an electric water heater operates at very high temperatures which

results in a high rate of scale buildup in electric water heater when compared to a gas water heater.

2 Average over 15 years Equivalent Life.

® Deliming or Cleaning was performed at this point.

A summary of the results, discussed in the following paragraphs, is provided in Table ES-1. The
instantaneous water heaters on unsoftened water had to be delimed at 1.6 years of equivalent
field service, and the average efficiency of these units dropped from 80 percent at the start of the
test to 72 percent when they were delimed. After deliming, the average efficiency of these units
increased to about 77 percent, but was still below the 80 percent starting efficiency. The cost
implications of these findings are addressed in this report.

The average efficiency of the gas storage water heaters on unsoftened water dropped from 70.4
percent at the start of the test to 67.4 percent at two years equivalent field service. These data

were used to derive equations to predict the efficiency of gas storage water heaters as a function
of water hardness and daily household hot water usage. The average rate of scale buildup in the
gas storage water heaters on unsoftened water was about 528 gm/yr (1.16 Ib/yr). The average

rate of scale buildup in the gas storage water heaters on soft water was about 7 gm/yr
(0.01 Ib/yr), which is almost negligible.

The electric storage water heaters on both softened and unsoftened water were able to maintain a
constant efficiency throughout the entire test period because the heating elements were
completely submerged in the water. However, the life of the heating element in unsoftened
water is expected to be shortened due to scale buildup increasing the operating temperature of
the element. The average rate of scale buildup in the electric storage water heaters on unsoftened
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water was about 907 g/yr (2.00 Ib/yr). The average rate of scale buildup in the electric storage
water heaters on soft water was about 14 g/yr (0.03 Ib/yr), which is almost negligible.

Fixtures and Appliances

Ten low flow showerheads were installed on the hot water supply coming from the instantaneous
gas water heaters; five were tested on unsoftened water and five were tested using softened
water. The low flow showerheads on unsoftened water were removed from testing as they
clogged up to the point of not allowing adjustment to a 1.25 gpm flow rate at any time during the
test. All of the low flow showerheads on softened water made it through the testing without any
problems. However, the low flow showerheads on unsoftened water clogged after an average of
3,203 gallons of water flow through them. At the end of testing, the low flow showerheads were
disassembled and the amount of scale buildup was documented with photographs of the
components.

Ten low flow faucets were also installed on the hot water supply coming from the instantaneous
gas water heaters; five were tested on unsoftened water and five were tested using softened
water. The low flow faucets on unsoftened water were also removed from testing as they
clogged up to the point of not allowing adjustment to a 1.25 gpm flow rate at any time during the
test. All of the low flow faucets on softened water made it through the testing without any
problems. However, the low flow faucets on unsoftened water clogged after the equivalent of 19
days of water flow through the faucets assuming an average household uses about 50 gallons of
hot water per day. The collection of scale on the faucets using unsoftened water appears to be
the result of scale breaking loose from upstream portions of the plumbing and being trapped in
the strainers.

Six dishwashers (Kitchenaid ) and laundry washers (General Electric) were purchased to test the
effect of unsoftened water on the performance of the appliances. The electronic controls for this
equipment were integrated into the automated data acquisition and control system designed for
the testing. The wash and dry cycles of the dishwashers and the wash cycles of the laundry
washers were controlled automatically with the units going through eight cycles every 24 hours.
The clothes washers were loaded with 7 Ibs of restaurant hand towels. The dishwashers were
loaded with eight place settings of dishes and flatware. At the end of the 30 days of testing, the
dishwashers and clothes washers were examined before a teardown analysis was initiated. The
units using softened water were almost completely free of any water scale buildup. In contrast,
the units using unsoftened water (26 grains per gallon) had noticeable water scale buildup on all
of the interior surfaces after only 30 days of testing. Although both of the dishwashers and
clothes washers completed the same number of wash cycles (240), the appearance of the inside
of the units using unsoftened water shows that it needs to be delimed and cleaned due to the
buildup of scale and deposits. On the other hand, the units using soft water look like they could
be cleaned up to look like new with just a quick wipe down.

Carbon Footprint

Battelle assessed that carbon footprint of the water heaters by evaluating the energy consumption
within the Home and the resulting greenhouse gas emissions. The results parallel those for the
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energy consumption, in that where there are energy efficiency differences there are also carbon
footprint differences. For the storage type gas water heaters, there was a reduction in carbon
footprint of 14.8% over a fifteen year water heater service life with softened water compared to
26 gpg hard water, when considering both the natural gas used for water heating and the
electricity used for water softening. For the instantaneous water heaters, there was a reduction in
carbon footprint of 4.4% over a fifteen year water heater service life, when considering both the
natural gas used for water heating and the electricity used for water softening.

Conclusions

For gas storage and instantaneous water heaters, the use of a water softener to eliminate or
minimize the scale forming compounds in water will result in the efficiency of the water heater
remaining constant over the life of the unit. In contrast, gas storage and instantaneous water
heaters using unsoftened water had a noticeable decrease in efficiency over the testing period
resulting in higher natural gas use. This natural gas savings associated with the use of softened
water will lead to direct energy and economic savings, as seen in the summary results in Table
ES-2. In addition, because of the need to have the instantaneous water heater delimed or cleaned
periodically, the economic savings can lead to recovery of the cost of a water softener and
operating supplies in a period as short as a year, if the inlet water is sufficiently hard. Further,
there are environmental benefits to the use of a water softener: the lower use of natural gas leads
to reductions in the carbon footprint which are related to the decrease in total energy
consumption. The increase in total energy consumption (as a result of a reduction in heat
transfer efficiency) is related to the hardness: higher water hardness will lead to greater energy
consumption without the use of water softener, and consequently greater energy costs.

Table ES-2. Estimated Savings for Gas-fired Water Heaters using Softened Water Over 15 years
Life

Water Hardness, grains per gallon

Cost Elements

Instantaneous Gas Water Heaters

Percent Life Cycle Energy Cost Savings,%" NA 54 | 54 5.4 5.4 54 54

Percent Total Life Cycle Cost Savings, %" NA | 14.0 | 225 | 31.2 | 39.6 48.4 57.0

Estimated Usage before Deliming Required,

2 NA 8.4 4.1 2.7 2.0 1.6 1.4
years

Gas Storage Water Heaters

Life Cycle Oferating Efficiency Reduction From
Baseline, % 00 | 43 | 85 | 128 | 170 | 213 | 255

Percent Life Cycle Energy Cost Savings, %’ NA 31 | 6.6 | 103 | 145 19.0 24.2

Notes: *Derived from Table 5-2
2Derived from Table 5-1
% Derived from Table 5-3
* Derived from Table 5-4
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Electric storage water heaters did not record any difference in the electricity consumption
between units receiving softened or unsoftened water. However, the life of the heating element
on the electric water heater receiving unsoftened water would be expected to have a shorter life.

Low flow showerheads and faucets using unsoftened water clogged in less than seven days of
accelerated life testing, whereas those units using softened water made it through the test without

any problems.

The dishwashers and clothes washers on either soft or unsoftened water made it through 30 days
of accelerated scale testing, but the units on unsoftened water had noticeable scale buildup on all
surfaces that had contact with unsoftened water.
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1.0 Introduction

The Water Quality Association (WQA) is an international trade organization representing
members of all facets of the water treatment industry. One of their focus areas is water softening
and its beneficial effects on equipment, clothing, and public perception of water quality.
However, as with many other industries, the members recognize that consumers are increasingly
focused not just on the direct benefits associated with a product, softened water in this case, but
are concerned with the effect of a product on the environment.

To that end, the members decided they needed to quantify other benefits, in addition to cost
benefits, of softened water such as:

e The effect on longevity of the appliances such as water heaters, laundry washers,
dishwashers, beverage machines, shower heads, faucets, fixtures, and other household
units from unsoftened water versus softened water.

The WQA perceives that many of the differentiators between using softened and unsoftened
water may have significant “green” or sustainable environmental benefits. The ability to
substantiate these benefits — or better — to quantify these benefits, would help WQA
communicate the benefits that consumers and society may reap from softened water.

In addition, residential point-of-entry water purification systems, specifically water softeners,
have come under increasing scrutiny and criticism from local environmental groups and
wastewater agencies over the high levels of total dissolved solids and concentrated brine in the
discharges. Given these developments, Water Quality Research Foundation, the research arm of
WQA, feels that research should be conducted across the water softener life cycle to better
understand the potential cost and energy benefits of softened water to a single family home or a
household. WQA believes communicating these benefits to the general public would be helpful
in addressing the scrutiny and criticism and potentially improve the product sustainability.

2.0 Goals and Objectives

The study on benefits of removal of water hardness (Calcium and Magnesium ions) from a water
supply tested household appliances fed with softened and unsoftened water under controlled
laboratory conditions. Study test protocol included accelerated testing of appliances to get 95
percent confidence intervals around the results.

3.0Technical Approach

For the WQA, Battelle studied the beneficial effects of a water softener to a U.S. household. In
addition to the traditional cost benefits of the softened water, this project will foster a better
understanding of the effects of softeners on longevity and energy use of water-using appliances
like water heaters, laundry washers, dishwashers, and the longevity of other household items,
such as low flow shower heads, faucets, and clothing.
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The project specifically focuses on efficiency improvements in household water heaters from use
of softened water and the subsequent effect on longevity of fixtures, such as low flow
showerheads and faucets, and appliances, such as laundry washers and dishwashers. For this
study, Battelle tested 30 water heaters supplied by WQA over a 90-day period using a Battelle-
developed and WQA approved test protocol that mimics typical U.S. household use of these
appliances. Battelle simultaneously studied the effect on longevity of fixtures and appliances on
sets of faucets, low-flow showerheads, dishwashers, and laundry washers over a 30-day period or
until they failed — whichever was earlier.

The water heaters and all appliances for this study were provided directly by WQA or were
purchased by Battelle upon WQA’s approval. The WQA also provided service support for the
water heaters during the 90-day test period. Culligan International provided two softeners
(Model WS-210) for this study and provided weekly analytical support for water quality
analysis.

Using the empirical data generated from the water heater testing and the effect on longevity of
fixtures and appliances, Battelle developed a differential carbon footprint assessment for homes
using unsoftened water vs. softened water.

Battelle also assessed the impact of unsoftened and softened water on the longevity of laundry
washers, dishwashers and kitchen faucets. Laundry washers and dishwashers were operated on
an accelerated schedule for 30 days, with three of each being tested with unsoftened water and an
additional three of each with softened water. These were dismantled at the end of testing to
assess the effect of unsoftened water on the expected appliance lifetime.

3.1 Water Heaters

Under the test protocol, Battelle performed accelerated water-side scale tests on storage type
water heaters, instantaneous water heaters, and low flow showerheads to determine the amount
of scale buildup in the equipment due to unsoftened water conditions and the impact of this scale
on the efficiency or performance of these devices. Battelle set up and tested ten storage type gas
water heaters, ten storage type electric water heaters, ten instantaneous gas water heaters with the
following specifications using an accelerated scaling methodology developed at Battelle.

e (Gas Water Heaters (10), 40 gal, 38,000 Btu/h burners
e Electric Water Heaters (10), 40 gal, 4500 W heating elements
e Tankless Gas Water Heaters (10), ~199,000 Btu/h burners

Five of each type of water heaters were tested without any preconditioning of the water supply,
and the other five were tested using a water softener to remove hardness constituents from the

water supply. Five units were chosen for each of the groupings in order to be able to calculate
95 percent confidence intervals for the results.

The accelerated test protocol was based on the following assumptions.
e The amount of scale buildup in the water heaters is proportional to the amount of hot
water put through the device.
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e The water heaters use a periodic water draw of approximately 1.25 gpm for 4 minutes,
which is a total draw of 5 gallons of hot water through the device.

e To allow the water heaters to reheat sufficiently before the next draw, the time between
water draws was 15 minutes for the gas storage type water heaters, 30 minutes for the
electric storage type water heaters, and 12 minutes for the instantaneous gas water
heaters.

e A control system was setup to automatically withdraw water from each tank at the set
intervals for 24 hours a day. This yielded a total of 240, 480, and 600 gallons per day of
hot water generated by the electric storage water heater, gas storage water heater, and gas
instantaneous water heater, respectively.

e Anaverage family in the U.S. uses about 50 gallons of hot water per day

e The acceleration factor for the water usage is 4.8, 9.6, and 12 for the electric storage
water heater, gas storage water heater, and gas instantaneous water heater, respectively.

e The amount of scale buildup in the water heaters is directly proportional to the water
hardness. With a water source with a hardness of approximately 26 grains per gallon, the
scale buildup in the water heater to be approximately 2.6 times the amount than if
Battelle were using a water source with 10 grains per gallon hardness. In this case, the
acceleration factor for the water hardness is 2.6 (= 26/10).

In addition, a rough rule of thumb is that for every 20°F increase in setpoint temperature of the
unit, the amount of water scale buildup is doubled. Electric storage type water heaters are
shipped from the factory with their thermostats preset at 120°F. Battelle operated the test units at
a setpoint temperature of 140°F for instantaneous water heaters, 160°F for gas storage water
heaters, and 150°F for electric storage water heaters. Compared to the same unit operating at
120°F, the instantaneous water heaters, gas storage water heaters, and electric storage water
heaters are expected to generate 2, 4, and 2.8 times as much scale, respectively, due to the higher
operating temperature.

Using the above correlations, the overall acceleration factor for the cases described above is 35,
100, and 62 per day of testing for electric storage, gas storage, and gas instantaneous. Table 3-1
summarizes the individual factors and the composite. Each water heater was tested for 90 days

at the above conditions.

Table 3-1. Summary of Acceleration Factor Calculations
Acceleration Factors

Composite,
Estimated
Days Real
Water Heater WEE Temperature | Life to Actual
Type Volume Hardness Increase Days Tested
Electric Storage 4.8 2.6 2.8 35
Gas Storage 9.6 2.6 4 100
Gas
Instantaneous 12 2.6 2 62

At the start of the test and at approximately one week intervals, the thermal efficiency of each
water heater was measured to determine the change in efficiency as water side scale builds up in
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each water heater. Each water heater was instrumented to measure the inlet and outlet water
temperature at 15 second intervals, the amount of hot water generated, and the amount of energy
(gas or electric) used to produce the hot water. This data was used to calculate the average
thermal efficiency of the water heater.

At the end of the 90 days of testing, each water heater was carefully cut in half and the water side
scale removed from the inside surfaces and weighed. A statistical analysis of the data was
completed to determine the average performance improvements of the group of water heaters
using softened water when compared to the baseline group of water heaters using unsoftened
water. Ninety-five percent confidence intervals were calculated based on five water heaters
being tested in each group.

3.2 Fixtures and Appliances

Ten low flow showerheads were installed on the hot water supply coming from the ten
instantaneous gas water heaters. Five low flow showerheads were tested on unsoftened water,
and the other five on softened water. Upon completion of the low flow showerheads testing, ten
faucets were installed on the hot water supply coming from the ten instantaneous gas water
heaters in the same configuration to study the impact of use on unsoftened and softened water.

The low flow showerheads or faucets were removed from testing as they clogged up to the point
of not allowing adjustment to a 1.25 gpm flow rate at any time during the test. At the end of
testing, the low flow showerheads were disassembled and the amount of scale buildup
documented with photographs of the components.

To study the effect of softened water on longevity of the dish washers and laundry washers,
Battelle installed six dishwashers and laundry washers, three of each on the hot water supply
from the water heaters using unsoftened water and three of each on the softened water. The
wash and dry cycles of the dish washers and the wash cycles of the laundry washers are
controlled automatically with the units going through eight cycles every 24 hours.

As with the water heaters, Battelle assumed that the amount of scale buildup in the devices is
proportional to the amount of hot water throughput. The acceleration factor applied to these tests
was computed as follows:

1. The amount of scale buildup in the devices is proportional to the water hardness. Since
Battelle used a source of water with a hardness of approximately 26 grains per gallon, the
expected scale buildup in the appliances is approximately 2.6 times the amount than if a
water source with 10 grains per gallon hardness had been used.

2. The estimated usage for each of these appliances is approximately one cycle per day,
versus the eight cycles per day in the current testing.

There are other factors that will affect the longevity of appliances that were outside the scope of
the current testing. One major factor is changes in habits for cleaning of laundry or dishes that
may result from using softened water. Since softened water, in conjunction with detergents or
other cleaning products, may clean more effectively than unsoftened water, users might find it
acceptable to decrease the cycle time and yet achieve an acceptable level of cleanliness.
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Remember that consumers are buying cleanliness of clothes and dishes, not soft water directly.
This decrease in cycle time will lower the water consumption, the potential scale formation in the
appliance and the water heater, the energy consumption, and the carbon footprint.

3.3 Differential Carbon Footprint

The energy to heat the water and the energy used by the appliances are the primary drivers to test
carbon footprint of the test devices. The energy consumption during the 90-day water heater test
and the 30-day appliances tests was monitored to understand both the change as a function of
time, and the characteristic value for the energy consumption: long term average, final average,
or multiple intermediate values. The energy consumption of the water softening equipment was
provided by Culligan International based on data they had acquired during laboratory testing of
residential water softeners under typical use conditions. Changes in the daily cumulative energy
consumption of the appliances were correlated with observations on water consumption, water
heater performance, and appliance operations to help in interpreting the data.

4.0 Test Protocol

4.1 Water Heaters

Five of each type of water heater were tested with raw water and the other five were tested using
softened water. Water analysis and thermal efficiency tests were performed every week. Five
gallons of water were drawn from each of the 30 units periodically at the rate of 1.25 gallons per
minute over a 4-minute draw period. The following table, Table 4-1, presents the water draw
cycles during the test period and the corresponding acceleration factor for the equipment.

The time interval between draws varies because the heat input rate is different for each water
heater type, and sufficient time is needed for each type of water heater to heat the incoming
water up to the thermostat setpoint temperature before the next water draw.

Table 4-1. Summary of Water Heater Operating Conditions

Water Heater Type E:rei?\]/veelenr:eDr\r/:\I/vSs Total Flow per unit (Baégge;irgg%;ﬁggodse)
Gas Storage 15 minutes 480 gal per day 9.6
Electric Storage 30 minutes 240 gal per day 4.8
Gas Instantaneous 12 minutes 600 gal per day 12.0

The test determined the scale build up and the impact on performance and efficiencies of the
water heaters, low flow showerheads, and faucets. The test protocol used five units for each of
the groupings in order to be able to calculate 95 percent confidence intervals for the results.
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4.2 Fixtures and Appliances

Six laundry washers and dishwashers were tested, three of each on unsoftened and three of each
on softened water with their wash cycles automatically controlled at 3-hour intervals to get 8
cycles per unit per 24-hour period, see Table 4-2. Detergents were added automatically to each
system at a rate specified by the manufacturer in the Users’ Manuals for either softened or

unsoftened water.

Test Parameters /
Variable

Appliances

Dishwashers

Laundry Washers

Table 4-2. Summary of Appliance Operating Conditions

Cycle Time 3 hrs/cycle 3 hrs/cycle Dishwasher cycle includes
extended drying option

Water Temp 140°F 140°F

Test Load 8 place settings of dishes | 7 Ibs of test cloth Similar to DOE test protocols for

and flatware

these appliances

Energy Monitoring

Monitored Daily,
Calculated Per Cycle
Average

Monitored Daily,
Calculated Per Cycle
Average

Watts Up Pro meters monitoring
cumulative kWh

Make and Model

Kitchenaid
KUDLO3IVWH

General Electric
WJIRES550H

Purchased from Lowes

4.3 Differential Carbon Footprint Assessment

To guide the data collection and analysis efforts Battelle developed the system boundaries for
each test scenario and case (softened versus unsoftened water use) for this task. These diagrams
show the primary energy consuming activities that occur within the home: natural gas and
electricity consumption. They also illustrate which activities have been included in the analysis.

Battelle also assumed for each scenario that there are no differences in user behavior between
cases that influence energy consumption, and therefore carbon footprint. For example, softened
water might clean more efficiently leading to a change in the amount of detergent used or
reduction in stain removers used for laundry. These actions could lead to a lower carbon
footprint, but are ignored in this modeling.

System boundaries for the water heater and dishwasher test cases are shown below in Figures 4-1
and 4-2. Since the shower heads and faucets consume no energy themselves, their system
boundary is indistinguishable from the water heater case. For this reason a system boundary
diagram is not given for these cases. Similarly, the laundry washer system boundary can be
derived from the dishwasher system boundary by a simple substitution of laundry washers for
dishwashers in the following diagram; hence an explicit system boundary is not shown.
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Figure 4-1. System Boundary for Water Heating Carbon Footprint
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Figure 4-2. System Boundary for Appliance Carbon Footprint

From these systems diagrams Battelle developed a data collection scheme and quantitative
models for each comparative test case to estimate the potential carbon footprint differences
between using softened and unsoftened water, as seen below in Table 4-3.
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To capture the electricity consumption of the appliances, one or more Watts Up? PRO energy
monitoring meters was added to each circuit feeding electricity to the appliances. Three laundry
washers are capable of being monitored by one meter, but the dishwashers had to be split
between two meters (two dishwashers on one meter and one dishwasher on a meter alone)
because of current demand.

Each weekday the cumulative energy consumption for each of the four sets of appliances:
laundry washer with softened or unsoftened water, and dishwashers with softened or unsoftened
water, was tabulated in a spreadsheet, along with the date and time of the observation. Knowing
that a typical cycle was three hours, or eight cycles per 24 hours per appliance, the average per
cycle energy consumption was calculated for each case (energy consumption between
observations divided by number of cycles between observations). These values were plotted to
look for trends, and notes on water heater and appliance operations added. The raw data is
presented in Appendix A. The calculated results are presented in the next section, with the
complete calculations presented in Appendix B.

Table 4-3. Carbon Footprint Calculation Data
Unit

Carbon Units Sources
Footprint
Natural US EPA AP-42,
gas 0.0544 kg/SCF | Section 1.4
GaBi 4.3, US
Power Grid Mix,
TRACI GW
Electricity | 0.2083 kg/MJ Emissions

4.4 Lab Setup

Battelle filtered the well water source through a two-stage cartridge filtration system to remove
large particulates, and reduce the oil and grease concentrations. Each stage was a spiral wound
filter. The first stage was 50 micron filter, followed by a 20 micron filter. The outlet pressure
from the filters was monitored daily, and filters were changed when the pressure dropped to near
or below 30 psi on the water heater inlet side.

4.4.1 Water Heaters

The water heater test lab at Battelle was set up in three rooms, which are assigned by water
heater type. The 10 storage type electric water heaters were set up in Room 1 and the 20 gas
water heaters were assigned to Rooms 2 and 3, which are connected. The lab set up is pictured
below in Figures 4-3 and 4-4.
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Figure 4-3. Electric Water Heaters Figure 4-4. Gas Water Heaters

4.4.2 Appliances

The appliance testing was set up along the walls of the rooms, as seen in Figure 4-5, used for the
water heater tests. Three laundry washers and three dish washers were installed on the hot
softened water line and the second set of appliance in the same configuration is installed on the
unsoftened water line. The plastic tanks contained detergents that were dispensed into the
appliances in the correct amount using peristaltic pumps. The clothes washers used Tide
detergent and the dishwashers used Cascade detergent.

Figure 4-5. Appliance Testing
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5.0 Results

The well water Battelle used for this testing contains an elevated concentration of iron which
imparted red staining to the scale, the appliances, and the fixtures as is evident throughout the
test results presented in this section. The unsoftened well water contained 26.2 grains per gallon
of water hardness and 0.99 parts per million (ppm) or milligrams per liter (mg/liter) of iron. The
softened well water contained less than 0.55 grain per gallon of water hardness and 0.27 ppm of
iron. Samples of the scale were dissolved in solution and a quantitative analysis performed of
the solutions to determine the percentage of calcium carbonate, magnesium, iron, and other
species in the scale deposits. (See the results presented in Appendix Q). The analyses show the
concentrations of calcium, magnesium, iron, copper, and manganese to be 2079 ppm, 96 ppm,
164 ppm, 28 ppm, and 21 ppm, respectively. This shows that calcium carbonate is the most
significant constituent of the scale.

However; as is evident in the photographs presented further in this section, iron in the water has
given the hard water deposits a red/brown tone. lron causes unsightly red and/or brown staining
in not only the scale but also on fixtures, faucets, porcelain, and clothing that contact the water.
Iron is a rather common water problem in addition to and often accompanying hard water
scaling. Iron is the fourth most abundant element on earth. It enters water naturally as it is
dissolved from the earth’s crust or as iron or steel pipes corrode. As iron reacts with oxygen it is
converted from a water soluble and ionic ferrous iron into a precipitated red water ferric iron,
which causes staining.

Like water hardness, iron does not cause health related problems in water supplies. Iron and
water hardness rather create aesthetic and economic problems. The US Environmental Protection
Agency advises a secondary maximum contaminant level (SMCL) for iron of 0.3 ppm to avoid
aesthetically displeasing iron staining. Cation exchange water softeners replace hardness causing
ions of calcium and magnesium as well as dissolved ions of other metallic elements, including
iron and manganese, for those of sodium or potassium. Water softening is generally considered
effective for treating levels of iron up to 5 ppm, although many field installations have performed
very satisfactorily removing up to 15 ppm of dissolved Fe*? iron with cation exchange water
softeners. Many homeowners purchase water softeners to remove iron from their water supply
in addition to calcium and magnesium. As is evident in the photographs, the appliances using
unsoftened water were prone to heavy iron staining on all internal surfaces, whereas those
appliances on softened water did not show this effect.

5.1 Water Heaters

Water heater efficiencies were calculated for the groups of instantaneous gas water heaters, gas
storage water heaters, and electric storage water heaters. Five water heaters in each group were
operated using unsoftened well water (26.2 grains per gallon, 0.99 ppm iron); and five water
heaters were operated using softened well water (0.55 grains per gallon, and 0.27 ppm iron).

The efficiencies were calculated using the following energy balance. The energy output
delivered from the hot water withdrawn from the tank is:
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Qout = mC(Tout - Tin)

where m = the measured amount of water withdrawn from the tank,
¢ = the heat capacity of water,
Tout = the measure outlet water temperature, and
Tin = the measured inlet water temperature.

The energy input into the tank was determined for electric water heaters by directly measuring
the kilowatt-hours used with a watt-hour meter. For gas water heaters, the energy input was
determined using:

Qin =VxH

where V = the measured volume of natural gas used, and
H = the measured Btu content of the natural gas using a gas chromatograph.

The efficiency was then calculated using:

E = Qout / Qin

where E = the efficiency of the water heater.

5.2 Instantaneous Gas Water Heaters

The instantaneous gas water heaters chosen for these tests were residential models that had a
maximum set point temperature of 140°F. However, the average outlet water temperature for
each instantaneous gas water heater was measured every minute during the testing. The five
instantaneous gas water heaters operating with soft water had an average outlet water
temperature of 139.4°F, and the five instantaneous gas water heaters operating with unsoftened
water had an average outlet temperature of 136.6°F. Since scale buildup generally increases with
increasing temperature, it is important to operate both groups of water heaters with nearly
identical hot water delivery temperatures. These temperatures meet this criterion.

5.2.1 Instantaneous Gas Water Heaters on Soft Water

Water heater efficiency measurements were taken periodically over the course of testing the
instantaneous gas water heaters. For reference purposes, the equivalent field service time was
determined by taking the total amount of water throughput and assuming the average U.S.
household uses 50 gallons of hot water per day. Later the results will be generalized so that
predictions can be made assuming either higher or lower household usage rates.

All of the efficiency data shown on these plots is included in Appendix C (on a CD) for the
individual water heaters. Also included in the appendix are the statistical averages, standard
deviations, and 95 percent confidence intervals for each set of data.

Figure 5-1 shows the measured efficiencies of the instantaneous gas water heaters did not change
significantly over time, and averaged a constant value of 79.1 percent. Also shown on this
graph, are the number of water heaters used to determine the average water heater efficiency at
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each point in time. At the start of the test there were five water heaters setup under identical
conditions. In this case all five water heaters survived during the entire test.

Figure 5-2 shows the 95 percent confidence interval on each of the data points using the number
of water heaters, the calculated standard deviation; and a Student’s t-distribution. This shows that
the efficiencies of the water heaters on soft water did not change significantly over the course of
the testing, and a constant efficiency of 79.1 percent is a reasonable approximation. These
instantaneous gas water heaters logged over three years of equivalent field service assuming a
household uses 50 gallons of hot water per day.
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Figure 5-1. Efficiency of the instantaneous gas water heaters on soft water over time.
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Figure 5-2. 95 percent confidence intervals for the efficiency measurements of the
instantaneous gas water heaters on soft water.
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In summary, the instantaneous gas water heaters on soft water performed well throughout the
entire testing period. Although the pressure regulators and needle valves were tweaked
throughout the testing to maintain constant testing conditions, the instantaneous gas water
heaters on soft water required minimal attention because the conditions were very stable. This is
reflected in the efficiency data for these units which show that the efficiency remained
essentially constant over the duration of the testing with the variations being within the
experimental error of the instrumentation and testing protocol. Overall, the softened water
appears to have done a good job of preventing scale buildup in the instantaneous gas water
heaters.

5.2.2 Instantaneous Gas Water Heaters on Unsoftened Water

Water heater efficiency measurements were also taken for an identical set of five instantaneous
gas water heaters operating on unsoftened water. These results are also presented using an
equivalent field service time determined by taking the total amount of water throughput and
assuming the average U.S. household uses 50 gallons of hot water per day (Paul, et al., 1994).
Later the results will be generalized so that predictions can be made assuming either higher or
lower household usage rates.

All of the efficiency data shown on these plots is included in Appendix C for the individual
water heaters. Also included in the appendix are the statistical averages, standard deviations, and
95 percent confidence intervals for each set of data.
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Figure 5-3. Efficiencies of the instantaneous gas water heaters using unsoftened water.
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Figure 5-3 shows the measured efficiencies of the instantaneous gas water heaters that were
operated using unsoftened water. In this case, the efficiency of the water heaters changes
significantly with time because the internal surfaces of the heat exchanger begin to collect scale
from the unsoftened water. The scale coating introduces an extra layer of resistance to heat
transfer, and reduces the effectiveness of the heat exchanger. For reference, the initially
measured water heater efficiency is shown as a constant value line over the testing period. Also
shown on this graph are the number of water heaters used to determine the average water heater
efficiency at each point in time.

At the start of the test there were five water heaters setup under identical conditions. All five
water heaters were operating until about 1.6 years of equivalent hot water use. At this time the
flow rate in two of the instantaneous water heaters on unsoftened water reduced to a trickle even
though the control valves and pressure regulators were completely opened. One of the
instantaneous water heaters was exhibiting an audible alarm and fault code indicating that the
unit needed to be delimed. (Deliming is required when the efficiency falls below a value of
approximately 72%.) A service technician from Best Plumbing (New Albany, OH) was called in
to examine the units, and he delimed the instantaneous water heaters on unsoftened water using
the set of deliming valves on the water heater. The deliming valves on these water heaters are a
pair of three way valves that allow a service technician to isolate the instantaneous water heater
from the rest of the inlet and outlet piping system, and to circulate a deliming solution through
the water. The service technician circulated the deliming solution for 30 minutes through each of
the units.

The efficiency of the three remaining water heaters on unsoftened water improved after the
deliming procedure, but the flow through the two units that were down before the deliming
procedure was still inadequate. A decision was made to cut open the one-half inch copper pipe
immediately downstream of the water heater, but before the pressure regulator and needle valve.
The Battelle technician used a hack saw to cut out the two 90 degree elbows shown in Figure 5-4

Examination of the outlet piping revealed that the copper piping was nearly completely plugged
with scale at one of the elbows. However, the cutting of the pipe with the hack saw loosened
scale on the vertical pipe walls after the elbows, and the scale collected in the lower elbow.

Figure 5-4 also shows the loose scale that was found inside of the elbow after it was dumped out
onto a piece of paper. Pieces of the loose scale had a curvature that indicated that the scale was
stuck to the one-half inch, vertical pipe walls prior to falling into the elbow. The thickness of
several large pieces of scale were carefully measured and found to be about 0.05 inches thick.
This scale was sent to Culligan International for analysis. Culligan dissolved the scale in
solution and then performed a quantitative analysis of the solution to determine the percentage of
calcium carbonate, magnesium, iron, and other species in the scale sample. The results are
presented in Appendix O show the results for calcium, magnesium, iron, copper, and manganese
to be 2079 ppm, 96 ppm , 164 ppm, 28 ppm, and 21 ppm, respectively. This shows that the
overwhelming majority of the scale is calcium carbonate.
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Figure 5-4. Loose scale inside the elbow from the instantaneous water heater on unsoftened
water.

The pressure regulators downstream of all of the water heaters were disassembled and found to
be clogged with scale as shown in Figure 5-5. Even after the pressure regulators were cleaned
and reassembled, the two water heaters with inadequate flow rates before still had marginal flow
rates. The instantaneous water heaters would not consistently fire with each water draw. It was
subsequently learned that these instantaneous water heaters must have a minimum flow rate of
water before they will fire. Based on testing, it was found that if the flow rate of water was
greater than 0.5 gallons per minute, the instantaneous water heaters would fire consistently. At
flow rates below 0.5 gallons per minute, the water heaters became very inconsistent in firing;
sometimes they would fire and other times they would not fire during a water draw. Based on
these observations, it was concluded that the downstream piping and fittings (needle valve and
solenoid valve) were clogged with scale on these two units. The entire downstream piping and
fittings would have to be replaced for these tests to continue, so the testing of these two units was
discontinued.

At a time of about 2.3 equivalent years, one of the three remaining instantaneous water heaters
on unsoftened water could not maintain insufficient flow to fire consistently, and testing was
discontinued. At about 2.5 equivalent years, the piping systems on the remaining two
instantaneous water heaters also clogged up to the point of causing the water heaters to fire
inconsistently, so the testing of these units was discontinued. The downstream piping system on
all of the instantaneous water heaters on unsoftened water would have to be either delimed or
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replaced for additional testing to continue with these units. In contrast to the unsoftened water
tests, all of the instantaneous water heaters on soft water operated without difficulty to the
scheduled end of the tests at about 3.2 equivalent years

Figure 5-5. Clogging of the strainers from the disassembled pressure regulators of the
instantaneous water heaters on unsoftened water.

With this explanation for the removal of some of the instantaneous water heaters using
unsoftened water an examination of the efficiency data can begin. Figure 5-6 shows the 95
percent confidence interval on each of the data points using the number of water heaters, the
calculated standard deviation; and a Student’s t-distribution. At about 1.3 equivalent years into
the testing, the 95 percent confidence intervals began to increase dramatically due to the
unsoftened water scale buildup inside the water heaters and on the downstream piping system
and control valves. After the water heaters were delimed, the efficiency of the remaining units
improved to 77 percent, but did not recover to the measured initial efficiency of 80 percent.

Figure 5-7 looks at only the efficiency data of the instantaneous water heaters on unsoftened
water prior to being delimed at about 1.6 equivalent years. A linear regression analyses of the
efficiency data for the instantaneous water heaters on unsoftened water reveals the efficiency
decreased on average about 5.33 efficiency points per year prior to the water heaters being
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delimed at about 1.6 equivalent years. The linear regression analsis yields a least squares fit to
this data that reveals an equation for how the efficiency of the units changes with time as:

E =E,-5.14t (Instantaneous Water Heaters Only) Equation 1

where E =the efficiency at time t,
E, = the initial efficiency of the water heater at t = 0, in this case 80 %,
t = the time in equivalent years defined as usage in gallons divided by 18250
gallons per year.

This equation can be generalized to predict the efficiency of instantaneous water heaters at other
water hardness levels, and for other daily hot water usage amount by putting it into the form
below:

E=E,-Dbt Equation 2

where b =(0.003924)HG  (Instantaneous Water Heaters Only) Equation 3
H = the water hardness in grains per gallon,
G = the daily household hot water usage in gallons per day.

For the instantaneous water heaters on unsoftened water, the water hardness was 26.2 grains per
gallon, and a daily hot water usage of 50 gallons per day was assumed. When these values are
plugged into Eq. 3, the value for b is 5.14 which is identical to the coefficient used in Eq. 1. The
expression for b assumes that if you double the usage rate, the amount of scale buildup inside the
water heater also doubles.

For instantaneous water heaters on soft water with a water hardness level of 0.0 grains per
gallon, Eq. 2 reduces to a constant value E, for the efficiency for all times, which is consistent
with Battelle’s research findings discussed in Section 5.2.

The time required before deliming an instantaneous water heater can be predicted from Eq. 2 as a
function of the water hardness and average household hot water usage. For this testing, the
instantaneous water heaters on unsoftened water started out with an efficiency of 80 percent and
were delimed when the efficiency dropped to about 72 percent, the level at which the alarm is
activated. Using these efficiency limits, Table 5-1 was generated using Eq. 1, and shows how
the efficiency of instantaneous water heater changes with time for various water hardness levels
and for households that use either 50 or 100 gallons per day of hot water. When the water heater
efficiency dropped to less than 72 percent in Table 5-1, a table entry of “Delime” was inserted to
indicate that it was time to delime the instantaneous water heater. For instance, assuming a water
hardness level of 10 grains per gallon, the time until deliming would be 4.4 years for a household
using an average of 50 gallons of hot water per day, and 2.2 years for the same household using
an average of 100 gallons of hot water per day. Besides the nuisance factor associated with
having maintenance done on your water heater, the cost to delime the water heater is about $120
per visit.
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Figure 5-6. 95 percent confidence intervals for the efficiency measurements of the instantaneous
gas water heaters on unsoftened water.

90

85

/ Instantaneous Gas Water Heaters With Soft Water

[}
o
1

Efficiency, %
\l
(6]

70 - r\
Instantaneous Gas Water Heaters With Hard Water
(Error bars represent 95% confidence limits)

65 -
E =-5.3266t + 80.194
R?=0.9355
60 T T T T T T T
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00

Equivalent Years of Hot Water Use, Years

Figure 5-7. Linear regression of the efficiency data for the instantaneous water heaters on
unsoftened water.
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Table 5-1. Predicted efficiencies of instantaneous water heaters as a

function of water hardness and hot water usage.

50 Gallons Per Day of Hot Water Usage 100 Gallons Per Day of Hot Water Usage

Time Water Hardness in Grains Per Gallon Water Hardness in Grains Per Gallon
(Years) 0 5 10 15 20 25 30 0 5 10 15 20 25 30

0.0 80.0 | 80.0 | 80.0 | 80.0 | 80.0 | 80.0 | 80.0 80.0 [ 80.0 | 80.0 | 80.0 | 80.0 | 80.0 [ 80.0

0.2 80.0 | 798 | 79.6 | 79.4 | 79.2 | 79.0 | 78.8 80.0 | 796 | 79.2 | 788 | 78.4 | 780 | 77.6

0.4 80.0 | 796 | 79.2 | 788 | 78.4 | 78.0 | 77.6 80.0 | 792 | 784 | 776 | 76.9 | 76.1 | 75.3

0.6 80.0 | 794 | 788 | 782 | 77.6 | 77.1 | 76.5 80.0 | 788 | 77.6 | 76.5 | 753 | 741 | 72.9

0.8 80.0 | 79.2 | 784 | 776 | 76.9 | 76.1 | 75.3 80.0 | 784 | 76.9 | 753 | 73.7 | 72.2 |Delime

1.0 80.0 | 79.0 | 780 | 771 | 76.1 | 75.1 | 74.1 80.0 | 780 | 76.1 | 74.1 | 72.2 |Delime

1.2 80.0 | 788 | 77.6 | 76,5 | 753 | 74.1 | 72.9 80.0 | 77.6 | 75.3 | 72.9 |Delime

14 80.0 | 786 | 77.3 | 759 | 74.5 | 73.1 |Delime 80.0 | 77.3 | 74.5 |Delime

1.6 80.0 | 784 | 76.9 | 75.3 | 73.7 | 72.2 80.0 | 76.9 | 73.7

1.8 80.0 | 782 | 76,5 | 74.7 | 72.9 [Delime 80.0 | 76.5 | 72.9

2.0 80.0 | 780 | 76.1 | 741 | 72.2 80.0 | 76.1 | 72.2

2.2 80.0 | 77.8 | 75.7 | 73.5 |Delime 80.0 | 75.7 |Delime

2.4 80.0 | 77.6 | 753 | 72.9 80.0 | 75.3

2.6 80.0 | 77.4 | 749 | 72.3 80.0 | 74.9

2.8 80.0 | 77.3 | 74.5 |Delime 80.0 | 74.5

3.0 80.0 | 771 | 74.1 80.0 | 74.1

3.2 80.0 | 76.9 | 73.7 80.0 | 73.7

3.4 80.0 | 76.7 | 73.3 80.0 | 73.3

3.6 80.0 | 76.5 | 72.9 80.0 | 72.9

3.8 80.0 | 76.3 | 72.5 80.0 | 72.5

4.0 80.0 | 76.1 | 72.2 80.0 | 72.2

4.2 80.0 | 759 | 71.8 80.0 |Delime

4.4 80.0 | 75.7 [Delime 80.0

4.6 80.0 | 75.5 80.0

4.8 80.0 | 75.3 80.0

5.0 80.0 | 75.1 80.0

5.2 80.0 | 74.9 80.0

5.4 80.0 | 74.7 80.0

5.6 80.0 | 74.5 80.0

5.8 80.0 | 74.3 80.0

6.0 80.0 | 74.1 80.0

6.2 80.0 | 73.9 80.0

6.4 80.0 | 73.7 80.0

6.6 80.0 | 73.5 80.0

6.8 80.0 | 73.3 80.0

7.0 80.0 | 73.1 80.0

7.2 80.0 | 72.9 80.0

7.4 80.0 | 72.7 80.0

7.6 80.0 | 72.5 80.0

7.8 80.0 | 72.3 80.0

8.0 80.0 | 72.2 80.0

8.2 80.0 | 72.0 80.0

8.4 80.0 |Delime 80.0
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In comparison, if the instantaneous water heater is using a water softener that is capable of
removing all of the water hardness, the unit should never have to be delimed. In addition, there
is a considerable cost savings associated with having an instantaneous water heater operating at a
constant 80 percent efficiency as opposed to slowly degrading over time to about 72 percent
efficiency before being delimed. Table 5-2 shows the energy costs associated with operating an
instantaneous water heater as a function of water hardness. A 15-year life of the water heater
was assumed. The instantaneous water heater using 30 grains per gallon unsoftened water costs
$1,461 more to operate over its useful life than one using softened water (0 grains per gallon).
Most of this cost is associated with the deliming process. However, using an inlet water with a
lower hardness, the energy savings become more significant over the life of the water heater.
(See the results for 5 gpg hardness in Table 5-2, where the energy cost savings is 39%, versus
only 9% for the 30 gpg hardness case.)

Table 5-2. Energy costs as a function of water hardness for instantaneous water heaters.

Cost of Natural Gas Over The Life of an Instantaneous Gas Water Heater

Water Hardness,
grains/gallon

Water Inlet Temperature, F 46.6 46.6 46.6 46.6 46.6 46.6 46.6
Set Point Temperature, F 136.6 136.6 136.6 136.6 136.6 136.6 136.6
Life of Water Heater, Years 15 15 15 15 15 15 15
Efficiency at Beginning 80.0 80.0 80.0 80.0 80.0 80.0 80.0
Efficiency at Delimining NA* 72.0 72.0 72.0 72.0 72.0 72.0
Natural Gas Used, mmBtu 256.5 270.3? 270.4 270.3 270.4 270.3 270.3
Natural Gas Price,

$/mmBtu $10 $10 $10 $10 $10 $10 $10
Cost of Natural Gas, $ $2,565 $2,703 $2,704 $2,703 $2,704 $2,703 $2,703
Added Cost Without

Softener $0 $138 $138 $138 $138 $137 $138
Deliming Cost $120 $0 $220 $439 $662 $878 $1,104 $1,324
Additional Operating Costs $0 $358 $577 $799 $1,016 $1,242 $1,461

L with 0 grains per gallon hardness, the instantaneous water will not need to be delimed over the life of
the unit and the efficiency remains constant at 80 %.

% Instantaneous water heaters using hard water operate at an average efficiency between 80 and 72

percent depending on how many times they need to be delimed over the life of the unit, and for this
reason use slightly more gas than units on 0 gpg water (80 % efficient).
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82
Predicted Deliming Intervals for an Instantaneous Water
Heater Operating With 30 Grains Per Gallon Water Hardness
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Figure 5-7A. The predicted deliming intervals for an instantaneous water heater operating with
extremely hard water at 30 grains per gallon hardness.

At the end of the testing the instantaneous water heaters were disassembled and the heat
exchangers cut in half in order to examine the scaling conditions inside the tubes. Appendices I
and J contain the photos of the heat exchangers for instantaneous water heaters on softened and
unsoftened water, respectively. The heat exchangers using unsoftened water had more scale
inside the tubes than the ones on softened water. However, the heat exchangers on unsoftened
water were delimed about 30 days before the end of the test, and therefore, do not have as much
scale as might be expected if the water heaters had not been delimed. In addition, at the end of
testing, the outlet piping on each water heater was carefully cut into short lengths (ends taped to
keep loose scale inside), and shipped to one of the Water Quality Association members for
additional analysis.

In summary, none of the instantaneous gas water heaters on unsoftened water made it through
the entire testing period because the outlet piping system consisting of one-half inch copper pipe,
a pressure regulator, a needle valve, and a solenoid valve became clogged with scale buildup.
Although the pressure regulators and needle valves were tweaked throughout the testing to try to
maintain constant testing conditions, the instantaneous gas water heaters on unsoftened water all
dropped out of the testing before 2.5 years of equivalent field service. In contrast, the
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instantaneous water heaters on soft water all completed testing without difficulty when the tests
were stopped at 3.2 years of equivalent field service. In addition, the instantaneous water heaters
on unsoftened water had to be delimed at 1.6 years of equivalent field service, and the average
efficiency of these units dropped from 80 percent at the start of the test to 72 percent when they
were delimed. After deliming, the average efficiency of these units increased to about

77 percent, but was still below the 80.1 percent starting efficiency. The cost implications of
these findings are addressed in the section of the report on life cycle costs.

5.3 Gas Storage Water Heaters

The gas storage water heaters chosen for these tests were residential models that had a maximum
set point temperature of “Very Hot,” which corresponds to a maximum water temperature of
about 160°F. The average outlet water temperature for each gas storage water heater was
measured every minute during the testing. The five gas storage water heaters operating with
unsoftened water had an average outlet water temperature of 161.8°F, and the five gas storage
water heaters operating with soft water had an average outlet temperature of 160.4°F. Since
scale buildup generally increases with increasing temperature, it was important to operate both
groups of water heaters with nearly identical hot water delivery temperatures. These
temperatures meet this criterion.

5.3.1 Gas Storage Water Heaters on Soft Water

Water heater efficiency measurements were taken periodically over the course of testing the gas
storage water heaters. For reference purposes, the equivalent field service time was determined
by taking the total amount of water throughput and assuming the average U.S. household uses
50 gallons of hot water per day (Paul, et al., 1994). Later the results will be generalized so that
predictions can be made assuming either higher or lower household usage rates.

All of the efficiency data shown on these plots is included in Appendix E for the individual water
heaters. Also included in the appendix are the statistical averages, standard deviations, and
95 percent confidence intervals for each set of data.

Figure 5-8 shows the measured efficiencies of the gas storage water heaters did not change
significantly over time, and averaged a constant value of 69.0 percent. Also shown on this
graph, are the number of water heaters used to determine the average water heater efficiency at
each point in time. At the start of the test there were five water heaters setup under identical
conditions. In this case, all five water heaters survived during the entire t