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2. EXECUTIVE SUMMARY 

This report characterizes the current market practices, and the pricing and availability of 
controls used in the recirculation loops of central domestic hot water (DHW) systems of 
multifamily buildings in the state of California. 

California currently has about 50,000 multifamily unit starts every year.  By 2010 the 
total number of multifamily units existing in California is projected to be 3.9 million1.  
The California Energy Commission estimates that of these units, 40% are served by 
central DHW systems in climate zones 6 through 10, and 15% in the other climate 
zones2. 

The results of this market characterization study are part of a larger study being 
conducted by HMG to develop recommendations to improve the savings realized from 
controls in central water heating systems in multifamily buildings.  This market 
characterization study is helping HMG develop recommendations that are cost-effective 
and practical from the point of view of first-cost as well as maintenance. 

To collect current market data, HMG conducted telephone surveys of architects, 
developers, engineers, energy consultants, building departments, contractors, and 
distributors.  HMG also conducted site visits to multifamily project sites and building 
departments. 

One finding of the study is that central domestic hot water systems are most prevalent in 
high rise buildings and in dense urban areas.   

We found that the most common control types installed on the recirculation loops of the 
domestic hot water distribution systems are time controls, temperature controls, and time 
plus temperature controls.  Demand controls and temperature modulation controls were 
not commonly installed by the survey respondents, so we conclude that they do not have 
significant market penetration at this time. Incorporating these control types into the 
California Energy Efficiency Standards as a performance option may increase market 
penetration and help to realize the potential energy savings.  

We found that survey respondents usually claimed that insulation on recirculation loops 
is installed as mandated by the California Building Energy Efficiency Standards (Title 
24). This is not easily verifiable because the recirculation pipes are often buried. 
Verification of the installation of insulation is necessary to realize the potential savings 
possible from controlling heat loss through the distribution pipes. 

                                                 
1 California Building Industry Association/California Builder, 2006 Housing Forecast, January 2006 

http://www.cbia.org/documents/public/2006CBIAHousingForecast.pdf 
2 Impact Analysis, 2005 Update to the California Energy Efficiency Standards, California Energy Commission, June 

2003 
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3. INTRODUCTION AND BACKGROUND 

This survey work is part of subtask 2.1 of the Water Heater and Hot Water Distribution 
Systems project sponsored by the CEC Public Interest Energy Research program.  HMG 
performed this work under contract to CEC as a subcontractor to the Lawrence Berkeley 
National Laboratory. 

This survey work fulfills two of the objectives of subtask 2.1 – Multifamily Water 
Heating:  

1a.  Characterize existing multifamily water heating design practice 

1b. Characterize existing boiler installations (with storage systems) 

3.1 Purpose 
The survey conducted by HMG had two purposes:  

 To investigate current construction practices related to central domestic hot water 
(DHW) systems in multifamily projects in California.   

 To establish the price and availability of the controls used in the recirculation 
loop of the central DHW systems, and associated energy-saving system 
components.   

The overarching aim of the study was to identify the most practical and cost-effective set 
of recommendations for controls in recirculation loops of central DHW systems in 
multifamily buildings.  This survey study is part of a larger study to develop multifamily 
central DHW recommendations for changes to the 2008 California Energy Efficiency 
Standards (Title-24). 

The aim was not to collect statistical population data, but to collect in-depth information 
from professionals with knowledge of the subject.  This was then extrapolated to form a 
statewide picture. 

3.2 Background 
California saw a little more than 50,000 new multifamily housing unit construction starts 
in 2005. The number is expected to increase in 2006 to somewhere between 50,000 and 
60,000 housing units, with most of the new multifamily starts expected in the coastal 
urban centers1. On average multifamily new construction units are expected to be about 
28% of all residential new construction which includes single family, multifamily and 
mobile homes.  The Energy Information Administration estimates that by 2010, there will 
be 31.46 million multifamily dwelling units in the U.S.3  California is expected to have 
3.9 million units by 2010 as per data from the California Department of Finance.4  

Central DHW systems are estimated to serve 40% of multi-family dwelling units in 
climate zones 6 through 10, and 15% in the other climate zones2.  Within the realm of 

                                                 
3  EIA, Annual Energy Outlook, 2006, www.eia.doe.gov/oiaf/aeo/pdf/aeotab_4.pdf 
4  California Department of Finance, 2003 
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new construction, 41% of the multifamily projects participating in a particular Southern 
California efficiency program5 included a central DHW system (construction on these 
projects started between 2002 and 2005).  Data gathered from another program source in 
Southern California shows the percentage of central DHW systems specified in 
multifamily new construction projects participating in their program to be 53%.   

If the programs transform the market as intended, the overall market percentage of central 
DHW systems in multifamily projects may increase over time.  Besides the fact that they 
save energy overall compared to multiple individual water heaters, the first cost of 
installing a central DHW system is less than equivalent first cost of installing individual 
water heaters.  We also found that the insurance costs of multifamily buildings with 
isolated central DHW systems are lower those with individual water heaters.  One major 
barrier to the wider acceptance of central DHW systems was that many developers think 
it is easier to sell individual units as condominiums if they have their own water heater.  
This may change, however, if insurance costs rise. 

A report HMG submitted to the Lawrence Berkeley National Lab in 2003 estimated the 
distribution losses from central DHW systems. HMG estimated that for 50,000 newly 
constructed multifamily units, the distribution losses annually would be approximately 
108,000 MMBtu.  For the 3.7 million units existing at the time of the report, the annual 
distribution losses were estimated to be approximately 7,900,000 MMBtu or 7.9 Trillion 
Btus.6  A substantial part of these losses can be reduced by adopting building codes that 
require measures that reduce distribution losses through controls, insulation, and other . 

To determine the best recommendations for achieving savings, HMG conducted a survey 
of the statewide prevalence of central DHW systems in multifamily buildings as well as a 
detailed documentation of the central DHW systems currently being installed.  We 
conducted telephone surveys and interviewed key market players, first screening 
respondents for their knowledge of central DHW systems before asking more in-depth 
questions.  We also conducted site visits to document actual construction practices. 

                                                 
5 EnergyStar New Homes Multifamily program of Southern California Edison, administered by the Heschong Mahone 

Group on behalf of the California Public Utilities Commission   
6 Multifamily (central DHW) Distribution Losses, Initial Scoping Report, Heschong Mahone Group, January 2004 
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4. SURVEY METHODOLOGY 

The surveys were conducted from January to June of 2006. The two methods used were 
telephone surveys and site visits; the methodology for each is explained below.  The 
sampling methodology used for the surveys is described at the end of the section. 

4.1 Telephone Surveys 
The telephone survey was designed to be answered in 15 minutes or less.  The survey 
was developed in-house and was tested on HMG staff to ensure that the interviewer could 
keep within the allotted timeframe and collect the data in sufficient detail and accuracy.   

The survey instrument consisted of an Excel spreadsheet on which the surveyor entered 
both numerical and textual data.  Where possible, we used form fields for data 
consistency and to provide a multiple choice format to the respondents (e.g., drop-down 
menus and check boxes).  This also helped us to shorten the time it took to conduct the 
survey.  It typically required several attempts – ranging from 1 to 10 (average four 
attempts) – to contact the right person or schedule an appointment, before the survey 
could be conducted.  Typically, after five unfruitful attempts, the contact was deemed 
non-responsive. 

The survey instrument contained a first set of screening questions that included the 
number of central DHW systems in multifamily buildings that the respondent had had 
experience with in the last 3 years.  In the case of architects, this was described as 
“Number of systems specified,” in the case of engineers as “Number of systems 
designed”, and in the case of energy consultants “Number of systems analyzed,” and so 
on.  The language in other questions was similarly modified to suit the respondents’ 
qualifications.   

The first part of the survey was designed to filter out respondents based on their 
experience with central DHW systems in multifamily buildings.  If they had no 
experience with multifamily projects, we did not proceed with the interview.  If they did 
have experience with multifamily projects, but had no experience with central DHW 
systems, we asked them for leads on other contacts who might be dealing with central 
DHW systems and then terminated the interview.  The ratio of qualified to non-qualified 
respondents was used to determine the frequency with which central DHW systems were 
specified in multifamily buildings. 

Once we had confirmed that the respondent had required experience, we asked the second 
set of questions, in which they were asked to identify from a multiple choice list, the 
details (based on their experience) of a typical central DHW system.  This included the 
type of fuel used,the number of boilers, storage tanks, and boiler controls (both factory-
installed and after-market) and several other questions. 

The third set of questions was related to the recirculation loops and the controls used in 
the recirculation loops of the systems, the questions again being in multiple choice 
format.  Lastly, the respondents were asked if they could recommend potential sites we 
could to visit for the purpose of in-depth site surveys.  
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There were two distinct survey instruments: one for current market practices and the 
other for price and availability.  These survey instruments are described in detail below. 

4.1.1 Current Market Practices Survey 
For the current practices survey we contacted architects, developers, and building 
departments.  We started by calling architects and developers that we had access to 
through our professional contacts.  In addition, we conducted internet research to identify 
architects and developers involved in multifamily work.  

As the interviews progressed, it became increasingly clear that architects and developers 
were not sufficiently conversant with the technical details of their projects to be able to 
give us useful information.  Except for some technically knowledgeable respondents such 
as the heads of departments in large firms, most of individuals referred us to their 
individual projects’ mechanical electrical plumbing (MEP) engineers or energy 
consultants.  We therefore gathered a significant portion of our data from energy 
consultants and senior mechanical, electrical or plumbing (MEP) engineers who had 
experience in the field.   

In terms of the building departments, we contacted the locations with the heaviest 
multifamily new construction activity.  We initiated the surveys by telephone. The survey 
of building departments was different from the other categories in that we were only 
collecting information on the number of systems permitted.  No details of the systems 
themselves were collected.  In the case of building departments where, in the last three 
years, no central DHW systems were specified in the multifamily projects in their 
jurisdiction, the activity was recorded as zero. 

4.1.2 Price and Availability Survey 
For the price and availability survey, the information was gathered through telephone 
surveys of Plumbing Contractors and Distributors.   

We obtained contact information from industry contacts, the internet, Thomas register, 
and the Yellow Pages.  We placed an initial screening call to ascertain whether the 
respondents did any work with multifamily projects and central DHW systems.  Only 
respondents with direct experience with the systems were chosen for the surveys.  The 
contractors’ survey was the most extensive, with questions regarding installation and 
maintenance of the central DHW systems, recirculation loops and their controls, as well 
as questions on cost and maintenance.  The distributors’ survey was shortened to focus 
only on questions related to cost of the various parts and their availability. 

4.2 Site Visits 

4.2.1 Building Department Site Visits 
We made site visits to some building departments to try and look at the plumbing plans 
for recently permitted multifamily projects with central DHW systems.  Even though 
information could not be gathered over the phone, our intent was to attempt to gather the 
information in person. 
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4.2.2 Multifamily Project Site Visits 
Site visits of multifamily buildings were also made to record the details of central DHW 
systems in use. We documented relevant project data such as floor area, number of units, 
number of stories, etc.  We documented and photographed all the visible details of the 
central DHW system, including insulation of pipes, size of boiler, supplemental heat 
sources, and ancillary use of central DHW systems. 

4.3 Sampling Methodology 
The survey aimed to present a statewide picture of the current market for central DHW 
systems with recirculation loops controls.  Therefore, we contacted respondents from the 
major urban areas as well as many suburban areas.  We focused heavily on the seven 
urban areas that were identified as having the highest multifamily new construction 
activity.  We also targeted professionals experienced with different types of multifamily 
projects – for example, market-rate vs. affordable and for-sale vs. rental.   

We specifically asked for current data, dating back to the last three years for the questions 
related to experience with the systems, and to the last one year for typical systems 
installed.  Title 24 deals only with new system installations.  Thus the DHW systems 
being discussed were required to be new installations, regardless of whether they were 
being installed in new construction projects or renovation multifamily projects. 

For the current market practices survey the target was to complete 15 surveys.  By the 
end, we had gathered a total of 16 completed surveys and 3 incomplete surveys.  For the 
price and availability survey the target was to again complete 15 surveys. We ended up 
collecting a total of 13 complete responses.  For the building department surveys, the 
target was to collect information from the seven key urban markets and possibly three 
others. Unfortunately, we were unable to get hard data from any of the building 
departments.  For site visits, the target was to collect data from at least four sites, we 
collected data from six.  The characteristics of the sample, as well as the data gathered by 
category is described in this section. 

4.3.1 Telephone Survey Response Sample by Number of Systems 
The results presented here are based on responses by architects, engineers, energy 
consultants, developers, and building departments.  They represent: 

 292 central domestic water heating systems with recirculation loops and controls 
specified or modeled in the last three years by architects, engineers, energy 
consultants and developers. 

 134 systems installed and 94 systems maintained in the last 12 months by 
plumbing contractors 

 1,525 recirculation pumps and 1,055 recirculation controls sold by distributors in 
the last 3 years (with 177 central water heating systems sold in the last 12 
months).   

In all, these systems represent 118,000 housing units, with contractors representing 
installation in 23,000 units and maintenance in 2000 units (rounded to the nearest 1000).  
This sample size, however, cannot be directly used to represent a certain percentage of 
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the total multifamily housing stock (167,000 units) built in the state of California in the 
last three years.  This is due to the fact that the units represented by the categories 
mentioned above are not mutually exclusive (e.g., an architect and an energy consultant 
may have worked together on a building).  Moreover, we did not conduct a stratified and 
randomized sample as would be required for a statistically valid statewide estimate. So 
despite the large number of units represented, the numbers we derived are indicative 
rather than statistically representative of the statewide multifamily housing market. 

4.3.2 Telephone Survey Response Sample by Participant Type 
Architects: We interviewed four architects.  One of the architects based in a southern 
California location provided information on the number and types of systems specified by 
them, but not on controls.  Two architects in urban locations, one based in Southern- and 
the other in Northern California, only provided information on the number of systems 
specified (thus no information on types of systems or controls).  One architect’s firm in a 
Northern California urban location had designed an average of 15 multifamily projects 
every year for the past three years, but they were all low-rise and none had been specified 
with central DHW systems.  The reason to emphasize the location of architects, is that we 
found statistical evidence of variation in the use of central DHW systems between rural 
and urban areas, as well as between Northern and Southern California.  None of the 
architects interviewed knew what types of DHW controls were used.  This is not 
surprising as this is not their expertise and apparently not their interest either. 

Developers: We established contact with three developers, but none of the developers 
ultimately took the time to respond to the questionnaire. 

MEP engineers: We established contact with nine MEP engineers. Of these, five 
completed our survey. Of the non-respondents, one did not have the time to complete the 
survey, but set up an appointment for us to visit the site, one clearly stated that he was not 
interested in participating, and two could not be reached to complete the survey after 
multiple attempts. 

Energy Consultants: This was the most fruitful group we contacted.  We established 
contact with 16 energy consultants.  Of these 11 completed our survey. Of the rest, one 
refused to respond citing lack of time, three others had no experience with central DHW 
systems, and one had experience with only one system in the last three years and could 
not provide information useful to the survey. 

Building Departments: Twenty two building departments were contacted over the 
phone.  Eleven of these, which were non-urban jurisdictions, spread over northern and 
southern California had not encountered any central DHW systems in their multifamily 
projects in the past 3-7 years. The multifamily projects in these jurisdictions also tended 
to be almost exclusively low-rise.  At two other non-urban jurisdictions, contact was 
established, but after multiple phone calls, no firm information could be gathered.  Data 
gathered from a city in northern California reflected that they had issued an average of 
approximately 2,800 multifamily residential permits every year for the last 3 years, 
comprising a total of approximately 13,000 individual dwelling units in the last 3 years.  
However, the building department had only permitted two central DHW systems in the 
last three years, and no data was available on the specific details of the plumbing plans. 
The results from this city are not reported in our findings.  The building department 
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databases typically provide information such as the number of permits issued for 
multifamily units, (typically without distinguishing between new construction and 
renovation) and the valuation of the jobs permitted.  In eight urban jurisdictions in 
northern and southern California, we were able to gather, via verbal communication, that 
they have permitted central DHW systems.  However, in the absence of quantifiable data, 
it was not possible to estimate the number of total central water heating systems installed 
during the last three years across any jurisdictions.  The verbal communication did 
provide useful information regarding the general distribution of central water heating 
systems across the state of California. 

Plumbing Contractors: As initial screening process for the plumbing contractors, we 
asked the contractors if they had experience with central DHW systems and if they were 
currently working on any multifamily projects.  We called 98 plumbing contractors in 
northern California and 78 plumbing contractors in southern California for the initial 
screening process.  Of the ones screened, we established contact with 29. Of these, 19 
were either unable to complete the survey due to time constraints or their responses were 
incomplete.  Nine plumbing contractors completed our survey and one other responded to 
questions about system details but could not give cost information. 

Plumbing Distributors: As initial screening process for the distributors, we asked if they 
sold large boilers and storage tanks, and boiler and recirculation loop controls – all of 
which could be used in multifamily projects. We called 12 plumbing distributors for the 
initial screening process.  We established contact with five distributors. Of these, four 
completed the survey. 

4.3.3 Site Survey Response Sample by Survey Type 
Building department site visits: In southern California, we visited an urban jurisdiction 
where the residential building department staff confirmed that they have permitted 
several multifamily projects with central DHW systems, but were unable to provide any 
information on specific projects.  We also visited three other urban and suburban 
jurisdictions where the building departments again confirmed that they had permitted 
several multifamily projects with central DHW systems but could not provide any records 
that showed details of these systems.  In some cases this was because they did not keep 
any residential plans in their archives, in others because they had archived it, sometimes 
at a different location, and had no system for tracking which project to retrieve because 
they do not have a database showing DHW system types related to projects or permits. 

In northern California, we visited a suburban building department where some 
multifamily projects had been permitted in the last few years, but where most projects 
had been specified with individual water heating systems. In two other suburban 
locations, the contact persons stated that there were hardly any multifamily buildings in 
the town and that those who did exist had individual water heating systems.  Of the two 
urban locations we attempted to visit, we were informed by one building department that 
they do not archive any residential plumbing drawings.  At the other urban location, we 
were asked to file a request form identifying the buildings for which we wanted plumbing 
plans.  Since we did not have this specific information, they were unable to show us any 
plans.  The net result was that we could not get any plumbing details from the two urban 
jurisdictions in Northern California which had permitted a relatively significant number 
of central DHW systems. 
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Multifamily project site visits: We established contact with 22 potential sites for visits.  
Of these, six were successfully visited.  We collected data on the details of the central 
DHW systems in their “as built” condition, and took pictures of the system parts.  Details 
of these results are included as a separate section of this report. 
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5. RESULTS 

In this section we present, in an aggregated form, the results of the telephone surveys and 
site visits.  There is a degree of crossover between the data gathered from these two 
sources, so both sources should be considered.  Our conclusions are presented in a 
following section. 

We gathered data on: 

 The types of controls used in boiler and recirculation loop systems 

 The availability of these controls 

 The costs of the parts for these controls 

 The labor needed to install these controls 

 Any additional savings incurred from the use of these controls 

 Any calibration and maintenance required for these controls 

 Insulation on the recirculation loops 

5.1 DHW Systems Documented during Site Visits 
In our site surveys, we found a wide variation in the types of systems installed, from 
single water heaters or boilers (Figure 1) to systems with multiple heaters (Figure 
2Error! Reference source not found.).  We also found pipe insulation in a wide variety 
of states, from non-existent insulation to thick, well-protected insulation. 

 
Figure 1: Boiler, Recirculation Pump (Left) and Insulated Pipes for the Hot Water Loop 
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Figure 2: HWS Manifold 

 
Figure 3: Tempering Valve 

 
Figure 4: Boiler & Storage Tank, 

Recirculation Pump 

 
Figure 5: DHW Secondary Loop 

 

 

 

We found one system that supplied water at a high temperature to an on-site laundry and 
therefore had a tempering valve to reduce the supply temperature for domestic use 
(Figure 3).  This same system had two recirculation loops supplying different parts of the 
building (Figure 5). 

We found several types of controls on site, including a time clock control of the 
recirculation pump (Figure 8), a microprocessor control whose function could not be 
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verified (Figure 6).  In addition, we also found sites with no controls at all except for a 
tank stat (Figure 7).

 
Figure 6: Inside Recirculation Control? 

 

 

Figure 7: Water Heater with Aquastat 
Control of Heater 

 
Figure 8: Recirculation Pump Time 

Clock 

5.2 Recirculation System Controls 
This section summarizes our findings on the recirculation controls.  There are 5 main 
types of recirculation system controls used in central DHW systems.   

1. Timer Control:  A timer control (time clock) regulates the time that the 
recirculation pump is running, based on a daily or weekly time schedule set 
through the control. 
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2. Temperature Control:  A temperature control, also known as an aquastat, 
regulates whether the recirculation pump is running based on the temperature in 
the return line of the recirculation loop.  If the return line temperature is within a 
preset acceptable range, the recirculation pump is turned off.  If the temperature 
reaches the preset minimum, the recirculation pump is turned on, drawing hot 
water from the boiler through the loop.  This is different from the temperature 
control also known as an aquastat that is found inside the boiler and turns the 
boiler flame on or off depending on the temperature that it is required to maintain 
within the boiler.   

3. Timer and Temperature Control:  This is a combination of the timer and the 
temperature controls defined above.  This control turns off the recirculation pump 
according to a programmed schedule, and also turns the recirculation pump on or 
off state based on the temperature in the recirculation loop return line during the 
time periods when the timer schedule is set to be on. 

4. Temperature Modulation Control:  In the case of temperature modulation control, 
unlike a temperature control, the temperature of the hot water output from the 
boiler is modulated based on the return line temperature, and the pump is always 
on.  Also, in a temperature modulation control, instead of one preset temperature, 
the temperature setpoint can be programmed to vary by time of day and/or by the 
day of the week.  The more sophisticated temperature modulation controls are 
programmed to modify the temperature setpoint schedule automatically based on 
trends from a certain pre-programmed number of previous days’ usage at the 
installation site. 

5. Demand Control:  This control type monitors the flow in the recirculation loop 
based on the draw on the hot water system.  If there is no draw, the recirculation 
system is turned off.  When the control senses a draw, the recirculation pump is 
turned on to pull hot water into the loop and push the colder water idling in the 
loop back to the boiler, until a certain minimum setpoint temperature is reached in 
the recirculation loop.  At this point, the recirculation pump is turned off again 
because the temperature is maintained simply by the continuing hot water supply 
from the boiler.  

5.2.1 Frequency of Control Types Used  
Respondents were asked a series of questions to characterize the relative frequency of the 
types of controls specified on boilers and on recirculation loops. As shown in Figure 9, 
engineers, and energy consultants report that temperature controls are the most 
commonly specified control system.  As shown in Figure 10, contractors report the same 
trend – that temperature controls are more commonly installed than other types of 
controls.  Figure 11, however, shows that distributors report timer controls as the most 
commonly sold control type.  This could mean that a large number of timer controls are 
purchased after construction and installed without professional help. It could also mean 
that the distributors’ response is not accurate.  Distributors are less likely than the other 
interviewees to know whether the controls they sell are going into multifamily or single 
family units, into central systems or individual systems.  Since timer controls are 
common for individual systems but temperature controls are not (individual heaters don’t 
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usually have a recirculation loop except in very large residences), the distributors could 
potentially overestimate the prevalence of timer controls in central systems.   

A caveat to the high response to the temperature modulation control is that many 
respondents did not distinguish between an aquastat installed within a boiler that is a 
standard part of the boiler to maintain setpoint temperature and avoid overheating and an 
aquastat installed on the recirculation loop that would send a signal to the boiler based on 
the temperature of the loop.  In future surveys, these should be clearly distinguished. 

Control Types Specified by Engineers and Energy Consultants
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Figure 9: Control Types Specified by Engineers and Energy Consultants 
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Control Types Installed or Maintained by Contractors
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Figure 10: Control Types Installed or Maintained by Contractors 
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Figure 11: Control Types Sold by Distributors 

5.2.2 Availability of Controls 
The contractors and distributors indicated that recirculation controls were usually readily 
available, with a lead time of one day to a maximum of three days in the case of an 
unusually busy time.  According to the contractors, this was true for the timer, 
temperature, and the timer and temperature controls.  They were unable to comment on 
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the demand or other controls (such as temperature modulation) because they did not have 
much experience with those controls.  The distributors however indicated that demand 
controls were just as readily available as other time and temperature based controls.  This 
response applies to markets that have a demand for central water heating systems and 
controls and distributors that deal with such systems.  

Plumbing contractors and designers mentioned the following manufacturers and 
plumbing suppliers as sources for the recirculation loop controls:

 Johnston  

 Howard Industries 

 Raypak 

 Rheem 

 Pace Supply 

 HK Ferguson 

 Todd 

 Slakey Brothers 

 Hajoca 
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5.2.3 Cost of Controls – Equipment 
We asked plumbing contractors and distributors to provide information on the cost of 
recirculation controls. We received cost estimates from eight contractors and eleven 
distributors, as shown in Figure 12. According to the contractors, there is no fixed cost 
for the controls as it depends on the size and location of the job. The cost quoted for a 
timer control ranged from $35 to $100 each.  Temperature controls ranged from $23 to 
$100 each.  Timer + temperature controls ranged between $58 and $200 each. One 
distributor quoted a demand control at $100.  Another distributor quoted the cost of the 
demand control as an incremental cost of 50% of the pump cost, but did not give a figure 
for it.  This does not include the cost of the flowmeter. 

Control Type Contractors Distributors High quote Low quote
Timer 3 3 100 35
Temperature 3 3 100 23
Timer+Temperature 2 3 200 58
Demand 0 2 100 100
Others 0 0 - -

No of Respondents Cost of Parts

 
Figure 12: Response Distribution for Cost of Controls 

Other than the standard controls mentioned above, there are some specialized controls 
available. ProTemp® manufactures temperature modulating controls that vary their 
delivery temperature based on patterns of usage from previous weeks.  We obtained 
accurate cost information for these controls from an installer, Brian Hines of the North 
Coast Solar Resources based in Santa Rosa, California.  According to Mr. Hines, the 
ProTemp® model PT-64 suitable for a small building (up to approximately 30 units) 
costs $750, and the ProTemp® model PT-76 suitable for larger buildings costs $1902.   

All the controls types discussed in this study are readily available in California, and there 
are several manufacturers for each type of system.  Iinformation about the function, 
design and availability of the controls is readily available on the internet.  The following 
is a sample of manufacturers’ websites that provides this information; this is not an 
exhaustive list: 

 Armstrong      http://www.armstrong-intl.com/  

 Control Pro, Inc    http://www.controlproinc.com/ 

 Advanced Conservation Technology   http://www.gothotwater.com/ 

 ProTemp®     http://www.ptcontrols.com/ 

 RedyTemp     http://www.redytemp.com/ 

The range of costs (including parts and labor) for each of the control types in the study is 
shown in Figure 13.  Note that the cost data for ProTemp controls is specific to one 
manufacturer, and is a final installed cost whereas the other costs in the table show parts 
and labor separately. 
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Figure 13: Cost of Controls: Parts and Labor 

Other additional costs, including valves, regulators, pipe fittings, or a different size/type 
of pump, are very small compared to the project budget.  

5.2.4 Cost of Controls – Labor 
The contractors provided labor cost estimates for installing timer, temperature, and timer 
+ temperature controls. The average time quoted for the job was 1 to 2 hrs, and the labor 
cost was quoted as $95/hr to $190/hr. One plumber told us that there is no additional 
labor cost for installing demand controls. It appears that installing controls as a retrofit 
may incur a cost as indicated above, whereas installing the control as part of a new 
system installation may not incur additional labor cost. 

5.2.5 Additional Energy Savings from Controls 
The contractors and distributors interviewed gave different opinions on energy savings. 
Very few respondents were able to provide a response.  Manufacturers’ data claims 
savings, but most plumbing contractors did not think that any savings actually 
materialize.  Frequently, contractors, said that they find that controls are not set up 
correctly or are (intentionally or unintentionally) modified, and that if this causes tenant 
complaints, the controls are often simply decommissioned.   

5.2.6 Calibration Required for Controls 
According to the contractors and distributors, once the schedule has been set on the 
controls, no further calibration is usually required for the timer, temperature or the timer 
plus temperature controls.  Similar data could not be obtained for the demand control 
from the contractors or the distributors.  A source at one control manufacturer that makes 
and installs temperature modulation controls (and also installs remote monitoring of 
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system performance) indicated that they will reset schedules and/or temperatures when 
required, most often in response to usage patterns or at the request of the occupants.   

5.2.7 Maintenance Required for Controls 
According to most respondents, the controls do not require maintenance.  One source 
stated that controls should be checked once every six to twelve months.  Another source 
stated that temperature controls typically do not require maintenance, but timer controls 
need to be checked and reset every spring and fall according to the changing of the 
clocks.  According to the contractors, typical maintenance time required for an on-site 
call is one to two hours, at a cost to the owner of $85 to $180. 

As mentioned above, the operation of some brands of temperature modulation controls is 
monitored remotely by the manufacturer.  This data allows the manufacturer to pinpoint 
when there is a system failure – even if the failure is in a portion of the system (e.g., the 
boiler or pump) that they do not manufacture.  The manufacturer then dispatches 
recommendations for system maintenance to the property owner or his/her designee, so 
that the failing equipment can be fixed or replaced.  We were not able to collect any 
information that would indicate whether site maintenance staff actually respond to these 
notifications. We did not collect the cost of remote monitoring. 

5.3 Recirculation Loop Insulation 
The California energy efficiency code requires one inch of insulation on recirculation 
pipes with diameters between 1 inch and 2 inches, and 1.5 inches of insulation for pipe 
diameters equal to or greater than 2.5 inches1. Data collected from architects, engineers, 
energy consultants, and developers shows that recirculation loop pipes are usually 
insulated either to code or better than code, depending on the location of the pipes.  One 
contractor stated that the cost to insulate pipes was 25 cents to 47 cents per linear foot.  

In some cases, the respondents indicated that the pipes were typically not insulated, 
which is a violation of the code.  However, prior to the 2005 revisions to the Building 
Energy Efficiency Standards, this code requirement was arguably ambiguous.  None of 
the building departments surveyed had kept a copy of the plumbing drawings for 
multifamily buildings after a project had passed its final inspection.  Some building 
departments check the plumbing drawings set at the time of processing the permit, but 
even this is not always the case.  As a result, if there is a code violation, such as lack of 
the mandatory minimum insulation in the recirculation pipes, it is practically impossible 
to check this once the project has been built and the pipes are buried behind sheetrock or 
under the slab.  Knowledge of this fact, resulting in a degree of complacency among the 
developers and plumbers regarding pipe insulation, was evident during the surveys.  For a 
summary of insulation of recirculation loop pipes see Figure 14 below. 

                                                 
1 Page 68, Pipe insulation thickness for service water heating systems, Table 123-A, Section 123, California Energy 

Commission 2005 Building Energy Efficiency Standards for residential and nonresidential buildings 
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Figure 14: Recirculation Loop Insulation 



Heschong Mahone Group, Inc. 
Lawrence Berkeley Laboratory 

HMG Project #0522 

22 

6. CONCLUSIONS AND RECOMMENDATIONS 

Central DHW systems are more common in southern California than in northern 
California.  They are also more common in high-rise projects and in dense urban areas 
rather than in low-rise projects or in low-density areas.  

Timer controls (current Title 24 minimally compliant control) and the temperature 
controls were priced between $23 and $200 and that the temperature modulation controls 
were priced between $750 and $2000. 

Timer and the temperature controls are the most commonly used controls for 
recirculation loops in central DHW systems and that there is little market awareness of 
demand type or temperature modulation type controls.   

In other research conducted as part of the larger project this survey falls under, we find 
that timer and temperature controls are not very effective compared to demand and 
temperature modulation controls at realizing energy savings.  Because respondents to the 
survey reported reasonable pricing and quick installation times for the demand and 
temperature modulation controls, we believe that these controls are ready to be 
incorporated into the code to increase market penetration and realize savings.  

Mmany engineers and energy consultants indicated that they specify insulation on DHW 
pipes as mandated by code.  However, they could not say with certainty that the 
insulation had actually been installed on site as specified.  We conclude that the 
enforcement of code requirements for insulation in recirculation pipes is important to 
reduce hot water distribution losses in multifamily buildings.   We recommend that this 
code requirement should actively be enforced by verifying that the insulation is in fact 
installed on site as indicated on the drawings. 
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7. APPENDIX 1 – SITE VISIT DHW SYSTEM CHARACTERISTICS 

Site Name Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 

Building surveyed Bldg. 1.1, 
Loop 1 

Bldg. 1.2, 
Loop 1 

Bldg. 1.2, 
Loop 2      

Basic Info.         

Site location Irvine, CA W. Oakland, 
CA 

St. Helena, 
CA 

Emeryville, 
CA Davis, CA 

San 
Rafael, 

CA 

Tenancy type Student Apts. Family Family  Senior Senior & 
Family 

Plumbing plans available? At HMG Yes, on Site Not on Site  On-site Yes 

As-built plans available?     Not on Site  On-site Yes 

Date of onsite survey 2.15.06 3.14.06 3.13.06 3.14.06 3.1.06 3.14.06 

Date first occupied TBD Nov. 04  1998 2.1.00 1992 

Building Characteristics         
Total building area (SF) 91,776    331,914  

Total Residential Area (SF) 

Total Non-Res. Area (SF) 
      272,504 

59,410  

# of Stories 4  2 3 (plus 
garage) 4  

# of dwelling units/building 96 96 96  8 92 195  

Affordable housing, market 
rate, or for sale? Market rate rental  Affordable 

rental 
Affordable 

rental 
Market rate 

rental  
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Centrally loaded corridor?     No No Yes  

DHW System          
Supplemental heat source 
available? Yes Yes Yes No No No Yes No 

Solar No No No   No  No 

Heat Pumps Yes Yes Yes     No 

Cogen No No No    2 No 

Other 0 0 0     No 

Other uses of DHW? No No No No No Yes Yes No 

Heat pumps n/a n/a n/a n/a   Many No 

Common Laundry n/a n/a n/a n/a main bldg.   Yes 

Pool n/a n/a n/a n/a  Dedicated 
Boiler 1 No 

Spa n/a n/a n/a n/a  Dedicated 
Boiler 1 No 

Central Kitchen n/a n/a n/a n/a   1 No 

Quantity and heat requirements 
(Btu/h) of connected 
components 

0 0 0 0   
3 components 
water source 
heat pump  

 

How many boilers/heaters? 1 1 1 3 1/building 6 4  

Make/model 

Laars 
Pennant, 
Model 

PNCV0750 
NACK2BXN

Laars 
Pennant, 
Model 

PNCV0750 
NACK2BXN

Laars 
Pennant, 
Model 

PNCV0750 
NACK2BXN

A.O Smith: 
Cyclone 

State-Turbo 
Sandblaster

Raypack 
Economaster 

Teledyne/Laars 
PW  
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Output Capacity (kBtu/h) 638,000 630,000 630,000 297,000 124,000 319,200 818,100  

Efficiency (%) 85% 84%  99% 80% 80% 81%  

HW outlet temp (F)    127  125 boiler 
132 storage 140 139 

Recovery Rate 509 764 1017 360 140.9  1091  

HWS Pipe diam. (in.) 4 4 4 1.83 (actual) 1.5 2.63 4  

HWR Pipe diam. (in.) 2 2 2 1.5 (nominal) 0.75 0.87 1.5  

Coldwater pipe diam. (in.) 4 4 4 1.83 (actual) 1.5 2.63 4 2.5 

Gas Pipe Diam. (in.) 2 2 2 1 flex 5.8 flex 1.33 1.25  

Controls (On-off, hi-lo-
off, mod) High-low-off High-low-off High-low-off On-off On-off  On-off  

Factory installed or after-
market? 

Factory 
installed 

Factory 
installed 

Factory 
installed 

Factory 
installed 

Factory 
installed  Factory 

installed 
Factory 
Installed 

Hot water storage tanks? Yes Yes Yes Yes Yes Yes Yes No 

How many? 1 1 1 3 1 1 1 0 

Capacity (gal)    

Tank 1                                
Tank 2                             
Tank 3                             
Tank 4 

200 
 
 

200 
 
 

200 
 
 

 
130 
130 
130 

 

81 
 
 

175 
 
 

1240 
 
 

NA 

Recirculation loop? Yes Yes Yes Yes Yes Yes Yes No 

What type of recirc. 
controls 

No controls 
(recirculation 

pump runs 
continuously)

No controls 
(recirculation 

pump runs 
continuously)

No controls 
(recirculation 

pump runs 
continuously)

No controls 
(recirculation 

pump 
unplugged) 

Brocken 
Timeclock 

No controls 
(recirculation 

pump runs 
continuously)

Temp. (return 
line aquastat) 

pipe always on 
due to heat loss 

NA 
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Recirc. pump make/model 
Grundfos, 
UPS40-
160BF 

Grundfos, 
UPS40-
160BF 

Grundfos, 
UPS40-
160BF 

Grundfos 
Laing 

SMT-303-
BSC 

Bell & 
Gossett 

BoosterSeries 
PRAB-B89 

Bell & Gossett NA 

Recirc. Pump size (HP) 0.75 0.75 0.75  33 W 1/6 hp, 115v 
1725 rpm 1/25 NA 

Pipe diam, recirc loop 
beginning 2 2 2  1.5  4 NA 

Pipe diam, recirc loop end 0.5 0.5 0.5  0.75  1.5 NA 

Controls functioning properly?   No No No No No  

Are the pipes insulated? Yes Yes Yes Yes No No Yes Yes 

Insulation Type Black closed 
cell foam 

Black closed 
cell foam 

Black closed 
cell foam Fiberglass NA NA   

R-value/in. of insulation 3.7 3.7 3.7  MA NA   

Insulation thickness (in.) 0.75 0.75 0.75 1 NA NA   

# of floors served by loop    4 2 3   

Photocopy/isometric sketch Yes Yes Yes    Yes  

Figure 15: DHW System Characteristics recorded at Site 
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8. APPENDIX 2 – SURVEYS 

This section reproduces the telephone surveys used to gather data for this report.  The 
surveys were based on an Excel spreadsheet but are reproduced here in text form to allow 
the options and the format of the answers to be shown. 

8.1 Architect and Developer Survey (also used for Engineers and 
Energy Consultants) 
Ask for someone familiar with the construction details of multifamily building designs. 

Hi. I’m an energy consultant at the Heschong Mahone Group out of Sacramento and I’m 
working with the California Energy Commission to develop some recommendations for 
central hot water systems in multifamily buildings.  I’ve been interviewing architects and 
developers statewide about their experiences with domestic hot water systems.  

Can you spare 15 minutes to answer a few questions? 

(If NO, “When would be a good time to call you?” (Ask for a specific time)).  

(If they’re unwilling to talk, “Would you like me to email the survey to you?”) 

This is not a code enforcement activity.  If we want to report any details that identify you 
or your buildings, then we will request your written permission. 

Continue to spreadsheet … 

 

1. Approximately how many projects do you work on each year for new residential 
construction (including multifamily and mixed-use)? Single number 

2. What percentage of these projects is for multifamily buildings? Single percentage 

3. How many individual dwelling units does this represent? Single number 

4. What percentage of these multifamily buildings (by number of dwelling units) are 
market rate vs. affordable housing vs. for-sale (condos)? Single percentage for 
each of three types; table for interviewer to record projects: number of bldgs, 
dwelling units, sf,  for each of three types 

5. What fraction of these multifamily buildings uses a central domestic hot water 
system instead of individual water heaters? 

6. How many central domestic hot water systems in multifamily buildings have you 
designed or specified in the past 36 months? 

7. Is this number increasing, decreasing, or staying constant over time? One of these 
four options (including don’t know) plus a notes section. 
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8. In the case of the central domestic hot water systems, can you please describe a 
typical system configuration (market rate, affordable housing, and for sale 
(condo))? 

a. Gas boilers or other? 

b. What type of boilers? (Instantaneous, modular, condensing, non-condensing) 

c. How many boilers or other? 

d. What type of boiler controls (check box for three options, check at least one) 

i. factory installed (on-off, high-low-off, modulating) 

ii. after-market (aka field installed) (on-off, high-low-off, modulating) 

e. Supplemental heat via solar, heat pumps, other? (yes/no) 

f. Boilers serving anything in addition to DHW: heat pumps, fan coil units, pool, 
spa, commercial kitchen, common laundry, other? (yes/no) 

g. Recirculation loop? (yes/no) 

h. What type of recirculation controls on the primary loop: (check boxes, check 
at least one) 

i. No controls (recirc pump runs continuously) 

ii. Timer 

iii. Temp (return line aquastat) 

iv. Time and temp 

v. Demand (aquastat and inline flowmeter, not confused with “D’MAND”) 

vi. Others? 

i. Are the recirc pipes insulated only to code or better than code?  (not 
insulated/code/better than code/didn’t know//didn’t answer) 

j. Is there a hot water storage tank connected to the boiler?  (yes/no) 

i. How many storage tanks? (single number) 

ii. What capacity each (gallons)? (single number) 

iii. What types of controls are used between the hot water storage tank and the 
boiler? (burner modulation control, temp control, other) 

9. What stage of construction is this particular building? 

a. Under construction: Is it far enough along that the plumbing equipment is 
installed and operational? 

i. YES: Who should I contact to arrange an onsite visit? 

ii. NO: Can I visit your office to review the plans for more details? 

b. Finished but not occupied: Who should I contact to arrange an onsite visit? 

c. Finished and occupied: Who should I contact to arrange an onsite visit? 
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8.2 Building Department Survey 
We will make initial phone calls to the chief building inspectors in advance of the actual 
survey phone calls to introduce ourselves, describe the project, explain the motivation for 
the survey, and schedule an appointment for the actual survey phone call.  Then we will 
fax or e-mail the survey for them to review before the actual survey.  We will conduct at 
least 10 phone surveys.  They will include the following introduction and questions: 

Hi. I’m an energy consultant at the Heschong Mahone Group out of Sacramento and I’m 
working with the California Energy Commission to develop some recommendations for 
central hot water systems in multifamily buildings.  I’ve been interviewing architects and 
developers statewide about their experiences with domestic hot water systems. The 
responses are completely anonymous; we will be reporting aggregate results from 
multiple building departments with nothing to identify particular departments or 
buildings.   

Can you spare 10 minutes to answer a few questions? 

(If NO, “When would be a good time to call you?” (Ask for a specific time)).  
(If they’re unwilling to talk, “Can I fax you a copy of the survey to look at?”) 

Continue to spreadsheet … 

 
 

1. Approximately how many permits do you issue each year for new residential 
construction, including multifamily (2003, 2004, 2005)? 

2. What percentage of these permits is for multifamily buildings (2003, 2004, 
2005)? 

3. How many individual dwelling units does this represent? 

4. What fraction of these multifamily buildings uses a central domestic hot water 
system instead of individual water heaters? 

5. How many central domestic hot water systems in multifamily buildings have you 
permitted in the past 36 months? 

6. Is this number increasing, decreasing, or staying constant over time? 

7. Do certain developers or designers specify central domestic hot water more often 
than other developers or designers?  Who are they? 

8. (For 5 building departments that have issued many permits for central domestic 
hot water, ask this.)   Can I visit your office to review a number of plan sets for 
more details?  Can we make an appointment for two weeks from today?  Does 
this allow enough time for your staff to pull four or five plan sets with the spec 
books and permit records?  I prefer the buildings to range in year from 2003 to 
2005 and include both affordable housing and market rate construction. 
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8.3 Plumbing Contractors Survey 
Hi. I’m an energy consultant at the Heschong Mahone Group out of Sacramento and I’m 
working with the California Energy Commission to develop some recommendations for 
central hot water systems in multifamily buildings.  We are investigating hot water 
recirculation systems and controls.  This will help us develop recommendations for cost 
effective and efficient central hot water systems.    

Your responses are completely confidential.  Is this a convenient time to talk for 15 
minutes?   

SCREENING questions:   

1. Do you install, sell, or maintain central domestic hot water systems and their 
controls in multifamily buildings?   

2. How about boiler temperature modulation controls? 

 

(If NO to both – discontinue call).  
(If YES - Continue to spreadsheet …) 
 

 

1. What fraction of your projects are multifamily buildings? 

2. Regarding central domestic hot water systems in multifamily buildings: 

a. How many of these systems have you installed in the past 12 months? 

b. How many of these systems have you maintained in the past 12 months? 

c. How many dwelling units and buildings is each of these systems serving? 

3. What are the most common types of boilers that you install? 

4. What are the most common types of burner controls used on these boilers?  (on-
off, high-low-off, modulating, others) 

5. Are these factory- or field-installed controls? 

6. What is your cost to the building owner for each of these boilers and burner 
controls (parts only)? 

a. With factory-installed controls 

b. With field-installed controls 

7. What is the cost to install these boilers and burner controls (labor + misc parts)? 

a. With factory-installed controls 

b. With field-installed controls 

8.  Are there any issues or differences between these two (factory-installed vs. field-
installed) that cause you or your buyers to choose one over the other? 
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a. With factory-installed controls 

b. With field-installed controls 

9. Are these boilers and burner controls readily available? 

10. How much lead time is needed to obtain these boilers and controls? 

11. What sort of calibration do you do on the burner controls at installation or later? 

12. Is there a significant difference between factory-installed vs. field-installed for the 
necessary calibration? 

13. Can you describe the typical maintenance needed for these boilers and controls? 

14. Does the maintenance frequency vary by the type of burner control? 

15. What is your cost to the owner for a regular maintenance call? 

16. How many person hours does the maintenance call require? 

17. Which plumbing supply houses do you deal with? 

18. Now I have a few questions about recirculation loops and controls.  How many 
recirculation loop controls have you installed in multifamily buildings in the last 
36 months? 

19. How many of the following recirculation controls have you sold or installed 
during the past 12 months: 

a. No controls (recirc pump runs continuously) 

b. Timer 

c. Temp (return line aquastat) 

d. Time and temp 

e. Demand (aquastat and inline flowmeter, not confused with “D’MAND”) 

f. Others? 

20. What is the cost to the owner for parts and labor to install the following 
recirculation controls: 

a. No controls (recirc pump runs continuously) 

b. Timer 

c. Temp (return line aquastat) 

d. Time and temp 

e. Demand (aquastat and inline flowmeter, not confused with “D’MAND”) 

f. Others? 

21. Is there an additional cost or cost savings with these recirc controls?  Relative to 
what? 

22. Are these recirc controls readily available? 

23. How much lead time is needed to obtain these controls? 
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24. What sort of calibration do you do on the recirc controls at installation or later? 

25. Can you describe the typical maintenance needed for these recirc controls? 

26. Does the maintenance frequency vary by the type of recirc control? 

27. What is your cost to the owner for a regular maintenance call? 

28. How many person hours does the job require? 

29. Do you ever insulate the recirc pipes to better than code [describe code if they 
don’t know; reprinted code will be available to the surveyors]? 

30. What is the cost of the insulation to code and better than code? 

31. That’s all the questions I have for you.  Thank you very much. 



Heschong Mahone Group, Inc. 
Lawrence Berkeley Laboratory 

HMG Project #0522 

33 

8.4 Plumbing Distributors Survey 
Hi, I’m calling from HMG, an energy consulting firm in Sacramento.  We are conducting 
a study for the California Energy Commission to characterize the pricing and availability 
of various plumbing controls.  The Commission is trying to get a better understanding of 
the market so that they can support the market for efficient DHW systems.  This will help 
us develop recommendations for efficient and cost effective central hot water systems.   

Your responses are completely confidential.  Is this a convenient time to talk for fifteen 
minutes? 

SCREENING questions:   

1. Do you sell recirculation pumps and controls for multifamily buildings?     

2. How about boiler temperature modulation controls? 

If NO to both, then discontinue call. 

(If YES - Continue to spreadsheet …) 

 

 

1. What fraction of your sales is for multifamily buildings? 

2. Regarding central domestic hot water systems in multifamily buildings: 

a. How many of these systems have you sold in the past 12 months? 

3. What are the most common types of boilers that you sell? 

4. What are the most common types of burner controls used on these boilers?  (on-
off, high-low-off, modulating, others) 

5. Are these factory- or field-installed controls? 

6. What is your cost to the plumbing contractor for each of these boilers and control 
units (parts only)? 

a. With factory-installed controls 

b. With field-installed controls 

7. Are there any issues or differences between these two (factory-installed vs. field-
installed) that cause your contractors to choose one over the other? 

a. With factory-installed controls 

b. With field-installed controls 

8. Are these boilers and burner controls readily available? 

9. How much lead time is needed to obtain these boilers and burner controls? 

10. What sort of calibration is necessary on the burner controls at installation or later? 
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11. Is there a significant difference between factory-installed vs. field-installed for the 
necessary calibration? 

12. Now I have a few questions about recirculation loops and controls.  How many 
recirculation loop controls have you sold for multifamily buildings in the last 12 
months? 

13. How many of the following recirculation controls have you sold during the past 
12 months: 

a. No controls (recirc pump runs continuously) 

b. Timer 

c. Temp (return line aquastat) 

d. Time and temp 

e. Demand (aquastat and inline flowmeter, not confused with “D’MAND”) 

f. Others? 

14. What is the cost to the contractor for parts and labor to install the following 
recirculation controls: 

a. No controls (recirc pump runs continuously) 

b. Timer 

c. Temp (return line aquastat) 

d. Time and temp 

e. Demand (aquastat and inline flowmeter, not confused with “D’MAND”) 

f. Others? 

15. Is there an additional cost or cost savings with these recirc controls?  Relative to 
what? 

16. Are these recirc controls readily available? 

17. How much lead time is needed to obtain these controls? 

18. What sort of calibration is necessary on the recirc controls at installation or later? 

19. That’s all the questions I have for you.  Thank you very much. 
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1. EXECUTIVE SUMMARY 

The purpose of this study was to investigate the energy performance of central domestic 
hot water (DHW) systems with recirculation loops in multifamily buildings.  Three 
buildings were surveyed and in each building three or four different control systems were 
installed for a one-week period—continuous pumping, timeclock control, demand control 
and temperature modulation control.  We logged data on various water flow rates, water 
and air temperatures at different locations, as well as burner run times.  We analyzed the 
recorded data to reveal differences in energy use and daily hot water draw patterns, and 
crossover flow issues.   

The energy efficiency of DHW systems is determined by burner combustion efficiency, 
heat transfer efficiency of from flue gas to hot water, and the efficiency of the hot water 
distribution system (which includes losses from the hot water storage tank and flue 
surfaces, and the recirculation loop). The latter is focus of this study.  

In continuous pumping systems, hot water circulates in the recirculation loop all the time.  
Hot water is readily available to tenants, but heat loss through the recirculation loop is 
high.  In timeclock control systems, the recirculation pump is turned off during a period 
at night when no hot water usage is expected. During this period, the water temperature 
in the recirculation loop falls and so does the heat loss from the recirculation loop.   

A demand control system controls the recirculation pump so that it is only switched on 
when there is hot water demand and the water temperature on the return side of the 
recirculation loop is below a threshold value. A demand control system was tested in all 
three buildings.    

The temperature modulation system used in this study operates the recirculation pump 
continuously but reduces the storage tank temperature setpoint at times of anticipated low 
demand, based on an algorithm that learns from the previous weeks’ hot water draw.  
Other commercially-available systems use various different algorithms to determine 
setpoint temperatures. Temperature modulation systems were tested in two of the three 
buildings. 

Timeclock control is usually the cheapest way to comply with the Title 24 prescriptive 
option for recirculation loop DHW systems.  This survey compared the energy savings 
from timeclock control, demand control and temperature modulation. The amount of 
energy saved depends on recirculation system configuration, control settings, and hot 
water draw pattern.  

In all three buildings, under the demand control scheme, the hot water recirculation pump 
was switched on for less total time during the day, compared to timeclock control. As a 
result, heat loss through the recirculation loop was reduced. In some cases, the 
recirculation pump was not switched on even though there was demand and water 
temperature in the recirculation loop was relatively low. This was possibly due to sensor 
malfunction or incorrect control settings. In these cases, energy savings were large. 
However, higher total hot water draw was observed, since tenants had to run the hot 
water line for longer to obtain hot water.   
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The demand control system achieved higher savings in the smaller building than in the 
larger one.  This is consistent with expectations because the demand control system 
achieves savings during periods of no demand, and larger buildings are less likely to have 
periods during which none of the occupants requires hot water.  

Under temperature modulation control, the daily average hot water temperature was 
reduced, so the heat lost through the recirculation loop and storage tanks was also 
reduced.  Similar percentage energy savings were observed for both buildings tested with 
temperature modulation control.  The magnitudes of  temperature modulation (i.e. the 
amount of setback) were similar for both sites.  

For systems that were minimally Title 24 compliant the savings from advanced controls 
(demand, or temperature modulation) were 6%-16% of daily gas consumption.  

It should be noted that part of the energy saved was due simply to supplying hot water at 
lower temperatures, compared to the baseline condition in which we found each building. 
This means that the savings achieved in these buildings may not be replicated in other 
buildings that have more moderate supply temperatures.  

Daily hot water draw schedule was also a focus of this study.  The logged data show that 
the shape of the daily draw schedule curve is significantly different (flatter) than the 
residential schedule in Title 24 2005. This indicates that the hot water draw was more 
evenly distributed throughout the day, instead of concentrated at peak hours.  The draw 
schedules on weekdays were significantly different from that of weekends.           

There have been reports from DHW controls manufacturers indicating the existence of 
“crossover” flows in hot water systems with recirculation, possibly in the following two 
forms:  

 Reverse flow from the recirculation loop into the cold water lines, via the storage 
tank 

 Flow between faucets (or other single-lever valves) via the cold water line 

Crossover flow might be caused by the pressure differential between the hot water pipes 
and the cold water pipes created by recirculation pump (located next to the storage tank).  
This pressure difference may force water to flow through faulty single-lever valves in the 
dwelling units that allow flow between the hot and cold water pipes.  Therefore, a 
crossover loop is established that carries hot water into the cold water pipes and vice-
versa through faulty single-lever valves.  This type of flow may also be occurring through 
tempering valves, washing machines and other devices that are connected under pressure 
to both hot and cold water lines. 

Our experimental configuration did not allow direct measurement the second type of 
crossover flow (between faucets).  However we did measure the first type directly, by  
measuring back flow through the cold-water make-up line.   

Since the crossover flows are small and the measurement errors of ultrasonic flow meters 
are relatively high, we are not confident of the magnitude of energy losses from crossover 
flows.  However, in on site (St. Helena) the energy loss was calculated to be 7% of total 
DHW energy.  This potential loss of energy highlights the need for follow-up research on 
crossover flows. 
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Demand-controlled systems are likely to incur smaller crossover losses, since the 
recirculation pump is turned on less often.  A check valve on the cold water supply line 
near storage tank would be a good solution for stopping back flow through the cold water 
supply line. 
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2. INTRODUCTION 

This is the final report on the performance of DHW controls in multifamily buildings, 
which is part of Subtask 2.1 of the Water Heaters and Hot Water Distribution Systems 
project, carried out by HMG under subcontract to Lawrence Berkeley Laboratory, on 
behalf of the California Energy Commission as part of the Public Interest Energy 
Research (PIER) program..  Subtask 2.1 also includes an analysis of Construction 
Practices and Pricing and Availability of DHW controls, which is described in another 
report. 

The objectives of the field monitoring of DHW controls were as follows: 

 Evaluate the energy performance of DHW control systems that control the 
recirculation pump and/or the gas burner.  These include both integrated and after 
market controls) 

 Collect short term field data on hot water recirculation system performance and 
usage patterns 

 Reevaluate the analysis conducted in support of the 2005 revision of Title 24 
based on data collected 

 Propose energy code and compliance manual amendments for multifamily water 
heating systems and controls to allow for more accurate estimation of their energy 
performance 

This report incorporates two deliverables for this project:.   

 Recirculation Configurations and Performance Field Report 

 Demand Control and Modulating Boiler Control Options Analysis Report 

These deliverables have been condensed into a single report because of the interaction 
between the recirculation loop and the boiler.  Thus they were analyzed together. 
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3. BACKGROUND 

In many multifamily buildings, considerable energy savings are realized by providing 
DHW via a central water heater (or boiler) instead of individual water heaters in each 
dwelling unit.   

The heat losses from greater tank and flue surface areas in individual water heaters, and 
the lower efficiency of smaller heaters, significantly outweigh the heat losses from the 
central recirculation loop in central DHW systems.  Typically the change from individual 
water heaters to central water heaters saves approximately 25% of total HVAC and water 
heating costs statewide1. 

There can also be appreciable cost savings on insurance for the building because of the 
reduced risk of water damage from having a single storage tank (often on the first floor) 
rather than multiple storage tanks, many of which are located above other dwelling units. 

Central systems can be either trunk and branch, or recirculation systems.  This study 
deals only with recirculation systems, in which an insulated loop of hot water pipe 
distributes hot water from the storage tank to the dwelling units, and the water is pumped 
around the recirculation loop to maintain the whole loop at a sufficiently high 
temperature.  With the entire recirculation loop at a relatively high temperature, 
occupants in the dwelling units do not have to wait long for hot water.  This is the most 
common configuration for central DHW systems, especially in large buildings. 

The beginning of the recirculation loop where the hot water leaves the storage tank is 
known at the hot water supply (HWS) side, and the water returns to the tank on the hot 
water return (HWR) end of the loop.  To make up for the hot water drawn from the loop 
by occupants, cold water is drawn into the tank via the cold water supply (CWS) pipe.  
Several schematics of recirculation loop systems are shown in Appendix A. 

Recirculation systems are generally preferred to trunk and branch (i.e., non-recirculating) 
systems, especially for larger buildings, because they provide hot water more quickly to 
tenants and can do so with less energy loss and water loss. 

To develop an understanding of the effect of DHW controls on energy consumption, we 
needed to monitor their performance over a relatively long period of time, but also with 
short time steps.  We wanted a long monitoring period so we could derive accurate draw 
schedules, and we wanted a short time step so we could gain a clear understanding of the 
sequence of events in each system, and diagnose any failure modes that might occur.  
Therefore we logged data every 15 seconds for one week under each control regime at 
each site. 

                                                 
1 Heschong Mahone Group. 2003. Codes and Standards Enhancement Initiative (CASE): Multifamily Water Heating.  

Submitted to Pacific Gas and Electric Company 
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4. METHODOLOGY 

The goal of the on-site surveys was to understand the ways in which different DHW 
control options affect gas consumption in three multifamily buildings.  We logged the 
following variables at 15-second intervals:   

 CWS temperature and flow rate 

 HWS temperature and flow rate 

 HWR temperature and flow rate 

 Outside air temperature 

 Boiler room air temperature 

 Burner on-time 

 Recirculation pump on-time 

 Boiler pump on-time 

In each building, we first assessed the type and condition of the existing DHW controls, 
and then made changes to the system so that it spent one week in each of the following 
conditions.  Detailed descriptions of how the control schemes were set up in each 
building are given in Figure 2. 

1. Continuous pumping 
Any existing recirculation pump control was overridden so the pump was 
permanently on.  The gas burner was controlled by an aquastat that measured and 
maintained the temperature of the water in the storage tank. When the tank 
dropped below a (lower) threshold temperature the burner would turn on until the 
tank reached its upper threshold temperature. 

The gas burner control was the same for all control schemes except the 
temperature modulation control (see below) 

2. Timeclock control 
The recirculation pump was controlled by a timeclock, with an on-off cycle that 
was determined by the surveyor from the previous week’s data1.   

This type of control system saves energy by switching off the pump during 
predetermined periods of expected low demand, and allowing the water in the 
loop to cool, thereby reducing the rate of heat loss through the walls of the 
recirculation loop. 

The surveyor looked at the gas burner on-time for the previous week and 
identified what times of night the burner was always off.  These times varied 
between the three sites as expected, i.e. the larger sites had shorter off-times.  

                                                 
1 Some of the sites already had time clocks installed, though none were functioning.  We did not take into account the 

settings of the existing timeclock in determining the timeclocks settings for our survey. 
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Note that timeclock control is the minimally compliant control for the 2005 
version of Title 24. 

Note that this is not an optimal method of setting the clock schedules, but a 
method that would likely be employed in real buildings. 

3. Demand control 
The recirculation pump was controlled in response to demand for hot water (as 
measured by a pressure transducer in parallel with the recirculation pump) and in 
response to the temperature of the hot water return (HWR) pipe.  For the pump to 
be switched on, both conditions had to be met, i.e. there had to be demand flow 
and there had to be a low HWR temperature. 

This type of system saves energy by switching off the pump, potentially for 
longer periods of time than timeclock control, and allowing the water in the 
recirculation loop to cool down whenever there is no demand for hot water.   

4. Temperature modulation control 
The recirculation pump was operating continuously, and the gas burner was 
controlled in response to temperature signals from the tank, the hot water supply 
(HWS) pipe and the HWR pipe.  The system automatically attempted to keep the 
tank temperature at a level that was established by data about the hourly draw 
schedule from previous weeks, while also keeping the HWS and HWR within 
bounds set by the scald limit and by a minimum required temperature for 
domestic hot water. 

This type of system saves energy by maintaining the water temperature in the 
storage tank as low as possible, given the expected level of demand. Therefore, 
the heat loss through the tank and recirculation loop is reduced. At periods of low 
demand the tank and recirculation piping are kept at a reduced temperature 
whereas at times of high demand it is maintained at a higher temperature.  
Effectively, this modulates the thermal storage capacity of the tank and 
recirculation piping, as well as it’s rate of heat loss. 

4.1 Buildings Surveyed 
Three buildings of different sizes were chosen, since we expected that any gas and water 
savings achieved by DHW controls would vary depending on the number of dwelling 
units served by each system.   

We used our professional contacts to identify suitable buildings.  The suitability of 
buildings was judged mainly by how amenable the facility manager was to having the 
research team make changes to the controls and piping, and by whether the system could 
easily be retrofitted with the required controls (factors such as pipe diameter, 
accessibility, and simplicity of layout were important). 

We identified candidate buildings in several locations throughout the State, but all three 
buildings finally chosen were in northern California.  The St Helena and Oakland 
buildings were low-income housing; the St Helena building housed agricultural workers 
almost exclusively, most of whom had families with young children.  The Oakland 
building was in an urban location near the Port of Oakland and there were no obvious 
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demographic factors except its location in a low-income area of the City.  The Emeryville 
building was a market-rate development, and had no obvious demographic bias. 

The characteristics of each of the three buildings are shown in Figure 1, and detailed 
schematics of each DHW system are given in Appendix A. 
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Location St. Helena Emeryville Oakland 

Floors 2 3 3 

Units per hot water system 8 20 121 

Age of building 16 years Unknown--  

Type of system Single water heater Boiler and storage 
tank Three water heaters 

Burner rating 135,000 Btu/hr 
(16,875 Btu/hr/unit) 

399,000 Btu/hr 
(19,950 Btu/hr/unit) 

3x300,000 Btu/hr  
(7,438 Btu/hr/unit) 

Storage tank capacity 81 gallons 
(10.1 gallons/unit) 

175 gallons 
(8.8 gallons/unit) 

130 gallons each 
(3.2 gallons/unit) 

Existing state of control 
No recirculation 
(recirc pump 
unplugged) 

Continuous 
pumping (no 
controls installed) 

Continuous pumping 
(broken timeclock) 

Pipe insulation1 Minimal Average Extensive 

HWS pipe diameter leaving 
boiler room 1.5” 2.5” 4” 

Cold water makeup pipe 
diameter 1.5” 2.5” 4” 

HWR pipe diameter entering 
boiler room 0.75” 0.75” 2” 

Estimated loop length not available not available 796’ 

Estimated loop UA not available not available 89 kBtu.hr-1.°F-1 

Pump flow at times of low 
demand 3.3 gpm 1.9 gpm 12.8 gpm 

HWS temp under initial 
condition (as found) varies 124°F-128°F varies 135°F-147°F varies 113°F-116°F 

HWR temp under initial 
condition (as found) varies 115°F-122°F varies 130°F-143°F varies 107°F-109°F 

Delta T (HWS - HWR) as 
found 7°F 3.5°F 6.5°F 

1. Pipe insulation could not be accurately measured because most of the piping was inaccessible.  The surveyor judged 
the adequacy of pipe insulation from the visible sections of pipe and the thickness and quality of insulation. 

Note that the square footage of the apartments could not be reliably determined for all three buildings, so is not 
included in the analysis. 
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Figure 1 – Characteristics of Monitored Buildings 
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4.2 Control Schemes Installed 
Details of the operation and the set points of the control schemes are shown in Figure 2. 

 
Control scheme St. Helena Emeryville Oakland 

Continuous pumping 

Recirc pump running 
24hrs, burner 
maintains storage 
water between 
existing upper  and 
lower temp bounds 
set by aquastat (see 
Figure 1) 

Recirc pump running 
24hrs, burner 
maintains storage 
water between 
existing upper  and 
lower temp bounds 
set by aquastat (see 
Figure 1) 

Recirc pump running 
24hrs, burner 
maintains storage 
water between 
existing upper  and 
lower temp bounds 
set by aquastat (see  
Figure 1) 

Timeclock 

Recirc pump 
switches off from 11 
p.m.- 5 a.m. 
Tank temperatures 
same as for 
continuous pumping. 

Recirc pump is 
running 
continuously—data 
showed that there 
were no periods of 
zero demand 
(possibly due to 
leaks). 
Tank temperatures 
same as for 
continuous pumping. 

Recirc pump switches 
off from 1-4 a.m.. 
Tank temperatures 
same as for 
continuous pumping. 

Demand 

Recirc pump 
switches on if there is 
demand AND HWR 
temp is below 100F.  
Switches off again at 
101°F (the recirc loop 
is very short and 
charges quickly)- 

Recirc pump 
switches on if there 
is demand AND 
HWR temp is below 
104F.  Switches off 
again at 110F.  Tank 
stat set to 120°F 

Recirc pump switches 
on if there is demand 
AND HWR temp is 
below 104F.  
Switches off again at 
110F 

Temperature modulation 

Recirc pump runs 
continuously and the 
setpoint of the 
storage water varies 
hourly according to 
demand data from 
previous weeks, 
HWS 115°-118°, 
HWR 108°-115°, 
delta T 5°*.   

Recirc pump runs 
continuously and the 
setpoint of the 
storage water varies 
hourly according to 
demand data from 
previous weeks†.  
HWS 129°-132°, 
HWR 126°-129°, 
delta  T 3° 

Aquastat control was 
used instead of 
temperature 
modulation due to 
controls 
incompatibility.  
Recirc pump switches 
on when the HWR 
temp falls to 100F, 
switches off again at 
106F.   
HWS 111°-117°, 
HWR 105°-108°, 
delta T 7°T  … 

* The burner also switches on if the HWR temperature falls below 100°F (to accommodate periods of exceptionally 
high demand) and switches off if the HWS temperature exceeds 135°F (to prevent scalds). 

† The burner also switches on if the HWR temperature falls below 100°F (to accommodate periods of exceptionally 
high demand) and switches off if the HWS temperature exceeds 135°F (to prevent scalds) 
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Figure 2 – Details of Control Schemes 

4.3 Logged Data 
HMG attempted to log data from each system for seven consecutive days in each 
building, resulting in twelve weeks of logged data at 15-second intervals.  The interval of 
15 seconds was chosen in part to give a high resolution that would aid in diagnosing 
problems or characteristics of each system, and in part due to the memory capacity of the 
data loggers.   

We bench-calibrated all the temperature sensors and calibrated the flow meters according 
to manufacturer’s instructions when we installed them.  Further calibration and 
adjustments were carried out as described in section 4.5.   

Details of the dates of each logging period are shown in Figure 3, and a full list of the 
variables that were logged is shown in Figure 4 
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. 
Control scheme St. Helena Emeryville Oakland 

Continuous pumping May 4th -May 11th  June 28th -July 6th  May 26th -June 2nd  

Timeclock April 28th -May 4th  

no data – timeclock 
was judged 
unsuitable due to 
high overnight 
demand. 

May 8th -May 12th  

Demand April 21st -April 27th  June 21st -June 28th  June 13th -June 20th  

Temperature modulation 
May 11th -May 19th  
and 
May 19th -May 26th  

July 10th -July 17th  

May 2nd -May 8th  
(aquastat control of 
recirc pump, not temp 
modulation, see 
Figure 2.) 

Figure 3 – Dates of Data Logging for each Control Scheme (all are 2006) 

Note that all the monitoring dates occurred before the statewide heat wave of July 2006. 
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4.4 Nomenclature 
The nomenclature used in the text and equations of the report is shown in Figure 4. 

Measurement Symbol Quantity Symbol 

Hot Water Tank Temperature Ttank 
Semi-Conditioned Space 
Temperature TSCS 

Water Temperature at Tank Top Tttop Boiler Supply Temperature TBS 

Hot Water Supply Temperature THWS Boiler Return Temperature TBR 

Hot Water Return Temperature THWR Boiler Pump Signal SBP 

Cold Water Make-up Water 
Temperature TCW Burner Signal Sburn 

Blended Make-up Temperature Tblend Recirculation Pump Signal SRP 

Gas Temperature Tgas Hot Water Supply Flow rate FHWS 

Outside Air Temperature TOA Hot Water Return Flow rate FHWR 

Boiler Room Temperature TBRM Make-up Flow rate FCW 

Figure 4 – Nomenclature 

4.5 Equipment 
This section describes the equipment and methodology we used for on-site 
measurements.  For further details and technical specifications of the equipment, see 
Appendix B. 

4.5.1 Water Flowmeters 
We took measurements of flow along the HWS, HWR and CWS pipes using ultrasonic 
transit-time flowmeters.  These meters measure the difference between the time taken for 
an ultrasonic pulse to travel upstream vs. downstream along a pipe section of known 
length.  They can simply be strapped to an existing pipe without any requirement for 
cutting or making permanent attachments to the pipe.  The flowmeters are calibrated to 
the pipe diameter, pipe material and wall thickness of the pipe being measured.  They 
have a rated accuracy of 1%.  Additional technical information can be found in Appendix 
B. 

The flowmeters were attached to straight sections of pipe, as far as possible from bends.  
In all cases the flowmeter was at least 1’ from the nearest bend.  We were able to mount 
the flowmeters horizontally in all cases except the Emeryville HWS pipe, but there is no 
reason why they should not be mounted vertically.  In accordance with the manufacturer’ 
instructions we placed a layer of acoustically-conductive gel between the pipe and the 
flowmeter, to allow the pulse to be sent and received.   

We calibrated each flowmeter and verified the readings in accordance with the 
manufacturers’ instructions. 
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4.5.2 Water Flowmeter Loggers 
The flowmeter have a small internal memory that gives a “totalizer” value for all positive 
and negative flows through the meter during the logging period, but does not give time-
stamped values.  Therefore we connected one ACR Smartreader logger to all three 
flowmeters, to record 15-second time-stamped flow values for the logging period.  
Initially we did not electrically shield the wires from the flowmeters to the ACR logger, 
but we installed shielding later in the study as described in section 4.5.5. 

4.5.3 Gas Flow Meters 
We used a residential size gas meter to determine the boiler input capacity.  The gas 
meter is capable of measuring a flow rate up to 415 SCFH.  It has a special sweep hand 
that completes one revolution for every 0.5 ft3 of gas that passes through.  We installed 
the gas meter such that the boiler was the only gas appliance on the meter.  With the 
boiler firing, we measured the time required for the sweep hand to complete a certain 
number of revolutions, to yield the gas flow rate and thus the boiler consumption per unit 
time.  We compared this data with the information stamped on the boiler nameplate and 
discovered that the nameplate input rating was 14% higher than the capacity measured 
with the gas meter at St. Helena.  Due to physical constraints of the sites it was not 
possible to use the gas flow meter at Emeryville or Oakland. 

4.5.4 Temperature Sensors 
We used HOBO U12 loggers to record temperatures at 15-second intervals during the 
logging period.  One HOBO was required for each temperature signal.  For recording air 
temperatures we used the thermocouple built into the body of the logger, and for 
recording pipe temperatures we used a 2’ cable with a thermocouple at the end 
(manufactured by Onset Computer Corp., the makers of the HOBO loggers) plugged into 
the logger.  We calibrated these thermocouples using freezing and boiling water, and all 
gave accurate readings.  We used the external thermocouple to record pipe temperatures, 
and we placed the thermocouple underneath pipe insulation to ensure that it was reading 
pipe temperature instead of air temperature. 

4.5.5 Quantifying Equipment Errors 
In this study, the accuracy of the measurements made by the water and gas flowmeters 
was critical to the accuracy of the overall results.  We encountered a series of problems 
with the water flowmeter data that caused difficulties in the analysis and lead us to 
believe that there is a significant margin of error in some of the results.  This section 
documents the steps we took to reduce these errors.    

Water Flowmeters 

The Surveyor verified that when the flow was shut off along each section of pipe (using 
valves) the flowmeters all read zero.  This was verified for both sets of flowmeters (one 
set was used at both St Helena and Emeryville, and the other set was used in Oakland). 

The non-intrusive (ultrasonic) flowmeters read the velocity of flow within the pipe and 
calculate the expected volumetric flow rate using information about the pipe cross-



Heschong Mahone Group, Inc. 
Lawrence Berkeley Laboratory 

Water Heaters and Hot Water Distribution Systems, Project #0522 

16 

section.  Therefore, if pipes have a significant amount of material (e.g., calcium) 
deposited on the inside walls, the flowmeters might overestimate actual flow.  Therefore, 
adjustments to flowmeter readings when necessary to correct for any apparent errors 
always reduced estimated flow rates (instead of increasing them).  The flowmeter 
manufacturer also advised us that dissolved gases in the water could result in an 
overestimate of the volumetric flow rate, which again would support adjusting the flow 
values downward rather than upward if required. 

After taking initial readings from the flowmeters, we found an apparent error --the sum of 
flows into and out of the storage tank was not equal to zero.  The sum of all flows into 
and out of the storage tank must be equal to zero, but in most cases there was an error 
equal to around 20% of the recirculation loop flow. 

After consulting the flowmeter manufacturer, we shielded all cabling from the flow 
meters to the data-loggers (to prevent EMI based fluctuations caused by the pump motor), 
and shortened some of the cabling so that paired sets of transducer cables (from the two 
ends of the flowmeters) were exactly the same length. This resulted in very minor 
improvement in the readings.  We also attempted to calibrate the flowmeters on site by 
running a known flow from several faucets and shower heads in one of the apartments, 
but the flow meter data was too noisy to allow an accurate calibration. 

After further consultation with the flowmeter manufacturer, we carried out additional 
calibration of the flowmeter following a more detailed procedure set out by the 
manufacturer.  This procedure ensured that the data logger was recording the same flow 
that the flowmeter was recording.  This too resulted in very minor improvements to the 
data quality. 

After analyzing the logged flow data we became aware that the magnitude of the apparent 
error in hot water flow tracked with the air temperature of the boiler room, at the St 
Helena site.  In one flow regime the correlation was extremely high (92%) but in others it 
was less.  At Oakland and Emeryville the correlation was still evident but was weak, and 
the degree of correlation varied unpredictably over time and so could not be used to 
“correct” the flowmeter data.  Consulting with the manufacturer, we were able to verify 
that the air temperature could plausibly affect the readings from the flowmeters due to 
differential thermal expansion of the clamp around the pipe, and that this was a source of 
error that the manufacturer had not previously been aware of.   

One possible source of error, identified after the final readings had been taken, was that 
the acoustically-conductive gel between the pipes and the flowmeters seemed to have 
drained out in some cases, especially around the hot pipes.  The flowmeter manufacturer 
confirmed that some gels become liquid at high temperatures and may drain out of the 
space between the pipe and the flowmeter clamp.  This may account for the error being 
correlated with boiler room temperature, and may also account for the way that the error 
varied over the course of the monitoring period. 

By comparing the values from the data loggers with internal “totalizer” values recorded 
by the flowmeters themselves, we were able to determine that the loggers were recording 
data properly and that the error was due either to narrowing of some of the water pipes 
(due to deposits) or to errors in the flowmeter recorded values. 

We recognize that all the ultrasonic flow meter data has an error associated with it.  Since 
the cold water make-up may have less error because the conductive gel remained in place 
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longer, we have used the flow data from the cold water make-up pipe as the basis for 
most of the calculations.
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5. ANALYSIS AND RESULTS  

This section discusses the energy modeling methodology and assumptions used in the 
analysis, along with the results. 

As discussed in section 4.5.5, we experienced measurement accuracy issues with the 
ultrasonic flowmeters.  This introduced some uncertainty into the data.  Furthermore, the 
water flows could also have been affected by crossover flows between faucets at points 
on the recirculation loop where we could not measure them. Accordingly, we applied two 
approaches to evaluate energy savings, one assuming zero crossover flow, the other 
assuming constant crossover flows.  This approach was designed to bound the problem, 
i.e., to produce high and low bounds for energy estimates. 

To calculate the crossover flows themselves we used a slightly more nuanced approach 
designed to quantify a single best estimate (see 5.5)  

5.1 “3-Loop” Energy Use Model 
The same energy use model was used for all analysis, although different assumptions 
(about crossover flow) were used.  This energy use model uses the storage tank as a 
control volume.  Water drawn out of the tank along the HWS pipe crosses the control 
volume and is replaced either by water returning along the HWR pipe or by fresh water 
drawn in through the CWS pipe. 

The model calculates the amount of heat transferred out of the control volume by 
multiplying the temperature difference (delta T) between outgoing and incoming water, 
by the density, specific heat capacity and volumetric flow rate.  As described below, the 
model includes three “loops” that leave from and return to the control volume. 

The volume of water in the tank is assumed not to change, and the temperature of the 
water in the tank is assumed not to change.  Because the monitoring periods extended 
over several days, the slight error incurred by this last assumption is extremely small.   

According to the assumptions of energy model, heat that is put into the storage tank by 
the gas burner can be lost through one of three routes: to the recirculation loop, to the 
crossover loop, or to hot water draw by the tenants.   

There are at least two other heat loss methods that are not modeled in this study: heat loss 
to leaks and heat loss from the tank itself by conduction or by air convection.  Heat loss 
to leaks is not modeled because we cannot distinguish it from hot water draw, and heat 
loss from the tank itself is assumed to be small compared to the other heat loss routes. 

These three heat loss loops are shown schematically in Figure 5.  Each loop is modeled as 
energy crossing the boundary of a “control volume” (the storage tank).   This is described 
in detail in the equations below: 

 The recirculation loop.  The water flows out along the HWS pipe and back along 
the HWR pipe and cools steadily along the way.  Heat loss in this loop is 
calculated as: 
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.

.
)( ρ××−= pCIRCHWRHWSCIRC cFTTQ  

 QCIRC is the rate of heat flow out of the recirculation loop (Btu/min) 

 FCIRC is the recirculation loop flow rate in gallons/min and is calculated as 
FHWR –FCROSS, where FCROSS is the crossover flow (assumed to be constant during 
the monitoring period) 

 THWS = Hot water supply temperature, °F 

 THWR= Hot water return temperature, °F 

 Cp is the specific heat capacity of water (Btu/lb·°F) 

 ρ is the density of water (lb/gallon) 

 The crossover loop.  The water flows out (backward) along the CWS pipe, then 
at various locations in the building flows through a faucet or other crossover 
device into the HWR loop.  This loop can actually appear to be a source of heat 
gain because THWR is often higher than TCWS, so some of the heat lost to crossover 
actually appears in the recirculation loop heat loss term because cooler crossover 
water is mixing with HWR water and reducing its temperature. 

 ρ××−= pCROSSHWRCWSCROSS cFTTQ
.

.
)(  

 TCWS = Cold water make-up temperature 

 FCROSS is assumed to be constant and is calculated as being the minimum 
(i.e., most negative) value of FCWS when the pump is on, and zero when the pump 
is off 

 The hot water draw loop.  The water flows out along the HWS pipe and is used 
in the dwelling units.  An equal amount of water is then drawn into the storage 
tank from the cold water supply..  Some of the hot water draw may be due to 
leaks rather than to usage, but this is impossible to measure. 

 ρ××−= pDRAWCWSHWSDRAW cFTTQ
.

.
)(  

FDRAW is calculated as either FCWS + FCROSS or as (FHWS-FHWR) + FCROSS 
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Figure 5 – Three-loop heat loss diagram 

5.1.1 Validating the 3-Loop Model 
Figure 6 shows how close the 3-loop model calculation of heat loss came to the value 
derived from the gas burner on-time.   A value of 1 represents perfect agreement.  In each 
case crossover flow is assumed to be constant throughout the monitored period.  The 
magnitude of the constant crossover flow is taken to be the most negative value of FCWS 
during the monitored period.  It was not possible to include the Emeryville site in this 
part of the analysis because it has a modulating burner and so burner on-time is not an 
accurate proxy for gas consumption. 

The degree of agreement between the heat loss predicted by the 3-loop model and the 
heat input to the burner  (See Figure 6) varies from very close agreement (within an 
average of 7% for Oakland) to quite loose agreement (37% for St Helena).  Note that the 
3-loop model assumes constant crossover which means that the calculation is likely to be 
inaccurate for the demand controls, and to some extent for the timeclock controls.  
Excluding the demand controls gives an average agreement of 20% for St Helena and 6% 
for Oakland.  This gives a degree of confidence in the calculations of the magnitude of 
crossover heat losses.    
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 St Helena Emeryville Oakland 

Continuous 
pumping 1.17 N/A 1.00 

Timeclock 0.82 N/A 1.14 

Demand 1.91 N/A 0.92 

Temp mod/ 
aquastat 0.76 N/A 1.04 

The values in this table are the total heat loss estimated by the 3-loop model divided by the embodied energy of the gas 
burned by the  heater/boiler, as measured by the burner on-time.  Perfect agreement would be indicated by a value of 
1.00.  In each case crossover flow is assumed to be constant, and the crossover is calculated as described above, i.e., 
as the largest logged negative value of CWS flow rate. 

Note that the agreement between the 3-loop model and measured gas usage is not applicable (N/A) for Emeryville 
because it has a modulating boiler and we could not easily measure the gas consumption. 

Figure 6 – Degree of Agreement between 3-loop Heat Loss Model and Measured Gas 
Usage 

5.2 Hot Water Draw Analysis Assuming Constant Crossover Flow 

5.2.1 Hot Water Draw Schedule 
In this analysis the hot water draw for each building is calculated from the cold water 
flow rate, corrected for crossover. The crossover is assumed to be constant in each 
building during the monitoring period, and is calculated as being the most negative 
measured value of make-up flow rate in that building during the study.  Note that, since 
we believe that crossover is caused by the recirculation pump, we expect that this will 
produce an overestimate of crossover (and therefore an overestimate of draw) for the 
demand controls, and to some extent for timeclock controls.  However, given the 
magnitude of the flowmeter errors we are not able to verify this. 

Magnitude of Draw  

Hot water draw can be quantified in two ways: either as FCWS (the cold water make-up 
flow rate) or as FHWS-FHWR (the difference between hot water supply and hot water return 
flow rates).  In theory, these two measures should be exactly equal to one another, but 
due to flowmeter errors there were differences between the two measures, and we 
determined that the FCWS data was more reliable. 

As shown in Figure 7, the magnitude of draw for all three sites is greater than the 
expected values generated by equation RG-9 in Title 24 2005 (assuming, generously, that 
the dwelling units are 1300sf and therefore that the expected hot water draw from RG-9 
is 40 gallons per day.  The draws at Emeryville are particularly high; note that the value 
of the crossover flow at Emeryville is high (see Figure 33) and that the site may be 
experiencing leaks from the hot water system, since the flow does not reduce close to 
zero overnight..  
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 St Helena Emeryville Oakland 

Continuous pumping 65.3 88.2 47.0 

Timeclock 34.8  49.1 

Demand 55.1 63.7 41.5 

Temperature modulation 58.3 69.4 50.61 

 1. At Oakland, temperature modulation was not possible so aquastat control was used 

Figure 7 – Daily Hot Water Draw, Per Unit (Gallons Per Day) 

As shown in the following figures, the shape of the hot water draw schedule for each 
building remained similar when the control system was changed, although the magnitude 
of the draw changed, sometimes very significantly.  There are also visible differences 
between the weekday and weekend draw schedules, with weekends being flatter but of 
very similar magnitude.  

The high values for draw at St Helena might be explained by the observation that many 
of the occupants were agricultural workers who might use a lot of water both for laundry 
and for washing.  There were also a large number of children at the site.  We have no 
explanation for the high draw at Emeryville, since the population had no distinctive 
demographic features.  Leaks are therefore our best hypothesis for the high draw; this 
hypothesis is supported by the fact that the overnight draw at Emeryville did not drop to 
zero. 



Heschong Mahone Group, Inc. 
Lawrence Berkeley Laboratory 

Water Heaters and Hot Water Distribution Systems, Project #0522 

24 
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Figure 8 – St Helena Hot Water Draw - Weekdays 

St Helena Hot Water Draw - Weekends
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Figure 9 – St Helena Hot Water Draw - Weekends 
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Emeryville Hot Water Draw - Weekdays
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Figure 10 – Emeryville Hot Water Draw - Weekdays 
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Figure 11 – Emeryville Hot Water Draw - Weekends 
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Oakland Hot Water Draw - Weekdays
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Figure 12 – Oakland Hot Water Draw - Weekdays 
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Figure 13 – Oakland Hot Water Draw - Weekends 
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Effect of Controls on Draw Schedule 

As shown in the figures below, there is a very distinct change in the magnitude of the hot 
water draw when the control system is changed.  There are three reasons why this may be 
the case: 

 Temperature in the recirculation loop changed for some controls such as the 
demand and temperature modulation controls.  When recirculation loop 
temperature is lower, the occupant may run hot water until the water heats up, or 
the occupant may use a larger percentage of hot water to obtain the same 
tempered water temperature  at the tap 

 Crossover may be reduced when the timeclock and demand controls are installed, 
because the recirculation pump is turned off for some of the time.  If (as in this 
study) draw is measured using the cold-water make-up line, the draw may appear 
to increase because back flow along the cold water line is reduced. 

 Leaks may be reduced when the timeclock and demand controls are installed, for 
the same reason as above.  Recirculation pumps generate 6’ to 15’ of head, which 
is equal to 2-5 p.s.i., i.e., a small increment in pressure compared to typical city 
water pressure (60-80 p.s.i.).  We would therefore expect the effect of the pump 
on overall leakage to be small. 

The data cannot distinguish between these two mechanisms because we were not able to 
measure leaks, but the trends shown in the figures below are consistent with both these 
mechanisms; the hot water draw is highest with the continuous pumping and temperature 
modulation / aquastat controls, lower with the timeclock controls, and lower still with 
demand controls. 

There appear to be two anomalous values: the continuous pumping at St Helena has a 
much greater draw than expected, and the continuous pumping at Oakland has a much 
lower draw than expected.  the other values all appear to be of the expected magnitude in 
relation to one another  The anomalous values  may be due to flowmeter errors. 
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Figure 14 - St Helena Hot Water Draw for Different Control Schemes 
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Figure 15 – Emeryville Hot Water Draw for Different Control Schemes 
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Figure 16 – Oakland Hot Water Draw for Different Control Schemes 
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Hourly Proportion of Daily Draw 

In this section we compare the shape of the daily draw schedules we found on site with 
the shape of the Title 24 residential draw schedules for weekdays and weekends.  The 
load shapes in the figures below have been normalized to the proportion of daily draw, so 
the area under each curve is the same. In Figure 17 and Figure 18, data from all four 
control regimes has been averaged to produce s single graph for each site. 

Across the three sites there is a consistent departure from the shape of the Title 24 
draw—the weekday morning peak is much lower, and the evening peak is 
correspondingly higher.  At the weekends the draw shape is also flatter.   

The proportional draw values are tabulated in Figure 19. 
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Figure 17 – All Sites Proportional Draw Schedule  - Weekdays 
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Proportional Draw Schedule - Weekends
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Figure 18 - All Sites Proportional Draw Schedule - Weekends 

 
 Weekday  Weekends   Weekday  Weekends  

Hour 
Title 24 

2005 

Average 
of three 
study 
sites 

Title 24 
2005 

Average 
of three 
study 
sites Hour 

Title 24 
2005 

Average 
of three 
study 
sites 

Title 24 
2005 

Average 
of three 
study 
sites 

0 0.014 0.018 0.018 0.024 12 0.036 0.034 0.051 0.067 
1 0.008 0.017 0.01 0.016 13 0.033 0.030 0.043 0.055 
2 0.009 0.011 0.009 0.013 14 0.032 0.027 0.039 0.045 
3 0.011 0.011 0.008 0.010 15 0.026 0.030 0.039 0.040 
4 0.020 0.026 0.015 0.011 16 0.042 0.037 0.052 0.040 
5 0.044 0.034 0.023 0.021 17 0.048 0.049 0.058 0.047 
6 0.089 0.066 0.026 0.031 18 0.052 0.062 0.056 0.043 
7 0.107 0.071 0.047 0.052 19 0.047 0.067 0.052 0.045 
8 0.089 0.048 0.077 0.063 20 0.042 0.074 0.047 0.047 
9 0.066 0.044 0.083 0.064 21 0.039 0.076 0.044 0.047 

10 0.052 0.036 0.074 0.070 22 0.036 0.056 0.04 0.053 
11 0.038 0.038 0.061 0.070 23 0.022 0.038 0.028 0.029 

Figure 19 – Average Proportional Daily Draw Schedules 
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5.3 Hot Water Draw and Energy Use Analysis Assuming Zero 
Crossover Flow 
In this approach, no crossover flows were considered. For each control scheme, 
recirculation loop heat loss, Qcirc, and energy consumption associated with hot water 
draw, Qdraw, were calculated.  Figure 20 shows the results for three control schemes. 
Timeclock was treated as the baseline case since it is the minimum requirement of Title 
24.  At Emeryville, we could not identify an extended time window with zero demand so 
that recirculation pump could be turned off. Therefore, the timeclock control at this site is 
effectively same as the continuous pumping scheme.  

Differences in energy use between the sites can easily be seen from draw-normalized 
energy consumption in units of Btu per gallon of draw. This is calculated as: 

  

.

.
..

)(

∑
∑ +

Daily
DRAW

Daily
CircDraw

F

QQ
 

The ratio Qcirc/ Qdraw is the ratio of total daily recirculation heat loss to total daily hot 
water draw energy use.   

The St Helena site had the highest draw-normalized energy consumption, probably 
because of the poor recirculation loop insulation, which is also indicated by high value of 
Qcirc/ Qdraw.  Note that the St Helena site did not meet the mandatory requirements of Title 
24 because the recirculation loop pipe was not insulated. The Emeryville site had the 
lowest draw-normalized energy consumption (Qcirc/ Qdraw = 10%). However, since its 
average tank water temperature was high, its draw-normalized energy consumption was 
higher than that of the Oakland site. 
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 St Helena Emeryville Oakland 

Timeclock    

Draw-normalized energy consumption  
(Btu/Gallon of draw) 1009 673 562 

Qcirc/ Qdraw 150% 10% 60% 

Average return water temp. (°F) 119° 137° 106° 

Average tank water temp. (°F) 126° 140° 113° 

Demand    

Draw Normalized Energy Savings (%) 54% 6% 16% 

Recirculation loss reduction 93% 73% 47% 

Daily draw flow increase (%) 52% 22% -8% 

Average return water temp. (°F) 85° 98° 105° 

Temperature modulation    

Draw Normalized Energy Savings (%) 14% 15% N/A 

Recirculation loss reduction 1% 14% N/A 

Daily draw flow increase (%) 19% 6% N/A 

Average tank water temp. (°F) 116° 130° N/A  
Figure 20 – Energy and Water Consumption of Three Recirculation Control Schemes, 

Assuming Zero Crossover  

In this analysis, the demand control saved energy compared to the timeclock scheme, for 
all three sites. The high energy savings and recirculation loop loss reductions observed at 
St Helena site may be partly attributable to its poor recirculation loop insulation, which 
provided a savings opportunity. It may also be associated with the fact that the circulation 
was turned on very infrequently, and with the low average return temperature (85°F).   

At the Emeryville site, energy savings were smaller than at St Helena, which may be due 
to the well-insulated recirculation loop .  The recirculation pump was also switched on 
very infrequently. 

At the Oakland site, the recirculation pump was switched on more frequently. A slight 
reduction in hot water draw was observed. This could be caused by tenant water usage 
variation, instead of by the control scheme. 

The values for Qcirc/Qdraw vary widely between the three buildings.  The high value at St 
Helena may be due to the poor loop insulation, while the low value at Emeryville may be 
due to the loop being short in comparison to the number of units served, along with good 
insulation and a comparatively high draw. 

Temperature modulation was only implemented at two sites. At both sites, the average 
storage tank temperature was around 10°F lower than the corresponding average tank 
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temperature for timeclock schemes.  The percentage savings, compared to timeclock 
schemes, were also similar for both sites. At St Helena site, hot water usage increased by 
19%, possibly because the water temperatures were sometimes not high enough.  

5.4 Gas Consumption 
Burner on-time was measured as a proxy for gas consumption at St Helena and at 
Oakland.  The Emeryville site had a modulating boiler so burner on-time was not a useful 
measure.  We therefore used the three-loop heat model to calculate gas energy use at 
Emeryville.  At St Helena and Oakland the burners were switched on for 5-15% of the 
time depending on the control algorithm. 

Timeclock control appeared to make no difference to gas consumption; at Oakland the 
timeclock control used 1% more energy than continuous pumping, while at St Helena it 
used 1% less (timeclock control was not installed at Emeryville). 
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Figure 21 – St Helena Gas Energy Use 
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Figure 22 – Oakland Gas Energy Use 

 St Helena Emeryville Oakland 

Continuous pumping 2338 1827 1015 

Timeclock 2304 No data 1026 

Demand 1307 1188 1069 

Temperature modulation 1520 968 960 

Figure 23 – Gas Energy Use at All Three Sites (Btu/hr/unit) 

Using the estimates for crossover flow, we were able to break down the total DHW 
energy use into three components: usage; crossover losses, and other losses (including 
storage and distribution via the recirculation loop).  This last category of “other losses” 
could not be broken down into smaller components with the available data.   

Figure 24, Figure 25 and Figure 26 show this breakdown for the three sites.  The figures 
below show that hot water usage accounts for less than half of total DHW energy use, so 
the control of distribution losses presents a large opportunity for savings. 

Note that the modulating burner at Emeryville meant that we were unable to calculate gas 
energy use directly from the gas consumption and had to use the three-loop model 
instead.  Also note that only the data for temperature modulation is shown for Emeryville.  
This is because timeclock control was not installed, and there was no cold water 
temperature data for the continuous pumping regime so energy use due to hot water usage 
could not be calculated. 
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No breakdown is given for demand controls, since this would require an analysis of data 
over very short time intervals (around 15 seconds), and there is too much noise in the 
flow meter data to allow an accurate analysis at this resolution. 

Breakdown of DHW Energy Use - St Helena

0

500

1000

1500

2000

2500

Continuous pumping Timeclock Temperature modulation

B
tu

/h
r/u

ni
t

Heat Loss in Crossover Loop 
Estimated Heat Loss to Storage and to Recirculation Loop
Heat loss to Usage

 
Figure 24 – Breakdown of DHW Energy Use-  St Helena 
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Figure 25 -  Breakdown of DHW Energy Use - Emeryville 
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Breakdown of DHW Energy Use - Oakland
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Figure 26 – Breakdown of DHW Energy Use - Oakland 

5.5 Crossover Analysis 
As a measure to reduce the risk of scalding, it is common practice to install single lever 
faucets and shower mixing controls (“single-lever valves”) in apartments.  Through 
repeated use of a single-lever valve, the washer separating the cold water faucet supply 
(CWFS) and hot water faucet supply (HWFS) is eventually worn out.  This creates an 
open pathway between the CWFS and the HWFS even in the highest quality lever.  
Certain single-lever valves are constructed in such a way that the hot and cold water are 
connected even when the valve is closed (i.e., no hot or warm water is being used).   

This is acceptable in a building with no recirculation loop because the hot water and cold 
water pressures are identical and stable, and so balance each other out and induce no 
crossover flow.  When the recirculation loop is switched on, these pressures vary around 
the loop, resulting in crossover flow. 

Further, shower mixing valves allow the hot water supply and cold water supply to be 
openly connected when a shower-head shut-off is used (e.g., during “soap-up”) in lieu of 
shutting the shower off at the valve. 

When the cold and hot water supplies are connected in this manner, any pressure 
differential between the cold water line and hot water line will induce an exchange, called 
“crossover.”  Crossover goes both ways, so that tenants experience hot water where it 
shouldn’t be, and have to run the cold water out of hot water pipes even when a 
recirculation loop should be assumed to have hot water readily available. 
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The hot water recirculation pump is typically installed near the end of the hot water 
return (HWR) line near the hot water storage tank.  Most often, the cold water supply 
(CWS) and hot water return “tee” together between the recirculation pump and the hot 
water storage tank. 

Any pressure differential between hot and cold water lines will cause crossover at single-
lever valves.  However, our research indicates crossover can be quite significant in 
systems without a check valve on the cold water supply (“makeup”) line to the boiler or 
water heater.  This is because the recirculation pump creates a low pressure on the return 
side of the loop before the pump, and a higher pressure after the pump.  This induces a 
flow of cold water into the hot water return loop through any faulty single-lever valves 
and induces a backflow of hot water into the cold water makeup line (see Figure 27 
below).   This creates a secondary loop of hot water flowing from the primary loop 
through the cold water lines and back to the single-lever valves (see Figure 29 below).  
Note that installation of a check valve on the cold water supply will significantly reduce 
crossover, but not entirely prevent it (see Figure 28). 
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Figure 27 - Crossover Flow Induction Without Check Valve 
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Figure 28 - Crossover Flow Induction Reduced by Check Valve 
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Figure 29 - Crossover Flow Induction Across Single Lever Valves in Apartments 

5.5.1 Presence of Crossover 

Evidence of the crossover problem emerges from the fact that, during periods of zero 
demand while the pump is on, the HWR flow rate is greater than the hot water supply 
(HWS) flow rate.  Additionally, at those times, the CWS flow rate is negative.  The 
logged data from St Helena (Figure 30) shows these exact symptoms.   

Figure 31 shows time-series data from one overnight logging period at the St Helena site.  
It is typical of other overnight periods that we recorded.  The data show the CWS 
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temperature tracking the hot water tank temperature (e.g., increasing when the tank 
temperature increases), which is a symptom of crossover.  This symptom would also 
occur due to heat conduction along the copper pipe from the tank to the cold water 
temperature sensor mounted on the outside wall of the cold water pipe; however, if this 
had been the case, the sensors would likely have recorded a sudden increase in 
temperature each time the burner was switched on, but they did not record such a sudden 
increase.  A closer analysis also showed no transient effects that would have been present 
if the heating of the CWS was due to conduction through the copper.     
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Figure 30 – Time Series of Logged Flow Rate Data - St Helena 
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Figure 31 - Night-time Pipe Temperatures, St Helena 
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To further verify the presence of crossover, we looked specifically at the data from the 
timeclock controls, because according to the crossover hypothesis, there should be no 
crossover flow when the pump is switched off by the timeclock.  Figure 32 shows that 
during the off period at St. Helena (11pm-5am) the negative (crossover) flow was 
consistently less with the timeclock control than with the two continuous pumping 
controls, which supports the hypothesis.  The magnitude of the difference is around 
0.1gpm, which is close to the average estimated crossover value from Figure 33 
(0.13gpm).  Note that all three graphs show some degree of negative flow along the cold 
water pipe overnight, which may be due to measurement error. 
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Figure 32 – Averaged Make-Up Flow Rate During Weekdays, St Helena 

5.5.2 Methodology for Calculating Crossover 
Since we found that the cold water make-up flow measurement (FCWS) was a more 
accurate measure of hot water draw than FHWS-FHWR, we have used FCWS to estimate 
values for crossover.  In each of the twelve cases (three buildings, four control schemes), 
we used the minimum value of FCWS over the monitoring period as the estimate of the 
peak crossover flow.  FCWS typically varied over time as shown in Figure 30, i.e., it is 
negative at times of low demand, and positive at times of high demand.  . 

5.5.3 Magnitude of Crossover When Pump is Switched On 
Using the calculation steps described above, the estimated values for crossover flow 
during pump operation are shown in Figure 33.  St Helena and Emeryville appear to have 
similar magnitudes of crossover loss (15-35 gallons per day per dwelling unit), while 
Oakland appears not to be experiencing crossover.   

Note that the magnitude of the crossover flow per dwelling unit is similar to the total 
daily hot water draw per dwelling unit. 
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It is important to note that several changes occur to the flow data during several of the 
monitoring periods, and that there is no obvious explanation for them based on changes 
to the control system or DHW system as a whole.  For instance, during the week that the 
demand control system was installed at Emeryville, the HWS flow rate suddenly dropped 
to around one gallon per minute below zero.  We do not believe that the water was in fact 
flowing in reverse along the supply pipe, so we believe that these changes may be due to 
errors in the flow meter measurements, perhaps caused by leaking of the conductive 
grease between the meter and the pipe. 

 

 St. Helena  Emeryville  Oakland  

 
Crossover 
flow (gpm) 

Crossover 
flow per 

unit 
(gpd/unit) 

Crossover 
flow (gpm) 

Crossover 
flow per 

unit 
(gpd/unit) 

Crossover 
flow (gpm) 

Crossover 
flow per 

unit 
(gpd/unit) 

Continuous 
pumping 0.18 32.4 0.32 23.0 0.00 0.00 

Timeclock 0.10 18.0 No data No data 0.00 0.00 

Demand 0.19 34.2 0.25 18.0 0.00 0.00 

Temperature 
modulation 0.10 18.0 0.22 15.8 0.00 0.00 

Figure 33 – Magnitude of Crossover Flow During Pump Operation 

5.5.4 Crossover Heat Loss 
We calculated the heat loss due to crossover using the following methodology.  First, 
using the 15-second resolution data to ensure a sufficiently fine-grained analysis, we 
identified all those times at which there was negative flow along the cold water make-up 
pipe.  This was because crossover only causes heat loss when hot water is being removed 
from the storage tank by the negative flow along the cold water pipe. 

Next, we calculated the heat loss during those time steps by multiplying the flow rate by 
the temperature drop between the cold water pipe and the semi-conditioned space, and by 
the specific heat capacity of water.  We used the temperature of the semi-conditioned 
space because when the crossover water finds its way back into the recirculation loop, it 
has flowed from the semi-conditioned space.   

Next, we excluded any time steps at which the cold water temperature was less than the 
semi-conditioned space temperature, since if negative flow was occurring along the cold 
water pipe, the pipe would be at a high temperature.  This calculation step was included 
because there is a certain amount of noise in the flow data and we suspected that some of 
the negative flow readings may have been due only to noise.   

Note that the noise in the flow data means that the calculation of crossover losses is likely 
to be conservative, since any data point with a positive flow was excluded from the 
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crossover heat loss calculation.  Note also that this calculation is also conservative 
because it uses the cold water temperature not the tank temperature.  We could have 
obtained am more accurate reading by insulating the first few feet of the cold water pipe 
and placing a sensor underneath the insulation.  Figure 34 shows the values produced by 
this calculation.   

Note that low measured heat loss for Emeryville may be a consequence of the cold water 
temperature sensor having been uninsulated, and being too far from the storage tank.  The 
wide cold water pipe at Emeryville means that the velocity of crossover flow was low 
and therefore that the flow would lose temperature rapidly as distance from the tank 
increased 

 

 St. Helena    Emeryville   Oakland    

  Average 
Btu/hr/unit 

% of 
DHW 
energy 

use 

Average 
Btu/hr/unit 

% of 
DHW 
energy 

use 

Average 
Btu/hr/unit 

% of 
DHW 
energy 

use 

Continuous pumping 162 7% 
Cold water 
temp data 
missing 

Cold 
water 

temp data 
missing 

0.038 0% 

Timeclock 57 2% 
No 

timeclock 
installed 

No 
timeclock 
installed 

0.016 0% 

Demand 64 5% 1.5 0% 0.095 0% 

Temperature 
modulation 48 3% 1.6 0% 0.020 0% 

Figure 34 – Crossover Heat Losses 

5.6 Failure of Recirculation Pumps 
During the course of this study, EDC Technologies (manufacturers of temperature 
modulation controls) told us that one of the most common problems they encounter is 
failed recirculation pumps.  They believed that these pump failures were not caused by 
the control system but by other factors such as air in the recirculation loop, or corrosion 
or erosion of the pump.  EDC’s main hypothesis is that pockets of air get trapped in 
recirculation loops when plumbing work is carried out in an apartments, and in most 
recirculation loops there’s no way for that air to get out again.  When the air pocket finds 
its way to the pump, the pump burns out because it’s spinning in air.   

EDC informed us that they had logged data from monitored sites at which their control 
systems were installed, and that this data could be used to determine whether the pump 
had failed at each site.  The symptoms of pump failure were rapid temperature 
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fluctuations at the supply and return ends of the recirculation loop, and very large drops 
in loop temperature at times of low usage, such as overnight (see Figure 35).  These 
fluctuations are caused by slow cooling of stationary water followed by rapid increases in 
temperature as fresh hot water is drawn into the loop when a tenant uses hot water. 

 
Figure 35  - Logged data (hot water return temperature) from a temperature modulation 
control system, showing fluctuations believed due to a failed recirculation pump (Source: 

EDC Controls) 

EDC sent a snapshot of data, which covered three days of recent operation at 36 buildings 
in northern California in which the DHW system had failed in some way.  According to 
the criteria set out by EDC, with data analysis carried out by HMG, 16 loops (44%) had 
failed pumps.  We also noted that 7 systems (19%) appeared to be suffering from a 
noticeable degree of crossover.   

According to EDC, large data sets show that around 12% of their installed systems are in 
some kind of failure at any given time, so by combining this 12% with the 44% above, 
we estimate that at any time around 5% of all CDHW systems are in failure due to a 
failed pump, and that most of those pumps have failed due to air in the recirculation loop.  
This estimate is likely to be conservative because EDC sends out notices to its clients to 
inform them of pump failures, and encourage them to repair the pump. 

EDC also said that their data shows that when a recirculation pump fails off or is 
intentionally shut off, then a common response by the maintenance personnel is to 
increase the HWS temperature by 15ºF on average.  This response helps to reduce tenants 
complaining of excessive waiting time for hot water. We did not have time within the 
project budget to analyze EDC’s data to confirm this. 
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6. CONCLUSIONS 

DHW systems in multifamily buildings are very complex and it proved difficult to locate 
sites that were suitable candidates for this study.  The monitored sites included a few 
challenges, for instance the Oakland site has a short additional pipe that allows cold water 
(or hot return water) to flow into the hot water supply pipe via a thermostatic mixing 
valve.  We did not have sufficient equipment to instrument this “shortcut” loop, but it 
appeared that the magnitude of the flow (if any) was not large enough to affect the 
calculations.  Also, the boiler at the Emeryville site was a modulating boiler, so we could 
not use the gas burner on-time as a direct proxy for energy use.  This removed an 
important checking mechanism that was available at the other two sites.   

Due to the question-marks over some of the data, the analysis for this study involved a 
great deal of cross-checking.  We applied two analysis approaches to evaluate energy and 
water consumption by the four recirculation control schemes.  It should also be 
remembered that the results include only four weeks’ data at three sites, so should not be 
taken to accurately reflect statewide conditions. 

In addition, the St Helena system was missing recirculation loop insulation, so the 
savings achieved by advanced controls at that site are likely to be greater than those that 
would be achieved in a new Title 24 compliant system. 

6.1 Energy Savings from Control Systems 
It is clear from the data that the control systems made a significant difference to the gas 
consumption at all of the sites.  At the Oakland site none of the control systems appeared 
to make a significant difference, perhaps because the Oakland system was delivering 
comparatively low temperature DHW before the on-site survey began.   

The timeclock controls did not save significant amount of energy at either of the two sites 
at which they were installed.  Timeclock control was not installed at Emeryville because 
the logged data showed that there was hot water demand throughout the night, so a 
timeclock would not have been a suitable solution. 

 
 St Helena Emeryville1 Oakland 

Timeclock 1.5%  -1.1% 

Demand 44.1% 35.0% -5.3% 

Temperature modulation 35.0% 47.0% 5.5% 

Figure 36 – Energy Savings From Control Systems, Compared to Continuous Pumping 
(based on gas consumption) 

                                                 
1 Note that the Emeryville site has a modulating boiler, and the measured gas savings are based on gas valve on-time, 

not the actual amount of gas consumed, therefore the actual savings may be different from the values shown in the 
table. 
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Across the three buildings, demand control systems and temperature modulation systems 
saved an average of 27% of the gas consumption, compared with continuous pumping 
with the tank stat set to maintain the storage tank water at between 115°F and 135°F.   

Note that in this study the baseline condition was continuous pumping with the storage 
tank aquastat left at the same level it was found at by the experimenters.  At St Helena 
and Emeryville, and to some extent at Oakland, the aquastat set point was high, resulting 
in high supply and return temperatures and therefore in high energy use.  The savings 
shown above for the demand and temperature modulation systems are therefore relative 
to the as-found condition of the DHW systems, rather than relative to what could ideally 
be achieved with continuous pumping or timeclock control.  This comparison is fair to 
the extent that the high as-found aquastat setpoints may be due to recirculation pump 
failures that might be less likely with demand and temperature modulation controls. 

6.2 Water Savings from Control Systems 
The results on water consumption are inconclusive.  When the flow was analyzed 
assuming a constant crossover flow, all the control systems saved water compared to 
continuous pumping, but when the flow was analyzed assuming zero crossover flow, 
many of the control systems used more water (see Figure 32) 

There are three logical reasons why a slight increase in water consumption might be 
expected from the two advanced control systems. First, if the system allows water in the 
loop to cool (timeclock control, demand control), tenants might have to “run out” more 
cold water before getting hot water.  Second, if the system reduced the temperature of hot 
water (temperature modulation), tenants would need more hot water to make up their 
desired temperature (although a proportional reduction in cold water use could also be 
expected).  Third, leaks in the system might be increased or decreased by the 
recirculation pump being switched on. 

However, given the natural variability in the results caused by the short monitoring 
period and small number of buildings, we cannot draw any firm conclusions about the 
effect of controls on water consumption. 

The observed changes in water usage (assuming constant crossover) are the exact reverse 
of what would be expected based on the rationale described above (see Figure 1 and 
Figure 2 – the temperature modulation and demand controls supplied water at a lower 
temperature than the continuous pumping control).  It is possible that tenants receiving 
very hot water (above 130°F) or water at an unpredictable temperature may take longer to 
temper that water down to around 100-105°F for a shower or other end-use, and may 
therefore use more hot water while adjusting the temperature.   

Note that the water consumption during the timeclock control period at St Helena was 
extremely low.  We are not able to explain this low figure. 
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 Crossover 
assumption St Helena Emeryville Oakland 

Constant 47%  -5% 
Timeclock 

Zero 47%  -5% 
Constant 16% 28% 12% 

Demand 
Zero 19% -22% 3% 

Constant 11% 21% N/A Temperature 
modulation Zero 37% -6% N/A 

Figure 37 – Water Savings from Control Systems, as a Percentage of Continuous 
Pumping, Assuming Constant Crossover 

6.3 Condition of Systems in Real Buildings 
In the three buildings studied, we found failed or overridden timeclocks, failed 
recirculation pumps, and a wide variety of supply and return temperatures including 
excessively high temperatures that waste energy and may cause scalding.  The staff we 
spoke to in these buildings were, in general, not aware of these problems.   

We cannot judge whether these problems have existed since the installation of the 
systems, or whether they have developed over time, but these limited results suggest that 
a great deal of energy may be wasted in multifamily buildings throughout the state 
because of failed DHW system components and incorrect system setpoints.  These 
problems may be remedied by initial commissioning, retrocommissioning, or by 
continuous automatic monitoring with fault reporting and diagnosis (as per the two 
advanced control systems tested). 

6.4 Use of Ultrasonic Transit Time Flow meters 
The data for hot water supply and hot water return flow rate was significantly in error, in 
all three buildings and under all control schemes.  We attribute these errors to two 
problems.  First, the acoustic coupling gel between the transducer and the pipe was 
observed to leak out during the monitoring period, on the hotter pipes.  The meter 
manufacturer advised us that there are different gels available that are more tolerant of 
hot temperature.  If we were to use the ultrasonic meters again for long-term monitoring 
we would need to keep checking the gel at regular intervals.   

Second, the meters measure only the velocity of flow, i.e., they do not measure 
volumetric flow rate directly.  Therefore if the internal pipe diameter is less than expected 
(for instance due to mineral deposits inside the pipe) the meter would give too high a 
reading.  From conversations with experts in the field we believe that mineral deposits on 
copper pipes may be common in California.   

In future research we will therefore use flow meters that directly measure volumetric 
flow rate. 
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6.5 Conclusions in Regard to Title 24  

6.5.1 Failure of Recirculation Pumps 
We found that the recirculation pump had failed at one of the test sites, and results 
developed jointly by EDC Controls and HMG suggest that recirculation pump failure 
may be very common.  It may be possible within Title 24 to take steps to improve 
recirculation pump reliability. 

6.5.2 Hot Water Draw Magnitude 
The magnitude of draw measured on site was slightly higher than the amount predicted 
by Title 24 2005 Equation RG-9.  However, given the small number of sites surveyed and 
the expected high degree of variation between one system and another in terms of leaks, 
crossover flow, the number of faucets and the flow velocity of faucets, we are not able to 
conclude that the draw magnitudes predicted by Title 24 are not representative of typical 
conditions in buildings. 

6.5.3 Hot Water Draw Schedules 
The shape of the hourly hot water draw schedules measured on site were distinctly 
different from the residential profile in Title 24 2005.  In all three sites the schedule is 
flatter--the morning peak is less pronounced and the evening peak is broader.  Overnight 
the flow drops to near zero, the same as the Title 24 schedule.   

Because these schedules represent data from 149 apartments over a period of 4 weeks, we 
are confident that the difference in draw schedule is real and that Title 24 should include 
a draw schedule specific to multifamily buildings.  

6.5.4 Total DHW Energy Savings from Control Systems 
Both demand control and temperature modulation control demonstrate energy savings  
across the three sites.  High variation in energy savings was observed, due to system 
configuration differences among the three surveyed sites and the date accuracy issues 
related to measurement instruments. Each control system demonstrated unique 
performance characteristics.   

Further modeling and field studies is required to quantify the savings potential for both 
control schemes. Future Title 24 may include provisions to provide credit for these two 
control systems.  

6.5.5 Recirculation Loop Energy Savings from Control Systems 
Title 24 includes an allowance for advanced control systems, which is applied to the 
recirculation loop energy consumption.  Therefore, the amount of energy saved in the 
recirculation loop by advanced controls is a relevant question for future revisions of Title 
24.  It should be noted that the advanced controls achieve their energy savings mainly in 
the recirculation loop, although some savings are also achieved by reduced storage tank 
losses in the case of temperature modulation systems. 
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According to the results shown in Figure 24 through Figure 26, the recirculation loop and 
storage tank together account for between 11% (Oakland) and 63% (St Helena) of the 
total gas consumption (26% at Emeryville).  Therefore, the savings expressed as a 
percentage of the loop energy consumption would be proportionally higher than the 
savings expressed as a percentage of total energy consumption. 
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7. FURTHER RESEARCH 

Earlier research studies, utility programs and codes and standards have addressed the 
theoretical performance of systems in buildings.  But this study, as well as other recent 
studies in different fields including HVAC and lighting have revealed wide variations in 
performance between systems once they have been installed and operated for a period of 
time.   

These studies have revealed opportunities for energy savings that were not predicted by 
theoretical models, and have shown that unexpected equipment failures or maintenance 
issues mean that theoretical savings are often not achieved without additional, supporting 
measures or technologies.  

This study has brought several new issues to light (crossover flow, pump failure) and has 
generated data on the savings from various control systems.  However, because this study 
included only three multifamily buildings, further field research is required to explore the 
reasons for pump failures and crossover flow, and to provide more data on the savings 
achieved by different control systems under various circumstances.  This field research 
should shed light on what aspects of system design, operation and maintenance offer the 
greatest opportunities for cost-effective energy savings.   

Recent cost reductions in the technologies required for remote telemetry have led to 
several manufacturers offering control systems that provide performance monitoring, 
fault detection and diagnosis in real time, and provide feedback to the customer on 
energy performance and on system faults.  These systems have been in place for up to ten 
years, and have become much more widespread since 2004, so they are sufficiently 
mature to be evaluated for their effectiveness and for potential inclusion in future 
revisions of Title 24. 

These systems provide a basis for moving toward “continuous commissioning” of DHW 
systems.  Continuous commissioning has proven effective in increasing the efficiency of 
HVAC systems, and research by HMG and by others indicates that lighting control 
systems would also benefit.  The lessons learned in these other technology areas could be 
leveraged for DHW. 

At present, there is no statistically valid baseline for the energy performance of central 
DHW systems, so one focus of future research should be on creating a baseline that can 
be used for more accurate calculations of potential savings from new technologies and 
new measures. 

We suggest that the following issues should be addressed in future research: 

 The existing condition of central DHW systems in multifamily (MF) buildings 
with recirculation pumps. 

 Types of failure commonly occur in these systems. 

 Whether recirculation pump failures are caused by air in the recirculation line, 
and whether this failure mode can be addressed by installing air release valves. 
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 The effect on water and gas usage from cross-flow between hot and cold water 
and the level of cross-flow reduction by installing a check valve on the cold water 
supply pipe. 

 The effect that demand controls and temperature modulation controls have on 
water and gas usage over a large number of sites that include a variety of 
geographic locations, building types and occupancy types. 

 The development and testing of a protocol for commissioning (or acceptance 
testing) of MF DHW systems that will inform changes to Title 24 2011, along 
with recommendations about continuous commissioning procedures. 

 The effect of commissioning, performance monitoring, fault detection and 
diagnostics (PM, FD&D) on the functional state of systems, and their water and 
gas usage. 

 Hourly schedules for water and gas usage in MF buildings throughout the state, 
and how these are affected by climate zone, season, temperature, precipitation1, 
building type, demographics, and system type. 

 The relationship between water flow and gas usage, so that water draw schedules 
can reliably be derived from gas usage schedules, and vice-versa. 

 Whether vent dampers on gas water heaters provide verifiable energy savings 
and/or cause unacceptable maintenance problems. 

 

                                                 
1 Anecdotal data and personal experience from EDC Technologies indicates that rain leads to a short-term increase in 

gas usage, possibly because people take more, longer or hotter showers, or because underground pipes or pipes 
within the building are cooled by rain. 
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distribution (single family residential, multifamily residential); and 3) 
market assessment. 
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times.  Lastly, new construction markets sensitive to first cost should 
consider centrally locating their water heater, which in turn cuts wait 
times and waste.  
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APPENDIX A 

SCHEMATICS OF MONITORED DHW SYSTEMS 
The schematics on the following pages show details of the DHW system at each site.  
The square icons show the location of temperature readings, the circular ones show 
locations of flow readings, and the triangular ones show the locations of burner on-time 
readings. 
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Figure 38 -  Schematic Layout of the Domestic Water Heating System and Individual Monitoring Points – Oakland  
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Figure 39 - Schematic Layout of the Domestic Water Heating System and Individual Monitoring Points – St. Helena 
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Figure 40 -  Schematic Layout of the Domestic Water Heating System and Individual Monitoring Points – Emeryville
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APPENDIX B 

MONITORING AND DATALOGGING EQUIPMENT USED DURING THIS 
PROJECT 

Dynasonics Transit-Time Flowmeter 

 
Figure 41 - Dynasonics Transit-Time Flow Meter Installed on a Pipe (Dynasonics 2006) 

The Dynasonics Ultrasonic Clamp-On Flow Meter is a non-invasive flow meter that 
allows solids to pass through the pipe without affecting the meter and thus eliminates the 
need for Y-strainers or other filtering devices.  The meter provides an instantaneous rate 
and accumulated flows (totalizer) as well as a 4-20mA output signal and pulse output 
signal.  The flow meter provides a direct interface to data collection systems.  These 
systems are designed to “replace mechanical flow meters in applications where liquid 
conditions tend to damage or impede mechanical flow meter operation” (Dynasonics 
2006). 

Operating Principles 

Dynasonics product specifications state the following about the transit-time flow meter 
operating principles:  

“Transit time flow meters utilize two transducers which function as both 
ultrasonic transmitters and receivers. The flow meters operate by alternately 
transmitting and receiving a frequency modulated burst of sound energy 
between the two transducers. The burst is first transmitted in the direction of 
fluid flow and then against fluid flow. Since sound energy in a moving liquid 
is carried faster when it travels in the direction of fluid flow (downstream) 
than it does when it travels against fluid flow (upstream), a differential in the 
times of flight will occur. The sound’s time of flight is accurately measured in 
both directions and the difference in time of flight calculated. The liquid 
velocity (V) inside the pipe can be related to the difference in time of flight 
(dt) through the following equation: V = K*D*dt, where K is a constant and 
D is the distance between the transducers.”  
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Figure 42 - Sound Energy Transmission between the Transducers (Dynasonics 2006) 

 



Heschong Mahone Group, Inc. 
Lawrence Berkeley Laboratory 

Water Heaters and Hot Water Distribution Systems, Project #0522 

67 

Specifications 

 
Figure 43 - Product Specifications of the Dynasonics Transit-time Flow Meter 

(Dynasonics 2006) 

HOBO Data Logger 

HOBO U12 loggers contain internal sensors as well as accept a variety of external 
sensors and input cables, which enable users to monitor temperature, humidity, light 
intensity, and other measurements required for indoor energy, HVAC/R, and industrial 
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projects.   Its 12-bit resolution allows for high accuracy measurements.  Its USB 
connectivity allows for high-speed data offload and data viewing. (Onset 2006). 

 
Image of the 

Figure 44 - Hobo U12 Logger (Onset 2006) 

We relied on these data loggers with Type T external thermocouples to monitor 
temperatures during this project.  We also used these data loggers with a 0-20 amp split-
core AC current sensor to monitor the water heater and boiler burner duty.  This split-
core current sensor is shown below. 

 
Figure 45 - Split Core AC Current Sensor (Onset 2006) 
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Specifications 

  
Figure 46 - Product Specifications of the HOBO Data Logger (Onset 2006) 
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SmartReader Plus 7 

The SmartReader Plus 7 is a data logger capable of recording common process signals. 
With seven input channels, the logger is able to monitor through commercially available 
transducers and thus record a wide variety of measurement parameters. (Onset 2006) 

We purchased two loggers configured with all external channels set to accept a 0-25 mA 
signal.  This logger recorded the 4-20 mA output signals from each of the three 
flowmeters installed at each building. 

 
Figure 47 - ACR SmartReader Plus 7 (ACR Systems 2006) 
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Specifications 

 
Figure 48 - Product Specifications of Smart Reader Plus7 (ACR Systems 2006) 
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SMARTlogger 

We used these loggers to record the recirculation pump duty: 

 
Figure 49 - SMARTLogger  (Dent Instruments 2006) 
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Specifications 

 
Figure 50 - Specifications for SMARTLogger (Dent Instruments 2006) 
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BARE VS INSULATED BURIED PIPE TEST INTERIM REPORT 
APPLIED ENERGY TECHNOLOGY CO. SUPPORT TO LBNL FOR CEC 
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LBNL SUBCONTRACT NO. 6803876 
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EXECUTIVE SUMMARY 
 
Tests have been performed on both bare and insulated ¾ inch rigid CU pipe 
buried in damp sand. 
 
Results show that piping heat loss rates for bare pipe in damp sand are on the 
order of 4 to 7 times higher than bare pipe in air.  Moreover, the addition of ¾ 
inch thick R-4.7 foam insulation dramatically lowers buried pipe heat loss.  The 
addition of the insulation appears to reduce heat loss by approximately a factor of 
15-20 compared to bare buried pipe.  In fact, the insulated buried pipe heat loss 
rates appear to be at least slightly lower than that of similarly insulated pipe in air. 
 
The water waste while waiting for hot-enough-to-use water to arrive at fixtures, 
expressed as the actual flow/pipe volume (AF/PV) ratio appears dramatically 
higher for bare buried pipe compared to bare pipe in air at flow rates less than 
about 2 gpm (and probably at higher flow rates in longer pipes).  This is due to 
high heat loss to the sand.  At flow rates above 2 gpm, AF/PV ratios were similar 
to in-air piping for the short pipe lengths tested, because residence time in the 
pipe for any particular water particle is low, and hence temperature drop is also 
low at the higher flow rates.  The addition of pipe insulation dramatically reduces 
pipe heat loss, resulting in AF/PV ratios of the insulated buried pipe being similar 
to similar bare and insulated pipe in air. 
 
In summary, placing uninsulated hot water distribution piping in a buried 
environment is highly energy inefficient.  Adding insulation to buried hot water 
distribution piping substantially reduces energy waste, at least in damp, but not 
saturated environments.  Performance of buried pipe insulation in a saturated 
(liquid water present) environment has not been investigated, but is expected to 
be poorer than in damp environments.  Moreover, longevity of buried pipe 
insulation has not been investigated.  Some deterioration of insulation 
performance would be expected over time due to eventual moisture migration 
into the insulation, biological attack (mold, fungus), boring insects (e.g. ants, 
termites, beetles, worms, larvae), rodents, root intrusion and other effects. 
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OVERVIEW 
 
As shown in figure 1, a buried pipe test fixture was fabricated and installed in the 
Applied Energy Technology test laboratory in Davis, CA.  The fixture consists of 
a large plastic-lined wooden box measuring 24 ft long, 8 ft wide, and 4 ft deep.  
The box is filled with 25.5 tons of washed sand, to a depth of approximately 30 
inches. 
 
Filling of the test fixture with sand was delayed because of heavy rains 
throughout a prolonged winter rainy season.  All tests to date have been 
conducted in the as-received sand, which was delivered one week after the last 
rain.  The sand is fairly damp, but not wet to the point of run-off.  A sample was 
taken to quantify percentage moisture content, but has not yet been analyzed.  
The sand is kept covered with plastic sheeting to prevent dry-out. 
 
INITIAL PIPE TEST CONFIGURATION AND INSTRUMENTATION 
 
The primary purpose of these initial pipe tests was to study radial temperature 
distributions in the sand vs time, in order to determine allowable pipe spacing for 
future tests.  However, heat loss rates into the sand were so high, that it has also 
proven useful for quantifying some preliminary buried-pipe heat loss rates and 
actual flow/pipe volume (AF/PV) water waste values. 
 
These initial tests were performed on ¾ inch nominal diameter rigid copper 
tubing.  This tubing is not normally used in buried applications because it 
requires soldered fittings, but was used to allow direct comparisons with previous 
in-air piping tests.  The ¾ rigid CU piping used in this test was the very same 
piping used in the Phase I in-air tests, except that only two 20 ft sections were 
used instead of four.  Additionally, the T’s that were used for thermocouple 
insertion were removed and the direct thru-the-wall compression fitting 
immersion thermocouple approach was used, that was developed at the end of 
the Phase I testing. 
 
For this test, the U-shaped pipe layout, as shown in figures 2 and 3, was 
designed so that the distance between pipe and fixture side-walls, and between 
adjacent pipe heat-affected zones in the sand was a minimum of 2 feet.  This 
resulted in the two legs of the U-layout being spaced 4 feet apart.  Additionally, 
vertical piping legs were installed at the entrance and exit to allow above-ground 
piping connections to be made.  Burial depth was 15 inches, resulting in a 
minimum of 15 inches of sand above and below the pipe.  Total buried pipe 
length was approximately 48.5 feet. 
 
Immersion thermocouples were inserted directly through the pipe side wall at the 
center of each 20 ft long leg of the pipe U, and at six inches from each end.  
Additionally, a thermocouple was inserted in the vertical entry leg at a position 
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that would be just above the sand when buried.  The inlet temperature to the test 
section was separately measured as in all tests. 
 
A radial thermocouple grid was installed in the sand at the mid-point of the first 
20 foot long pipe section.  This grid is shown schematically in figure 4.  The grid 
consisted of a thermocouple fastened directly to the outside bottom of the pipe 
with aluminum tape, plus downward, upward, and both horizontal sideward 
locations of nominally 1, 3, 6, 12, and 18 inches from the outside wall of the pipe.  
Figure 5 shows the sand thermocouple grid being installed.  Note that the 
thermocouple wires in each direction were bundled together and taped to keep 
their relative positions fixed.  Moreover, the vertical upward and downward 
thermocouples were fastened to a small diameter wooden dowel rod to maintain 
proper vertical position when the sand was walked on after installation was 
complete.  In the actual installation, the lower thermocouple string was offset 
upwards by 1 7/16 inches from its originally intended position.  This meant that 
the first thermocouple of the lower string was actually located at the centerline of 
the pipe (but was 0.25 inches to the west of the pipe), the second was 1 9/16 
inches below, the third was 4 9/16inches below, the fourth was 10 9/16 inches 
below, and the fifth was 13 9/16 inches below.  In the figures, these positions are 
labeled by their integer values only for simplicity.  By so positioning, better spatial 
resolution of the temperature gradient in close proximity to the pipe was 
obtained.  Also, since the pipe was only 15 inches from the sand surface, the 
upper extreme thermocouple position was 15 inches from the pipe instead of 18. 
 
As in all previous Phase I tests, the inlet section was primed with hot water prior 
to opening a valve to the test section and initiating a draw. 
 
A short set of tests was performed on the piping suspended in air prior to 
beginning the buried pipe tests. 
 
IN-AIR TEST RESULTS - BARE 
 
The measured in-air piping heat loss UA values and AF/PV ratios for the 2-pass 
U piping configuration were consistent with those observed during prior Phase I 
testing of the bare ¾ rigid copper pipe.  Detailed results of the in-air results for 
this piping configuration are included in Appendix A 
 
One noteworthy new discovery, however, was behavior in the vertical downward-
flowing entry piping leg.  It was observed that at low flow rates, when the cold 
water flow in the pipe was laminar, hot water stratified above the initial cold water 
in the vertical pipe, resulting in almost perfect plug-flow at low flow velocities in 
vertical downward flow.  In retrospect, this behavior could have been anticipated 
based on the observed stratification behavior in horizontal pipe during phase I 
testing.  The plug-flows observed in phase I testing were all high velocity flows, 
whereas in vertical downward flow, the stratification occurs at low flow velocities.  
In the future we will describe plug flow as a result, rather than a flow regime.  The 
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Phase I work referred to the high-velocity plug flow as “ slip-flow”, however, this 
term is already in general use to describe high velocity flow in rarified gasses.  
From now on, therefore, we will use the term “shear-flow” to describe the high-
velocity flow regime that results in plug-flow at high flow velocities. 
 
BURIED PIPE TEST RESULTS – BARE  
 
After the initial brief set of in-air tests was performed on the 2-pass U – bend pipe 
configuration, the pipe was buried in the sand, as shown in figure 3.  Axial sand 
temperature thermocouples were buried at a location 3 inches above the outside 
wall of the pipe at locations where each of the pipe immersion thermocouples 
were located.  Additionally, a radial thermocouple grid, shown schematically in 
figure 4, was buried in the sand at the mid-point of the first 20 ft long leg 
 
Bare Buried Pipe Heat Loss UA Value Results 
 
Heat loss mechanisms from buried piping are different than in air.  In air, air 
motion is induced by buoyancy forces, resulting in a natural-convection air flow 
that keeps a fairly constant air temperature in the vicinity of the pipe.  In contrast, 
a time-varying axial temperature gradient develops in the burial medium (e.g. 
sand).  Moreover, in buried pipe, heat is transferred from the pipe to the sand 
both by conduction, and by moisture evaporation and condensation.  The 
conduction of heat from the pipe to the sand occurs by direct contact of the sand 
with the pipe, and by contact with moisture adhering to the surface of the sand 
particles.  The moisture evaporation-condensation mechanism is essentially a 
heat-pipe-like effect, where moisture in and on the surface of the sand particles 
evaporates upon heating, and condenses a short distance away on adjacent but 
cooler sand particles.  The liquid water then wicks back by surface tension to the 
region it came from.  This results in very high heat transfer rates.  This 
evaporation-condensation heat transfer mechanism has been previously 
observed by researchers studying ground heat exchangers for geothermal heat 
pump applications.  Moreover, the sand particles have much higher thermal 
mass than do air molecules, resulting in a small amount of sand having the ability 
to absorb a large amount of heat energy from the nearby pipe, without significant 
heating of sand further away, and without raising temperature of the sand near 
the pipe to levels that would significantly slow the heat transfer in the short term. 
 
To properly model piping heat loss in a buried environment, sand thermal mass 
and moisture evaporation/condensation effects must be modeled.  However, it is 
possible to derive from the test data some approximate buried piping heat loss 
UA values that can be used in a manner similar to the UA values from in-air 
testing.  This allows simplified approximate heat loss analyses and comparisons 
to be performed. 
 
In the case of buried pipe, the UA values are time dependent, because as sand 
near the entrance end of the pipe absorbs heat energy, it becomes hotter than 
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sand further down the length of the pipe.  The net result is that the amount of 
heat lost from each successive section of pipe changes with time as sand 
adjacent to preceding sections heats up.  To account for this effect, heat loss 
tests on buried pipe were carried on for substantial lengths of time, in some 
cases for more than an hour of continuous flow, such that approximate UA 
values at the beginning of a draw could be determined, and compared to the 
lower effective UA values that exist at later times. 
 
It should be noted that if flow in the pipe were continuous for many days, the 
sand would eventually heat up to the point where heat loss rates to the sand 
would be significantly reduced compared to initial rates, governed mostly by 
conductive heat transfer rates in the sand itself.  UA values therefore take a very 
long time to reach a true steady state lower value in a buried environment.  The 
time that it would take to achieve this true steady-state lowest UA value for bare 
buried pipe is much longer than can be practically done in a laboratory setting.  
Moreover, a tremendous energy investment must be made into the sand to 
achieve this steady-state condition.  This condition would only occur with 
continuously running hot water recirculation-loops, which we already know must 
be insulated from a practical energy loss standpoint, whether buried or in-air. 
 
The heat loss tests were conducted for periods that were long enough to give a 
fairly good indication of the anticipated eventual steady-state lower UA value, 
and those lower-limit values are presented here, along with the higher initial UA 
values which would be more characteristic of non-continuous water flow 
conditions. 
 
Figure 6 shows the bare ¾ inch rigid copper pipe upper and lower UA values vs 
flow rate that were observed when buried in the damp sand.  The upper values 
are characteristic of the heat loss rate observed during normal-length residential 
hot water draws (i.e. less than 10 minutes in duration).  The lower values are 
characteristic of the heat loss rate observed at the end of extremely long draws 
(i.e. 20-30 minutes or longer), and/or during multiple repeat draws taken short 
times after previous draws. 
 
Figure 7 shows approximate curve-fit upper and lower buried pipe UA values vs 
flow rate from these tests compared to the curve-fit UA values from all of the 
Phase I in-air testing.  Table 1 shows zero-flow cool-down UA values and highest 
flowing UA values for the buried pipe tests compared to all the Phase I test 
results.  From figure 7 and table 1 we can see that the effective buried bare ¾ 
inch rigid CU pipe heat loss rate UA values are on the order of four to seven 
times higher than for bare pipe in air under flowing conditions (3.0/.44 = 6.8, 
2.0/.44 = 4.5), and 1.2 to three times higher under zero-flow conditions 
(1.23/0.388 = 3.17, 0.47/0.388 = 1.2).  Remember that during each buried pipe 
draw or zero-flow cool-down event, the heat loss rates begin at the upper values 
and slowly decrease to the lower values. 
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In summary, heat loss rates from bare ¾ inch rigid copper piping buried in damp 
sand are substantially higher (4 to 7 times higher) than in air.  Moreover, heat 
loss rates in damp sand are always worse than in air.  This means that the damp 
sand never acts like an insulator. 
 
Note too that in slab-on-grade construction with hot water distribution pipes 
buried under the slab, the under-slab environment is intentionally made wet prior 
to pouring the slab to aid in cement curing.  This means that the under-slab 
environment is always damp. 
 
 

TABLE 1 
PIPING UA SUMMARY 

 
NOMINAL 
PIPE 
SIZE (IN.) 

FOAM 
INSUL. 
THICK. 

(IN.) 

ZERO FLOW 
UA 

(BTU/HR FT F) 

PEAK VALUE FOR 
DESIGN 

PURPOSES 
UA 

(BTU/HR FT F) 
½ Rigid Cu 0 0.226 0.36 
½ Rigid Cu ½ (R-3.1) 0.128 0.20 
½ Rigid Cu ¾ (R-5.2) 0.116 0.19 
¾ Rigid Cu 0 0.388 0.44 
¾ Rigid Cu ½ (R-2.9) 0.150 0.25 
¾ Rigid Cu ¾ (R-4.7) 0.142 0.24 
¾ PAX 0 0.55 0.55 
¾ PAX ½ (R-2.9) 0.199 0.199 
¾ PAX ¾ (R-4.7) 0.158 0.18 
¾ Rigid CU-Buried 
Higher Values-Sand 

0 1.23 3.0 

¾ Rigid CU-Buried 
Lower Values-Sand 

0 0.47 2.0 

 
Bare Buried Pipe Actual Flow/Pipe Volume Water Waste Results 
 
The AF/PV water waste tests performed on the initial piping configuration were 
not extensive.  More extensive tests are planned on the rolled ¾ CU pipe to be 
tested next.  Additionally, unlike in-air tests, initial pipe temperature cannot be 
independently controlled without creating artificial and unrealistic temperature 
distributions in the sand.  Rather, initial pipe/sand temperatures are whatever 
they are at the beginning of the test.  Usually this was in the range of 74-80 F in 
the current tests, and mostly in the 74-78 F range.  Moreover, because of the 
high heat loss rates, only high initial water temperatures (130-133 F) were tested.  
This means that TDR ratios tested were in only a narrow range of 0.46 to 0.51.  
Remember from the Phase I results that AF/PV ratio was a strong function of 
TDR ratio, where TDR = (Thot – 105 F)/(Thot – Tpipe initial) 
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It was difficult and time consuming to perform valid initial hot water delivery delay 
tests because the buried portion of the buried pipe test section cooled off much 
faster than the portion of the test section that was above ground.  Air 
temperatures matched sand temperatures usually only for a short period in the 
morning hours every day, and sometimes not even then if the night had been hot.  
This meant that usually only one valid initial draw and delivery delay test could be 
conducted on a given day.  A prolonged heat wave in the month of July caused 
air temperatures to always be higher than sand temperatures, such that no valid 
initial draw tests could be conducted during that period. 
 
Figures 8 and 9 show the AF/PV results vs flow rate and pipe length for the small 
number of buried bare ¾ inch rigid CU pipe tests performed.  These results are 
characteristic of AF/PV results in a high heat-loss environment.  Figures 10 and 
11 show the AF/PV ratios for the same pipe in air from Phase I test results at 
similar TDR ratios.  Comparing figures 8 and 9 to10 and 11 we see that at flow 
rates below about 2.0 GPM, AF/PV ratios were much higher in the buried 
configuration than for the in-air tests, because of high heat loss rates to the sand.  
Figure 9 shows this effect to clearly be a function of length, again indicating 
operation in a high-heat loss environment. 
 
When compared to similar TDR ratio results from the bare ¾ inch rigid CU pipe 
in-air, we find that at short –to-medium pipe lengths (up to 46 feet in the buried 
pipe), AF/PV ratios were similar to those seen for the in-air tests when flow rates 
were above 2.0 gallons/minute.  It is expected that with longer pipe lengths, the 
AF/PV ratios will be much higher than for in-air tests even at higher flow rates 
because of the high heat loss environment. 
 
SAND RADIAL TEMPERATURE DISTRIBUTIONS 
 
Studies of radial temperature gradients in the sand, obtained with the 
thermocouple grid located at the mid-point of the first 20 foot pipe section as 
discussed above, show that for all draws, heat transfer rates in the sand were 
high, with very steep temperature gradients in the vicinity of the pipe.  In most 
cases temperature of the sand 6 inches from the pipe did not significantly change 
during the draws, and changed only slightly, if at all, even after a prolonged 
period.  Even in the case when a series of repeat long draws were taken all day 
long, temperature at the 6 inch radial distance increased by only around 4 F, and 
temperature at the 12 inch radial distance from the pipe barely changed over an 
18 hour period.  And the small temperature change it did exhibit was possibly 
due to heat transfer through the walls of the sand box from the surrounding air, 
since air temperature in the test lab on that day reached 107 F. 
 
Temperatures in the four different radial directions were generally very similar at 
similar distances from the pipe.  The most notable exceptions to this were the 
readings of the upward or “U” direction thermocouple string near the surface of 

 7



the sand - the 12 inch and 15 inch (sand surface) locations.  These two sand 
thermocouple readings displayed some variations as room air temperature 
changed, and were clearly influenced by room air temperature.  Figures 12 and 
13 show the radial temperature gradient in the sand in the downward (lower or 
“L”) thermocouple string vs time during a prolonged 0.5 gpm draw that continued 
for approximately 76 minutes.  The very steep radial temperature profile can be 
seen by comparing temperature readings at the 0, 0.25, 1, and 4 inch locations.  
Figures 14 and 15 show similar radial temperature gradients vs time for the 
horizontal sand thermocouple string of the grid heading from the pipe toward the 
center of the sand box, designated as the eastern or “E” direction.  The minimal 
temperature changes vs time at 10 inch and greater distances from the pipe are 
apparent.  Figure 16 shows temperature of each L-direction thermocouple vs 
time during and after the prolonged draw, while figure 17 shows temperature of 
each E-direction thermocouple vs time. Figure 16 also shows the water 
temperature in the pipe at that location for reference. Note both that these figures 
also show minimal temperature changes vs time at radial distances greater than 
6 inches from the pipe, and that temperature of water in the pipe drops very 
rapidly after flow is stopped.  Even with entering water temperatures of 130-133 
F, water temperatures in the buried portions of the pipe dropped below 105 F in 
usually less than 10 minutes after flow stopped.  This was the case even after a 
repeat series of draws taken all day long. 
 
Figure 18 shows the lower thermocouple string temperatures vs time for a period 
of approximately 18 hours on a day in which multiple repeat water draws were 
taken.  Figure 19 shows the east (horizontal, toward box center) thermocouple 
string temperatures vs time for that same day.  Also shown for reference on 
figure 19 are the pipe water temperature and room air temperatures vs time.  
Note that on this day, laboratory air temperatures reached as high as 107 F, and 
this was the probable cause of the slow rise in sand temperatures at the 12 and 
18 inch locations.  Each draw in these figures was at a flow rate of approximately 
1.5 gpm, and used between 21 and 34 gallons of hot water.  The draws were 
spaced approximately 90 minutes apart. 
 
Figures 18 and 19 show how rapidly the water temperature drops after flow 
ceases in bare buried pipe.  Temperature drops from 130-133 F to below 105 F 
in less than 10 minutes, even after an unusually long set of draws and significant 
hot water use.  Those figures also show that sand temperatures at 12 inches and 
beyond radial distance from the pipe are essentially unaffected by heat transfer 
from the pipe over an 18 hour period. 
 
In conclusion, it appears that for modeling purposes, only a 12 inch radial 
distance from the buried pipe need be modeled.  Moreover, the outer boundary 
of that 12 inch radial area should be modeled as isothermal (constant 
temperature).  Use of an isentropic (effectively insulated with no heat transfer) 
boundary condition is inappropriate.  This also means that allowable pipe spacing 
for subsequent tests can be 12 inches from the box outer walls and 24 inches 
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pipe center-to-center distance.  This will allow a 4-pass serpentine piping layout 
in future tests, enabling testing of longer pipe lengths. 
 
BURIED PIPE TEST RESULTS – R-4.7 INSULATION 
 
After the bare buried pipe tests were completed, the pipe was unburied, insulated 
with ¾ inch thick foam pipe insulation having a R-4.7 hr ft F/Btu rating, and 
reburied.  Joints were not glued to facilitate later removal and reuse of the 
insulation.  Instead, the longitudinal seams were put on facing downward and 
were held closed by taping the insulation circumferentially at multiple locations.  
Additionally, the end-butt joints were completed sealed with tape.  Figure 20 
shows the pipe being insulated. 
 
R-4.7 Buried Pipe Heat Loss UA Value Results 
 
The addition of R-4.7 pipe insulation dramatically reduced heat loss rates from 
the buried pipe.  In fact, it appears that R-4.7 pipe insulation reduced heat loss 
rates to values lower than the same insulation on the same pipe in air, especially 
at higher flow rates.  This conclusion is preliminary because of the difficulty in 
accurately measuring insulated pipe heat loss at higher flow rates in such short 
pipe lengths, and will be investigated more thoroughly in the soon-to-be initiated 
rolled copper pipe tests which will use a longer pipe test section.  It is believed 
that the insulation appears to cause a greater reduction of heat loss than on in-air 
piping partly because of the change from using immersion thermocouples 
inserted in pipe T’s to using immersion thermocouples inserted directly through 
the pipe side wall.  Results suggest that the ¾ inch rigid CU pipe is exhibiting 
more shear flow at higher flow rates than the original in-air tests because the 
pipe T’s triggered more turbulence than the direct thru-sidewall temperature 
measurement technique.  The pipe insulation appears to enable shear flow to 
exist for longer pipe lengths when using the thru-sidewall temperature 
measurement technique. 
 
Unlike the bare buried pipe tests, the insulated pipe heat loss UA values 
appeared to be only minimally time dependent.  This was because of the 
dramatically reduced heat transfer to the sand. 
 
Figure 21 compares the observed bare pipe vs R-4.7 insulated rigid CU pipe UA 
values.  Approximate uncertainty bounds for the measured insulated pipe UA 
values are shown.  The uncertainty bounds are high at higher flow rates because 
of the low temperature drop over short pipe lengths with insulated pipe.  Note 
that R-4.7 insulation reduces buried pipe heat loss rate by a factor of 
approximately 15-20 compared to bare pipe.  The same amount of insulation in 
air appeared to reduce heat loss rate by a factor of 2.  The difference is mostly 
due to the much higher heat loss of bare buried pipe vs in-air. 
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Figure 22 compares the measured R-4.7 rigid CU pipe UA values to those 
previously measured for the same pipe, and to similarly sized PAX piping in air.  
The pipe insulation appears to benefit the buried pipe more than the in-air pipe.  
This is believed partly due to the difference in temperature measurement 
technique and its impact on flow turbulence and disruption of shear flow as 
discussed above.  It also may be due partly due to reduced heat transfer rates 
from the surface of the insulation in the buried configuration vs in-air.  It appears 
probable that the addition of the R-4.7 pipe insulation reduces temperatures in 
the sand to a level that essentially stops the evaporation-condensation heat 
transfer mechanism in the sand. 
 
Radial temperature gradients in the sand with the R-4.7 insulated configuration 
were nearly non-existent.  Maximum radial temperature gradients dissipated 
rapidly with distance from the insulation, and were only on the order of 1-2 
degrees between the ¼ inch location and the 18 inch location even after 
extended time periods. 
 
Table 2 shows zero-flow cool-down UA values and highest flowing UA values for 
both the bare and R-4.7 insulated buried pipe tests compared to all the Phase I 
test results. 

TABLE 2 
PIPING UA SUMMARY 

NOMINAL 
PIPE 
SIZE (IN.) 

FOAM 
INSUL. 
THICK. 

(IN.) 

ZERO FLOW 
UA 

(BTU/HR FT F) 

PEAK VALUE FOR 
DESIGN 

PURPOSES 
UA 

(BTU/HR FT F) 
½ Rigid Cu 0 0.226 0.36 
½ Rigid Cu ½ (R-3.1) 0.128 0.20 
½ Rigid Cu ¾ (R-5.2) 0.116 0.19 
¾ Rigid Cu 0 0.388 0.44 
¾ Rigid Cu ½ (R-2.9) 0.150 0.25 
¾ Rigid Cu ¾ (R-4.7) 0.142 0.24 
¾ PAX 0 0.55 0.55 
¾ PAX ½ (R-2.9) 0.199 0.199 
¾ PAX ¾ (R-4.7) 0.158 0.18 
¾ Rigid CU-Buried 
Higher Values-Sand 

0 1.23 3.0 

¾ Rigid CU-Buried 
Lower Values-Sand 

0 0.47 2.0 

¾ Rigid CU-Buried 
Higher Values-Sand 

¾ (R-4.7) 0.154 0.19 

¾ Rigid CU-Buried 
Average Values-
Sand 

¾ (R-4.7) 0.154 0.18 
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R-4.7 Buried Pipe Actual Flow/Pipe Volume Water Waste Results 
 
Figures 23 and 24 show the measured AF/PV ratios for the R-4.7 insulated 
buried ¾ inch rigid CU pipe.  All tests were in the TDR = 0.419 – 0.479 range.  
Comparing these figures to figures 8 and 9 for bare buried pipe, and figures 10 
and 11 for bare pipe in air, we see that the addition of insulation dramatically 
lowers the AF/PV ratios at flow rates below about 2 gpm, because of elimination 
of most of the heat transfer to the environment.  The observed AF/PV ratios of 
the R-4.7 insulated buried pipe are approximately the same as for the bare- and 
insulated pipe in-air tests at similar TDR ratios and pipe lengths. 
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FIGURE 1 

BURIED PIPE TEST FIXTURE 

 
FIGURE 2 

¾ INCH RIGID CU PIPE PRE-BURIAL IN-AIR TEST 
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FIGURE 3 

¾ INCH RIGID CU PIPE BURIED IN SAND 
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FIGURE 4 
SAND THERMOCOUPLE GRID SCHEMATIC 

(numbers indicate inches from pipe outer wall) 
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FIGURE 5 

SAND THERMOCOUPLE GRID INSTALLATION 
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FIGURE 6 

UA VS FLOW RATE - BARE ¾ INCH RIGID CU PIPE IN DAMP SAND 
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PIPE HEAT LOSS UA COMPARISONS 
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FIGURE 7 

PIPE HEAT LOSS UA COMPARISONS 
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3/4 BARE RIGID CU-BURIED IN DAMP SAND-INITIAL DRAW
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FIGURE 8 

AF/PV RATIO VS FLOW RATE AND PIPE LENGTH FOR BARE ¾ INCH RIGID 
CU PIPE BURIED IN DAMP SAND-INITIAL DRAW 

(Legend is pipe length in gallons, 39.8 ft/gal) 
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(ACT FLOW/PLUG) VS LENGTH & FLOW RATE
3/4 BARE RIGID CU-BURIED IN DAMP SAND -INITIAL DRAW 
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FIGURE 9 

AF/PV RATIO VS PIPE LENGTH AND FLOW RATE FOR BARE ¾ INCH RIGID 
CU PIPE BURIED IN DAMP SAND – INITIAL DRAW 

(Legend is flow rate in gpm) 
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FIGURE 10 

AF/PV RATIO VS FLOW RATE AND PIPE LENGTH FOR BARE ¾ INCH RIGID 
CU PIPE IN AIR (Legend is pipe length in gallons, 39.8 ft/gal) 
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(ACT FLOW/PIPE VOLUME) VS LENGTH & FLOW RATE
3/4 CU BARE, IN_AIR 
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FIGURE 11 

AF/PV RATIO VS PIPE LENGTH AND FLOW RATE FOR BARE ¾ INCH RIGID 
CU PIPE IN AIR (Legend is flow rate in gpm) 
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FIGURE 12 

SAND RADIAL DOWNWARD TEMPERATURE READINGS VS TIME FOR 
PROLONGED 0.5 GPM DRAW TEST – PART 1 
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RADIAL TEMPERATURE GRADIENT VS TIME - PROLONGED DRAW TEST
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FIGURE 13 

SAND RADIAL DOWNWARD TEMPERATURE READINGS VS TIME FOR 
PROLONGED 0.5 GPM DRAW TEST – PART 2 
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FIGURE 14 

SAND RADIAL INWARD HORIZONTAL TEMPERATURE READINGS VS TIME 
FOR PROLONGED 0.5 GPM DRAW TEST – PART 1 
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RADIAL TEMPERATURE GRADIENT VS TIME-PROLONGED DRAW TEST
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FIGURE 15 

SAND RADIAL INWARD HORIZONTAL TEMPERATURE READINGS VS TIME 
FOR PROLONGED 0.5 GPM DRAW TEST – PART 2 

 

PROLONGED DRAW TEST SAND TEMPERATURES
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FIGURE 16 

SAND LOWER TEMPERATURE READINGS VS TIME – PROLONGED DRAW 
TEST (Numbers in legend indicate radial distance from pipe in inches – 

pipe water temperature also shown for reference) 
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PROLONGED DRAW TEST SAND TEMPERATURES
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FIGURE 17 

SAND HORIZONTAL INWARD TEMPERATURE READINGS VS TIME – 
PROLONGED DRAW TEST (Numbers in legend indicate radial distance 
from pipe in inches – Pipe surface temp. L0 also shown for reference) 
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FIGURE 18 

SAND LOWER TEMPERATURE READINGS VS TIME – REPEAT DRAW TEST 
(Numbers in legend indicate radial distance from pipe in inches) 
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SAND TEMPERATURES - REPEAT DRAW TESTS
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FIGURE 19 

SAND HORIZONTAL INWARD TEMPERATURE READINGS VS TIME – 
REPEAT DRAW TEST (Numbers in legend indicate radial distance from 
pipe in inches – Pipe water and room air temperatures also shown for 

reference 
 

 
                FIGURE 20 

R-4.7 INSULATED BURIED ¾ INCH CU PIPE 
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PIPE HEAT LOSS UA COMPARISONS
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FIGURE 21 

PIPE HEAT LOSS UA VALUES 
BURIED RIGID CU PIPE, BARE VS R-4.7 INSULATION 
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FIGURE 22 

INSULATED BURIED RIGID ¾ CU PIPE VS PIPES IN AIR 
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(ACT FLOW/PLUG) VS FLOW RATE & LENGTH
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FIGURE 23 

AF/PV RATIO VS FLOW RATE AND PIPE LENGTH FOR R-4.7 INSULATED 
RIGID CU PIPE BURIED IN DAMP SAND 

(Legend is pipe length in gallons, 39.8 ft/gal) 
 
 
 

(ACT FLOW/PLUG) VS LENGTH & FLOW RATE
3/4 RIGID CU+ R-4.7 INSULATION BURIED IN DAMP SAND 
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FIGURE 24 
AF/PV RATIO VS PIPE LENGTH AND FLOW RATE FOR 

R-4.7 INSULATED CU PIPE BURIED IN DAMP SAND 
(Legend is flow rate in gpm) 
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APPENDIX A 
¾ INCH RIGID CU PIPE 

PRE-BURIAL IN-AIR TEST RESULTS 
 
Results of a small set of in-air tests of the ¾ inch rigid CU pipe configuration to 
be used in the initial buried pipe tests were similar to those seen in Phase I work.  
Figure A-1 shows the measured in-air UA values vs flow rate.  Figure A-2 shows 
the measured AF/PV results vs flow rate and pipe length, for TDR in the range of 
0.387 to 0.41.  Figure A-3 shows the measured AF/PV results vs pipe length and 
flow rate for the same range of TDR values. 
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FIGURE A-1 

¾ INCH BARE RIGID CU PIPE PRE-BURIAL IN-AIR PIPE HEAT LOSS UA 
RESULTS VS FLOW RATE 
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(ACT FLOW/PLUG) VS FLOW RATE & LENGTH
3/4 RIGID CU-BARE-PRE-BURIAL IN- AIR
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FIGURE A-2 

BARE ¾ INCH RIGID CU PIPE PRE-BURIAL IN-AIR AF/PV RESULTS VS 
FLOW RATE AND PIPE LENGTH (Legend is length in gallons, 39.8 ft/gal) 
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FIGURE A-3 

BARE ¾ INCH RIGID CU PIPE PRE-BURIAL IN-AIR AF/PV RESULTS VS 
PIPE LENGTH AND FLOW RATE (Legend is flow rate in gpm) 
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Appendix D.  Single Family Water Heating Construction Practice 
Survey 
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1 Background and Objectives 

The efficiency of delivering hot water in single family hot water distribution systems is 
dependent upon many factors including: 
 

• hot water usage characteristics (magnitude, profile, flow rates, use temperature) 
• the configuration of the hot water distribution system (HWDS) 
• piping installation issues (layout, pipe material type and diameter, insulation)  
• location of hot water piping and heat loss environment surrounding the pipes 
• water heater setpoint 
• location of hot water fixtures relative to the water heater(s) 
• recirculation system controls 

 
All these factors play a role in determining how efficiently hot water is transported from 
the water heater to the end use points.  Hot water distribution system performance is a 
complex issue since the same house may perform very differently based on household 
usage characteristics (time of day usage patterns, clustering of draws, use temperature, 
use of tubs vs. showers, etc.)   
 
New homes being built in California are significantly larger and have more amenities 
than homes built twenty to thirty years ago.  One trend that has been occurring is an 
increase in the number of hot water consuming fixtures.  Homes with four and five 
bathrooms are not uncommon.  In addition, multi-head showers and large whirlpool tubs 
are increasing in popularity.  More use points, high flow rate fixtures, and increased 
house size all contribute to more and larger diameter hot water piping in new homes.  
This has implications both in terms of energy usage (greater heat loss), customer 
satisfaction (longer hot water wait times), and water waste (more water is dumped before 
hot water arrives at the fixture). 
 
To better understand how hot water distribution systems (HWDS) are being installed, 
Chitwood Energy Management and Davis Energy Group completed a field survey of 
sixty new production homes.  The goal of the survey was to quantitatively characterize 
the HWDS plumbing layout as well as to collect data on the type of water heater being 
installed, hot water fixture characteristics, and gather anecdotal feedback from plumbers 
and building superintendents on industry trends.   
 
In this study we have characterized HWDS as one of the four following types: 
  

• conventional trunk and branch (either copper or PEX1) 
• PEX parallel piping systems with a central manifold feeding either 3/8” 

and ½” lines or exclusively ½” lines 

                                                
1 PEX is a plastic cross-linked polyester piping material common to much of California.  There are several 
building jurisdictions (e.g. Los Angeles and San Diego) that do not allow PEX for potable water 
applications. 
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• Hybrid systems (a variation of the trunk and branch system that includes a 
main trunk(s) and either in-line mini-manifolds or Tees with branches and 
mini-manifolds) 

• Recirculation systems (a central loop with a pump and controls that 
activate pump operation based on either a timer, temperature input, or an 
occupant initiated demand for hot water) 

 

2 Field Survey Methodology 

 
The goal of the field survey was to gather a statewide snapshot of current HWDS 
installation practice in California production homes.  Although not statistically 
significant, it does capture current industry trends and installation practices.   
 
For site selection, the following target geographic breakdown was developed.   
 
Northern Sacramento Valley:  ~5 houses 
Greater San Francisco Bay Area (S.F, East Bay, South Bay):  5 to 10 houses  
Central Valley (Sacramento to Bakersfield):   20 to 25 houses  
Southern California coastal (L.A. and San Diego):   5 to 15 houses 
Southern California inland (Riverside to desert regions):  10 to 15 houses 
 
As part of the development of the field survey plan, we further segmented the sixty home 
sample into the following subgroup targets: 
 

• All single family detached homes 
• Conditioned floor area (ranging from 1,200 – ~4,000 ft2, average of 2,200-2,500) 
• A goal of no more than three houses per plumbing contractor, although in some 

markets one or two large contractors may dominate the scene 
• Target survey segmentation into the following subsets  

o One and two-story houses:  Total of 60, with minimum of 20 each 
o Conventional main and branch systems:  20-35 sites  
o Hybrid systems:  ~5-15  sites 
o Parallel piping systems:  ~5 sites 
o Recirculation systems: 5-15 sites, with 2-5 demand recirculation  
o Largely underslab piping:  ~5-10 sites 

 
The survey will focus on the following key elements: 
 

• Site characterization:  location, builder, plumber, floor area, 1 or 2 story, etc 
• Water heater characteristics:  size, type, volume, location, etc 
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• Piping system:  sketch and tabulation of each installed “segment”2 of hot water 
line from the water heater to the end use point 

• Hot water use points:  fixture type 
• Recirculation system type (if installed):  make/model #, pump specification, 

control type 
• Underslab pipe description:  soil characteristics surrounding underslab piping 

 
Two methods were used to locate and obtain access to the construction sites.  The first 
approach involved using industry contacts to obtain access to sites.  HERS raters 
involved in construction quality verification proved to be the best industry contacts.  The 
HERS raters close connection to projects was useful in identifying sites at the appropriate 
stage in various subdivisions.  Allen Amaro (Amaro Construction Services) helped locate 
homes in the Sacramento area and Scott Johnson (Maximum Home Performance) helped 
locate homes in Southern California.  Davis Energy Group’s work with builders also 
provided several Northern California sites.  The second approach to finding survey sites 
involved driving onto active job sites to see if they met the site selection criteria and then 
obtaining permission to survey the site.  Permission to survey the site from the 
superintendent or the plumbing foreman was never denied. 
 
The majority of the construction sites had on-site model homes.  The models provided 
information about how the homes would be finished and the floor plans for the homes to 
be surveyed.  The sales literature provided contained the floor plans for all of the homes 
in the subdivision, floor plan options, and a description of the energy features and 
construction methods. The make and model number of water heater was obtained from 
the water heaters installed in the models except when the garages were locked.  Plumbing 
fixture information (faucet types and shower head type) was also obtained from the 
models.  This information was further documented by taking pictures of the fixtures in 
the models.  Generally the model homes had upgrade fixtures installed.  Discussions with 
sales staff or the plumbing contractor was used to determine typical fixture types. 
 
The key survey element involved measuring every section of installed hot water piping in 
the home with a tape measure or a measuring wheel and recording the measurement on 
the field data sheet.  Additional data collected included pipe material type, diameter, 
location, and the presence of thermal insulation.  The location of major components such 
as the water heater, trunks, manifolds, etc. were sketched on the floor plan.  Pictures were 
also taken to document each site.  Digital pictures of; installation quality, hot water draw 
points, underslab terminations, pipe locations, bundling of tubing, and any special 
features or characteristics further document each site. 
 
All measurements reflect actual installed piping lengths with one exception.  An 
additional 1.5 feet of length was added to the as-built measurement to account for piping 
to be installed from the garage stub-out to the water heater.  The additional 1.5 feet of 
pipe was assumed to be the same diameter as the pipe penetrating the garage drywall.  
                                                
2 A “segment” includes a unique description of the following:  pipe material, diameter, environmental 
location (e.g. under slab, attic, interior wall, etc), and presence of insulation.  With this definition a single 
¾” pipe may be divided into multiple segments as it moves through, for example, different environments. 
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For manifold systems, the measurement of the main line from the water heater to the 
manifold terminated at mid-height of the manifold.  An additional volume was added to 
account for the larger internal manifold diameter relative to the main line3.   
 

3 Results 

The sixty houses surveyed included installations from 19 different plumbing contractors.  
Sites were geographically located as described in Table 1.  The majority of the sites were 
located in climate zone 12.  Although no sites were surveyed in the southern San Joaquin 
Valley, the geographic range in zone 12 extended from the San Francisco Bay Area 
commuting communities of San Ramon and Tracy eastward to El Dorado Hills in the 
Sierra foothills.  Nine southern California coastal sites were survey as well as fifteen sites 
in the greater Palm Springs area.  A California climate zone map in Appendix A shows 
the approximate locations of the sixty sites. 
 
Table 1:  Site Location Summary 
Climate Number  

Zone Of Sites Location 
   6 6 San Juan Capistrano, Costa Mesa 

8 3 Tustin 
10 1 Menifee 
11 6 Lincoln, Redding 
12 29 Woodland, El Dorado Hills, Elk Grove, Rancho Cordova, San 

Ramon, Tracy, Mountain House 
15 15 Indio, Palm Springs, Desert Hot Springs 

 
 
Figure 1 plots the conditioned floor area for the sixty houses based on floor plans 
typically provided as part of the builder sales literature.  Conditioned floor area averaged 
2,432 ft2.  Twenty-five of the houses were single story (average floor area equal to 2,209 
ft2) and 35 were two-story (average floor area equal to 2,590 ft2).  On average there were 
2.84 bathrooms per house and 12.85 hot water use points4.  Figures 2 and 3 plot the 
bathroom and use point data as a function of floor area. 
 

                                                
3 To account for an estimated 1.5 feet of 1.25” distribution manifold, 0.07 gallons were added for a ¾” 
main line and 0.05 gallons were added for a 1” main line.   
4 Combination tub/shower were treated as two use points. 
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Figure 1:  Floor Area Distribution
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Figure 2:  Number of Bathrooms as a Function of Floor Area
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Table 2 summarizes the pipe materials installed in the sixty home sample.  A total of 
21,996 feet of pipe were measured in the sixty homes (average of 367 feet per house).  
PEX was the most common material installed (84% by length).  None of the 35 houses 
surveyed north of the Tehachapis utilized copper as the primary piping material.  In 
southern California, nine of the 25 systems were copper systems.  No other piping 
materials besides copper and PEX were found.  The righthand column in Table 2 
represents the length of piping corresponding to one gallon of entrained volume.  For 
copper piping values are shown for both Type M (typical thin wall pipe) and Type L 
(required for underslab plumbing).  PEX piping, with its greater wall thickness, has 
roughly 40% less volume per foot than copper piping.  This is beneficial from a waiting 
time and heat loss perspective (assuming all the stored heat is lost between draws), but  
also results in a faster cool-down time between draws.  
 
Table 2:  Breakdown of Pipe Characteristics  

Pipe Field Measurements Feet of Pipe 
Material By Length By Volume Per gallon 

    1” Copper 3% 10% 22.0 (23.3) * 
¾” Copper 5% 10% 37.2 (39.8) * 
½” Copper 9% 9% 75.8 (82.5) * 

1” PEX 2% 6% 32.0 
¾” PEX 9% 15% 52.8 
½” PEX 41% 35% 104.2 

3/8” PEX 32% 15% 189.1 
“*” Volumetric data is reported in terms of Type M with Type L in parentheses 

Figure 3:  Number of Hot Water Use Points as a Function of Floor Area
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HWDS type was disaggregated into the four categories:  conventional trunk and branch,  
PEX parallel piping systems with a central manifold, hybrid systems, and recirculation 
systems.  Table 3 summarizes the HWDS types found in the field survey. 
 
Table 3:  Observed HWDS Types 

System Type Number  
  Conventional Trunk and Branch (copper) 3 

Conventional Trunk and Branch (PEX) 9 
Manifold w/ PEX Parallel Piping  23 

Hybrid Systems w/ PEX Piping 13 
Recirculation Systems (copper) 6 

Recirculation Systems (PEX) 6 
 
 
Pipe location was disaggregated into five categories:  Attic, exterior wall cavity, garage, 
interior cavity (interior walls or between first and second floor), and underslab.  In terms 
of both length and entrained volume, most of the piping (45%) was located in interior 
wall cavities with the attic space (37%) close behind.  Exterior wall cavities, garage, and 
underslab each accounted for between 5 and 8% of pipe length and entrained volume.   
 
Table 4 breaks down the pipe location data further into one and two-story categories.  
One-story homes primarily had piping in the attic (62% by length) and secondarily in 
interior wall cavities (21%).  Although attic piping was the second most common pipe 
location for two-story homes (22%), most of the piping in two-story homes was located 
in interior cavities including floor cavities (59%).   
 
Table 4:  Pipe Location Variations with Number of Stories 

Pipe One-Story Two-Story 
Location By Length By Volume By Length By Volume 

     Attic 62% 64% 22% 21% 
Exterior Wall 7% 7% 9% 9% 

Garage 4% 4% 6% 5% 
Interior Cavity 21% 18% 59% 61% 

Underslab    6% 7% 4% 4% 
 
 
Table 5 reports the average volume of water entrained in the piping between the water 
heater and the end use points for the different HWDS types.  For all sites, the average 
volume between the water heater and an end use point was 1.30 gallons.  The average 
entrained volume for all non-recirculation systems was fairly comparable (0.86 to 0.97 
gallons), although once adjusting for floor area, the parallel piping sites were ~20% less 
volume than the conventional systems and 9% less than the hybrid systems.  The 
recirculation systems had by far the highest entrained volume.  After normalizing by floor 
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area, the average volume was nearly double that of the non-recirculating system types, 
without accounting for return line volume (average of 0.29 gallons per 1000 ft2).   
 
It is important to note that the volumetric data does not directly correlate to HWDS 
efficiency since the delivery characteristics of the various system types is very different.  
For example, parallel piping systems usually have a dedicated line from the hot water 
manifold5 to the end use point requiring the complete purging of the line (from the 
manifold) before the first pulse of hot (or warm) water arrives from the water heater.  
This is in contrast to conventional and most hybrid systems that often share a main trunk 
line among most or all of the end use points.  Recirculation systems also demonstrate 
favorable water waste and wait time benefits by effectively bringing the water heater in 
close proximity to the end use points6.   
 
Table 5:  Average Entrained Hot Water Volume to End Use Points 

 
System Type 

Avg Pipe 
Length (ft) 

Avg Volume  
(gallons) 

Avg Vol per 1000 ft2 
of Floor Area 

    Conventional Trunk and Branch  185 0.86 0.49 
Manifold w/ PEX Parallel Piping  499 0.97 0.39 

Hybrid Systems w/ PEX Piping 227 0.89 0.43 
Recirculation Systems  385 2.82 0.82 

 
 
Figure 4 further disaggregates the data by HWDS type and number of stories (one and 
two-story denoted by “1S” and “2S”, respectively).  The recirculation systems 
consistently demonstrate the largest entrained volume of the sample.  All the other system 
types cluster fairly closely to an average entrained volume of 1 gallon, although the 
parallel piping systems demonstrate little sensitivity to floor area.  This is largely due to 
the consistently observed characteristic of the manifold systems where excessive amounts 
of ¾” or 1” piping is used to connect the water heater to the manifold7. 
 
For 41 of the 60 houses surveyed, the water heater types could be precisely determined 
based on equipment installed in the models or information provided by plumbers and/or 
building superintendents.  Of the 41, twenty-five were 50 gallon gas storage water 
heaters, six were 40 gallon gas storage units, five were 75 gallon gas storage units, and 
five were instantaneous gas units.  It was not possible to definitively verify the remaining 
nineteen water heaters due to garages being locked in the model homes and lack of input 
from the builder.    
 
In terms of hot water fixtures there were two key areas of interest.  One concerned the 
installation of high-volume shower systems that use water at a significantly higher rate 
than conventional showerheads.  None of these systems were found.  In four large high-
end houses we did find master showers with dual showerheads.  The second fixture type 
                                                
5 Some plumbers may utilize Tees at bathroom sinks to allow sharing of one line. 
6 There is, of course, an energy impact in keeping the recirculation loop hot. 
7 On average, the twenty three manifold sites were found to have 24 feet of ¾” or 1” piping between the 
water heater and manifold. 
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of interest was the kitchen and lavatory sinks.  The presence of single lever control (vs. 
dual handle) could be a factor in higher hot water use and energy waste since the natural 
position of the control is in the mixed (centered) position.  As a general rule, we found 
bath lavatories to be dual handle control and kitchen sinks single lever. 
 
 

 

4 Conclusions and Recommendations 

 
The following conclusions were generated based on the field experiences during the sixty 
home survey: 
 

1. PEX has achieved significant market share in the last few years with a strong 
trend from copper piping to PEX piping.  This was especially true in Northern 
California.  All areas of the state where PEX is allowed show fairly rapid 
transition to this material.  The input from plumbers who have switched to PEX is 
that the system is cheaper to install, can utilize less skilled labor, and is less prone 
to leaks.   

 
2. Plumbers cite two reasons in not changing to PEX.  First, the City of Los Angeles 

does not allow PEX in their jurisdiction and that prevents some other southern 
California jurisdictions from allowing PEX.  Secondly, many plumbing 
contractors are reluctant to install newer products for fear of future liability and 
specifically cite the polybutylene failures from the 1980’s as the reason not to 

Figure 4:  Average Entrained Hot Water Volume vs. Floor Area
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switch to PEX.  These two reasons are slowing the transition to PEX in Southern 
California. 

 
3. Systems of all types were generally not efficiently installed.  The following 

summarizes findings on each of the system types: 
 
Trunk & Branch and Hybrid Systems 
Eliminating excessive pipe length is most important improvement that could be 
implemented in both trunk & branch and the hybrid system types.  Installers seem to put 
little value on reducing pipe length despite the benefits of reduced hot water waiting time 
(less callbacks).  Designing a system with an emphasis on reducing piping length would 
have lower material costs, lower installation labor costs, and would provide better 
performance. For some reason installers tend to run trunks parallel to framing rather than 
straight to where the hot water is needed.  This trend adds about 40% to the length of the 
trunk.  This isn’t a trend with forced air duct systems why is it typical with plastic piping? 
 
Parallel Piping - Manifold Systems 
Eliminating excessive pipe length is also the most important improvement that can be 
made to parallel piping systems, but the improvement is much easier.  The majority of the 
excess pipe length is found in the main between the water heater and the manifold.  The 
water heater and the manifold are typically located adjacent to each other but the piping 
that connects the two is often routed by other than a direct route.  In one case there was 
24 feet of one-inch pipe between the water heater and the manifold.  On average, 
reducing the observed length to a maximum of 10 feet would reduce the entrained 
volume of the manifold systems by 26%.  (Reducing this length by running the main out 
the side of the manifold cabinet and directly to the water heater could reduce this length 
to about 3 feet.) 
 
Another pipe length reduction opportunity exists for two-story houses.  Some, but not all, 
plumbers tend to run the piping to the attic and them back down to the first floor – even if 
the draw point is only 10 feet away.  The preferred approach would be to remain between 
floors. 
 
One issue that needs further study is the energy impact of tightly bundling hot and cold 
piping together.  This was seen in some cases.  The bundling was apparently done to 
consolidate the tubing in one location and make the piping installation look better.   
 
Hot Water Recirculation Systems  
Eliminating excessive pipe length is also a major issue for recirculation systems.  In fact 
the problem is more significant than for other system types since excess pipe length is 
usually large diameter piping (3/4” or 1”).  For the twelve recirculation sites surveyed, 
the average recirc loop entrained volume was found to be 4.42 gallons.  Return line sizing 
was found to average 0.99 gallons and runouts (from the loop to the fixtures) were 0.17 
gallons on average.  For continuous or timer controlled loops, the large loop size has 
significant energy impacts.  For the preferred demand recirculation approach, the data 
reinforces the need to fully understand how these systems are installed and controlled.   
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The poorest performing systems in the recirculation sample appear to the three systems 
that were designed as hot water circulation systems but the actual installation of the pump 
is an option.  The circulation return line is terminated inside the wall so no one but the 
builder can install the optional circulation pump.  From our vantage point, it did not 
appear that the recirculation loops were to be installed.  Without a pump, these oversized 
lines would take a minimum of seven minutes to fill the hot water line to the kitchen sink.  
 

4. Although parallel piping systems utilize roughly twice the length of piping 
relative to conventional plumbing practice, the entrained volume (per unit of floor 
area) was the least of the four system types.  Additional significant volume 
reductions can be achieved with parallel piping systems by shortening the length 
of the main line between the water heater and the manifold.  A 26% average 
volume reduction was calculated for the manifold systems if the length of the 
main could be reduced to 10 feet. 

 
5. Title 24 eligibility criteria for all system types should be carefully reviewed to 

insure that the systems being installed are properly credited or penalized.   
 

6. Six house plans will be developed for use in the Title 24 analysis process.  Our 
proposal is to have one-story plans with floor areas of 1367, 2010, and 3,080 ft2 
and two-story plans with floor areas of 1,408, 2,811, and 4,402 ft2.  The 
“volume/1000 ft2” metric presented in Table 5 should be used as guidance in 
determining pipe lengths and pipe diameters in laying out the plumbing system. 
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1= includes all hot water use points;  combination tub/shower is treated as individual use points

2= average volume between the water heater and all hot water use points in the house

Water Heater

Site FA # stories Bathrooms UsePoints1 Outlet Pipe Size AvgVol2 Distribution System Description

1 3385 2 2.5 12 0.75 0.59 Interior WH, Manifold System (1/2" PEX) with some Tees

2 2024 1 2 12 1.00 1.45 Main with Tees and Distributed Manifolds (PEX)

3 2462 2 2.5 13 1.00 1.17 Main with Tees and Distributed Manifolds (PEX)

4 1687 1 2 11 1.00 0.79 Main with Tees and Distributed Manifolds (PEX)

5 3851 1 3.5 17 1.00 1.00 Parallel Piping Manifold System (3/8' & 1/2" PEX)

6 4852 2 3.5 15 1.00 1.15 Parallel Piping Manifold System (3/8' & 1/2" PEX)

7 2075 1 2 11 1.00 0.97 Parallel Piping Manifold System (3/8' & 1/2" PEX)

8 2301 1 2 12 1.00 0.93 Parallel Piping Manifold System (3/8' & 1/2" PEX)

9 2875 2 3 14 1.00 1.12 Parallel Piping Manifold System (3/8' & 1/2" PEX)

10 2065 1 2 12 1.00 0.96 Parallel Piping Manifold System (3/8' & 1/2" PEX)

11 2291 1 2 12 1.00 0.95 Parallel Piping Manifold System (3/8' & 1/2" PEX)

12 3175 2 4 16 1.00 0.83 Parallel Piping Manifold System (3/8' & 1/2" PEX)

13 2113 1 2 11 0.75 0.92 Conventional Trunk and Branch (PEX)

14 1704 1 2 10 0.75 1.25 Conventional Trunk and Branch (PEX)

15 2377 2 3 14 0.75 1.39 Conventional Trunk and Branch (PEX)

16 2236 2 2.5 12 0.75 0.83 Parallel Piping Manifold System (3/8' & 1/2" PEX)

17 2433 2 3 14 0.75 0.78 Parallel Piping Manifold System (3/8' & 1/2" PEX)

18 2779 2 3.5 15 0.75 0.75 Parallel Piping Manifold System (3/8' & 1/2" PEX)

19 2589 2 3 14 1.00 1.44 Parallel Piping Manifold System (3/8' & 1/2" PEX)

20 3053 2 4.5 18 1.00 0.81 Parallel Piping Manifold System (3/8' & 1/2" PEX)

21 1866 2 2.5 12 0.75 0.56 Conventional Trunk and Branch (PEX)

22 1677 2 2.5 10 0.75 0.66 Main with Tees and Distributed Manifolds (PEX)

23 2038 2 3 13 0.75 0.48 Conventional Trunk and Branch (PEX)

24 1552 2 2.5 11 0.75 0.63 Parallel Piping Manifold System (3/8' & 1/2" PEX)

25 1367 1 2 10 0.75 0.94 Parallel Piping Manifold System (3/8' & 1/2" PEX)

26 2131 2 2.5 11 0.75 0.85 Parallel Piping Manifold System (3/8' & 1/2" PEX)

27 1340 2 2.5 11 0.75 0.63 Conventional Trunk and Branch (PEX)

28 1525 2 2.5 10 0.75 0.90 Main with In-line Manifolds (PEX)

29 1623 2 2.5 11 0.75 0.72 Main with In-line Manifolds (PEX)

30 2136 2 2.5 12 0.75 1.04 Parallel Piping Manifold System (3/8' & 1/2" PEX)

31 2448 2 3 13 0.75 0.71 Parallel Piping Manifold System (3/8' & 1/2" PEX)

32 2276 2 3 13 0.75 1.00 Parallel Piping Manifold System (3/8' & 1/2" PEX)

33 1398 2 2.5 12 1.00 1.04 Parallel Piping (Interior) Manifold System (1/2" PEX)

34 2136 2 2.5 12 1.00 1.26 Parallel Piping (Interior) Manifold System (1/2" PEX)

35 2341 2 2.5 12 1.00 1.30 Parallel Piping (Interior) Manifold System (1/2" PEX)

36 1400 1 2 9 0.75 0.71 Conventional Trunk and Branch (PEX)

37 1626 1 2 9 0.75 0.56 Conventional Trunk and Branch (PEX)

38 2224 1 2 10 0.75 0.83 Conventional Trunk and Branch (PEX)

39 2082 1 3 13 0.75 0.89 Main with Tees and Distributed Manifolds (PEX)

40 1820 1 2 10 0.75 0.61 Main with Tees and Distributed Manifolds (PEX)

41 1626 1 2 9 0.75 0.67 Main with Tees and Distributed Manifolds (PEX)

42 3082 1 3.5 15 1.00 3.07 Pre-Plumbed Recirc Loop with In-line Manifolds (PEX)

43 2823 1 4.5 17 1.00 1.91 Pre-Plumbed Recirc Loop with In-line Manifolds (PEX)

44 3522 1 4.5 17 1.00 3.41 Pre-Plumbed Recirc Loop with In-line Manifolds (PEX)

45 2092 1 2.5 12 0.75 1.23 Underslab Recirc Loop (PEX) w/ Time/Temp 

46 2267 1 3 13 0.75 1.65 Underslab Recirc Loop (PEX) w/ Time/Temp 

47 2660 2 2.5 13 0.75 1.08 Underslab Recirc Loop (PEX) w/ Time/Temp 

48 2081 1 2 10 0.75 0.87 Hybrid System with Trunks, Tees, and Manifolds

49 1880 1 2 10 0.75 0.90 Hybrid System with Trunks, Tees, and Manifolds

50 2180 1 2 10 0.75 0.91 Hybrid System with Trunks, Tees, and Manifolds

51 3048 1 2.5 13 1.00 1.26 Hybrid System with Trunks, Tees, and Manifolds

52 3591 2 4.5 16 1.00 2.67 Demand Recirc System (Copper)

53 3897 2 4.5 16 1.00 3.66 Demand Recirc System (Copper)

54 4195 2 4.5 17 1.00 5.71 Demand Recirc System (Copper)

55 1545 2 2.5 12 0.75 1.26 Conventional Trunk and Branch (Copper)

56 1635 2 2.5 11 0.75 0.66 Conventional Trunk and Branch (Copper)

57 1430 2 2.5 11 0.75 1.12 Conventional Trunk and Branch (Copper)

58 4073 2 3.5 17 1.00 3.14 Overhead Recirc Loop (Copper) w/ Time/Temp 

59 4402 2 5.5 21 1.00 3.57 Overhead Recirc Loop (Copper) w/ Time/Temp 

60 4533 2 5.5 22 1.00 2.71 Overhead Recirc Loop (Copper) w/ Time/Temp 

Avg 2432 1.58 2.84 12.85 0.86 1.30

StDev 868

Max 4852

Min 1340

Number of 



 

1 5 
6

3 

8 
9 

3 

6 

3 

1 
3  9 

3 
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ABSTRACT 
 
Sizing and routing of residential hot water distribution systems can cause energy and 
water losses estimated to be as much as 2 billion kWh, 500 million therms, and 45 billion 
gallons annually in the state of California.1 When houses were smaller, had fewer 
bathrooms, and fewer devices that used hot water, energy and water losses amounted to a 
quantity that was significantly less. However, houses are larger so heated water travels 
farther from the water heater to the point of use and numbers of end-uses are greater. 
 
The California Energy Commission (CEC) is updating building regulations for hot water 
distribution systems in its Title 24 regulations. This paper reports on information 
collected from the building and hot water distribution component industries. The 
information presented here is a collection of opinions from organizations responding to 
queries about hot water distribution materials and installation practices. LBNL continues 
to collect the information so this report should be regarded as a progress update. 
 

                                                 
1 Klein, Gary and Jim Lutz. 2004. “Hot Water Distribution Losses in Residential Buildings: Draft Scoping 
Study.” August. 
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 1. INTRODUCTION 
 
Sizing and routing of residential hot water distribution systems can cause energy and 
water losses estimated to be as much as 2 billion kWh, 500 million therms, and 45 billion 
gallons annually in the state of California.2 When houses were smaller, had fewer 
bathrooms, and fewer devices that used hot water, energy and water losses amounted to a 
quantity that was significantly less. However, houses are larger so heated water travels 
farther from the water heater to the point of use and the numbers of end-uses are greater. 
 
State building regulations have not accurately modeled water heaters and hot water 
distribution systems nor kept pace with trends in increased household square footage and 
numbers of hot water using appliances. Consequently, the California Energy Commission 
(CEC) is updating building regulations for hot water distribution systems in its Building 
Energy Efficiency Standards (Title 24). As part of that effort, the CEC contracted 
Lawrence Berkeley Laboratory (LBNL) to help determine what changes should be made 
to account for energy and water losses in residential hot water distribution systems more 
accurately. This report collects information from the building and hot water distribution 
industries. The information presented here is a collection of opinions from organizations 
responding to queries about hot water distribution materials and installation practices. 
LBNL continues to collect the information so this report should be regarded as a progress 
update.  
 
In the first section of this report, we give a background of the project. In the second 
section, we report the types of organizations that we solicited for information about 
current building practices and future trends. The third section summarizes the responses 
of organizations that answered our queries. The questions and the lists of groups and 
organizations are included in the appendices of this report. 
 
2. BACKGROUND 
 
The information reported here is part of a larger effort to determine changes to Title 24 to 
more accurately calculate energy and water losses from residential hot water distribution 
systems. LBNL is assisting the CEC in efforts to improve the efficiency of water heaters 
and hot water distribution systems in California.  
 
This paper reports on a subset of the objective to develop proposals to change the 2008 
version of Title 24 Building Energy Efficiency Standards.  
 
The trend in California residential building sector is that houses are getting bigger and hot 
water using appliances are more numerous. From 1997 to 2001, houses with square 
footage greater than 3000 ft2 grew from 2.4% to 10.9%.3 The number of hot water using 
appliances has increased as people install spa-style baths, multiple showerheads, sinks for 

                                                 
2 Klein, Gary and Jim Lutz. 2004. “Hot Water Distribution Losses in Residential Buildings: Draft Scoping 
Study.” August. 
3 Energy Information Administration, http://www.eia.doe.gov/emeu/recs/recs2001_hc/hc1-
7b_4popstates2001.html. January 30, 2006 and  
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additional bathrooms, bar areas, and kitchens. This means that the distance from the 
water heater to the end-use has increased and the demands on the water heater have also 
risen. Water losses result from water cooling in the hot water pipe and cooled water being 
run down the drain until the water reaches the desired temperature. Water losses may be 
as much as 10 gallons per household per day. Energy losses result from heated water 
cooling in the pipe as well as heat losses as water makes its way to household end uses.4 
 
The purpose of this task was to collect information from trade associations, 
manufacturers, and builders about current practices for types of hot water distribution 
systems used in recent residential construction in California. The information we sought 
will also serve as confirmation or counter point for other data gathered in this project.  
 
3. SURVEY DEVELOPMENT 
 
We approached three types of organizations: (1) trade and professional associations; (2) 
manufacturers; and (3) builders to collect information from those that sell the components 
of hot water systems and from those that install them. Trade associations sometimes 
compile data from their member manufacturers. We solicited manufacturer data of the 
product sale volumes in California. And we spoke with builders on their current practices 
and the HWDS trends they see for the future. See Appendix A for the full set of 
questions. 
 
3.1 Associations and Manufacturers 
Hot water distribution systems use a number of products aside from the water heater. To 
develop the questions to associations and manufacturers, it is helpful to have a brief 
description of a typical residential hot water distribution system. Pipes can be set below 
the concrete in slab on grade construction. Pipes can also be installed within walls or 
attics. Water moves by pressure in the pipes. When a faucet, showerhead or other device 
is opened, water moves from the water heater, through the pipe, to the point of demand. 
Often the user allows water to run until the water reaches the desired temperature. After 
the device is closed, the water remains in the pipe until the next use. The temperature 
declines as the water cools over time. Recirculating systems rely on pumps to keep water 
moving through the pipes. 
 
Pipes connect the water heater to the end use. Pipes are made primarily from copper, 
PVC, or PEX (cross-linked polyethylene). The pipe insulation can be foam or other 
insulating material. For homes with installed recirculating hot water systems, we solicited 
information on pumps and the recirculating systems themselves. (See Appendix B and C 
for a list of associations and manufacturers.) 
 
3.2 Builders 
Builders provided information on their use of these products. We asked builders to 
estimate the percentage of different hot water distribution systems, piping materials and 
insulation types that they install. We also requested for information to confirm increases 
in housing size and number of hot water end-uses. (See Appendix D for a list of builders.) 
                                                 
4 Klein, Lutz. 2004 



 

   February 25, 2006 5

 
4. RESULTS 
 
The collected information is presented here for each individual respondent. Our effort did 
not presume to cover a majority of the home building industry. We do not draw 
conclusions on current practices or trends in the residential building industry.  
 
4.1 Association Responses 
Of the eight associations approached, none have responded to our questions. One has 
promised to respond; two have refused to respond; and five have not returned our calls or 
replied to our emails. Table 4.1 shows the variety of responses or non-response.  
 
Table 4.1 Summary of Association Response Types 
Association Names Category of Response 
Plastic Piping and Fitting Association Promised Information 
Copper Development Association Refused to Participate 
Portland Cement Association Refused to Participate 
American Society of Plumbing Engineers No Response 
California Building Industry Association No Response 
North State Building Industry Association, California No Response 
Plumbing-Heating-Cooling Contractors, National Association No Response 
Plumbing Manufacturers Institute No Response 
 
4.2 Manufacturer/Distributor Responses 
Of the twelve manufacturers or distributors approached, one has responded to our 
questions and one has promised to respond. Three manufacturers/distributors have 
refused to respond and five have not returned our calls or replied to our emails. Two 
manufacturers/distributors fall into the “Not Applicable” category meaning that they do 
not sell to the residential housing market or are no longer in business. Table 4.2 shows 
the variety of response. 
 



 

   February 25, 2006 6

Table 4.2 Summary of Manufacturer/Distributor Response Types 
Response Type Manufacturer/Distributor 

Type Provided or 
Promised 
Information 

Refused to 
Participate 

No 
Response 

Not 
Applicable 

Pipe Vanguard 
(promised) 

Lowe’s Viega 
Home 
Depot 
T. Christy 
Uponer 
Wirsbo 

US Copper 
and Brass 

Insulation    Rubatex 
Pumps  Lang 

Taco 
Grundfos  

Recirculating Systems ACT-
Metland 
(provided) 

   

 
4.3 Builder Responses 
Of the eight builders approached, three have responded to our questions. Two builders 
have refused to respond and three have not returned our calls or replied to our emails. 
Table 4.3 shows the variety of response.  
 
Table 4.3 Summary of Builder Response Types 
Builder Name Category of Response 
Castle & Cook 
Pardee Homes 
Premier Homes 
Suncrest Homes 

Provided Information 

JR Pierce 
Richmond American 

Refused to Participate 

Clarum Homes 
DR Horton 

No Response 

 
Table 4.4 summarizes the information from the four builders. For ease of reading, only 
those categories to which the builders responded are included. For a full listing of the 
responses with all options available, see Appendix A. For all but one category of question 
below, the responses should add up to 100%. However, under the houses by size with 
recirculation systems, each row stands alone. For example, Builder #4 installs 
recirculation systems in 1% of home with a square footage less than 2000 ft2 in area; 5% 
of homes between 2000-3000 ft2 receive recirculation systems; 25% of homes between 
3000-4000 ft2 receive recirculation systems; and 75% of homes with areas greater than 
4000 ft2. 
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 Table 4.4 Summary of Builder Information 
  Builder #1 

Suncrest  
Builder #2 
Castle & Cook 

Builder #3 
Premier 

Builder #4 
Pardee Homes 

Annual Number of Homes Built 80 350 (Bakersfield) 100 3000 
Material Material Type % Homes Built % Homes Built % Homes Built % Homes Built 
Hot Water Piping Material  

PEX 5 100 100 50  
Copper 95   50 

Pipe Diameter (Other than trunk&branch system)†  
3/8” 50    
1/2" 25 100 100 80 
3/4" 25   10 

 

1”    10 
Pipe Diameter (For trunk&branch system)  

1/2" 50 99  80 
3/4" 25 1  10 

 

1” 25   10 
HW Piping System Location  

Below Floor Slab 2  10 5 
Between Floors 73   20 

In Attic 25 100 90 75 
Other Location     

Floor Slab Thickness  
<4” 100   50  
5-11”  100  50 

Insulated Lines  
 None 100 100 100 100 
Recirculation System Type  

Demand      
Other‡ 100    

House Sizes with Recirc. Systems  
<2000SF    1 
2000-3000SF    5 
3000-4000SF 3   25 

 

>4000SF    75 
Showerhead Type (Master Shower)  

Single 95 100 100 95  
Multiple 5   5 

Showerhead Type (other than master shower)  
 Single 100 100 100 100 
House Sizes with other than single showerhead  
 3000-4000SF 2   5 
† Radial, Manifold, Parallel Pipe (Central Core, Distributed); Full Loop Recirculation; Half Loop 

Recirculation 
‡Optional temperature and demand 
 
5. CONCLUSIONS 
Three groups were approached for information on residential hot water distribution 
systems. Of the eight associations queried, none have provided information. Of the 
twelve manufacturers/distributors, one has provided information. Of the eight builders, 
three have responded with information. Given that the respondents are not representative 
of their entire industries, the information received cannot be aggragated and conclusions 
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drawn on current building practices or future building trends. No effort has been made to 
merge the builder information. ; Such effort should not be made since these responses 
cannot be assumed to represent building practices in California. 
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APPENDIX A: Questionnaire  
 
Designers and contractors are the groups most likely to be able to provide some of the 
desired survey information.  For example, those who design and install a hot water 
recirculation system will know more of the critical characteristics of that system than the 
circulation pump manufacturer who provides only one piece of equipment. The three 
groups we are approaching are (1) designers, contractors, and home builders; (2) 
associations; and (3) energy contractors and other consultants. 
   
For survey of designers, contractors, and home builders: 
The purpose of these questions is to determine current practices and trends of the types of 
hot water distribution systems used in recent residential construction in California from 
equipment and materials suppliers.  
 
Please characterize your market. i.e. What parts of the state do you design and/or build 
for? What type of housing do you concentrate on? 
 
 
 
 
 
 
 
 
 
 
What percent of new homes use the following materials for their hot water piping? 
____ % PEX 
____ % Copper 
____ % CPVC 
____ % Multiple materials.  Describe: ________________ 
____ % Other materials. Describe: _______________ 
 
Within one typical new home, what percents by length of hot water piping are the 
following sizes? (Assuming other than trunk & branch system) 
____ % 3/8” 
____ % 1/2” 
____ % 3/4” 
____ % 1” 
____ % Larger than 1” 
 
For trunk & branch system: Within one typical new home, what percents by length of hot 
water piping are the following sizes?  
____ % 3/8” 
____ % 1/2” 
____ % 3/4” 
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____ % 1” 
____ % Larger than 1” 
 
Where are hot water piping systems in new homes primarily located? 
____ % Below floor slab 
____ % In crawl space 
____ % between floors 
____ % In the attic 
____ % Other locations. Describe: ________________ 
 
If the hot water piping systems are below the floor slab, what is the thickness of the floor 
slab? 
____ % 4 inches or less 
____ % 5-11 inches 
____ % Greater than 11 inches 
 
Which hot water lines in new homes are typically insulated? 
____ % None of the lines 
____ % From WH to dishwasher 
____ % From WH to tub, shower, or Jacuzzi 
____ % From WH to kitchen 
____ % All of the lines in the house 
 
What kinds of recirculation systems are installed in new homes? 
____% Demand Recirculation (e.g. Metlund) 
____%Continuous operation 
____% Timer controlled operation 
____% Temperature controlled operation 
____% Other.  Describe: ________________ 
 
By size, what percent of new homes have recirculation systems installed? 
____% Houses less than 2000 SF 
____% Houses greater than 2000 to 3000 SF 
____% Houses greater than 3000 to 4000 SF 
____% Houses greater than 4000 SF 
 
What kinds of shower are installed in master bathrooms of new homes? 
____% Single showerhead 
____% Multiple showerheads 
____% Shower panel / tower 
____% Body spas 
____% Rain systems 
____% Water tile 
 
What kinds of shower are installed in new homes (not master baths)? 
____% Single showerhead 
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____% Multiple showerheads 
____% Shower panel / tower 
____% Body spas 
____% Rain systems 
____% Water tile 
 
What percent of new homes, by size, have something other than a single showerhead 
installed in at least one of the bathrooms? 
____% Houses less than 2000 SF 
____% Houses greater than 2000 to 3000 SF 
____% Houses greater than 3000 to 4000 SF 
____% Houses greater than 4000 SF 
 
Please characterize the trends in your market with respect to hot water delivery and use. 
i.e. Do you see a demand for more spas, bigger shower areas?  
 
 
 
 
 
 
 
 
 
 
For survey of piping materials suppliers: 
 
Approximately how many lineal feet of (copper, PEX, other – select the correct one for 
the recipient) piping are sold annually in California for use in new residential 
construction?  _____LF 
 
Of this amount of piping what percent of new home piping are the following sizes? 
____ % 3/8” 
____ % 1/2” 
____ % 3/4” 
____ % 1” 
____ % Larger than 1” 
 
 
This amount constitutes approximately what “market share” of all piping sold for use in 
new California residences? _____%.  
 
What do you project these numbers to be in five years?  ____LF, ____% 
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For survey of recirculation system equipment suppliers: 
 
How many demand recirculation systems (e.g. Metlund, Taco, etc.) are sold annually in 
California for use in new construction?  ______systems 
 
How many continuous| timer controlled | temperature controlled recirculation systems are 
sold annually in California for use in new construction?  ______systems 
 
What kinds of recirculation system controllers are installed in new homes? 
____% Demand Recirculation  
____% continuous operation 
____% timer controlled operation 
____% temperature controlled operation 
____% Other. Describe: ____________ 
 
What percent of new homes have recirculation systems installed? 
____% Houses less than 2000 SF 
____% Houses greater than 2000 to 3000 SF 
____% Houses greater than 3000 to 4000 SF 
____% Houses greater than 4000 SF 
 
Please characterize the trends in your market with respect to hot water delivery and use. 
i.e. What materials will be used in the hot water distribution systems in 5 or 10 years 
time? What fuels for heating the water will be required? 
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Table 4.4 Summary of Builder Information 
  Builder #1 

Suncrest  
Builder #2 
Castle & Cook 

Builder #3 
Premier 

Builder #4 
Pardee Homes 

Annual Number of Homes Built 80 350 (Bakersfield) 100 3000 
Material Material Type % Homes Built % Homes Built % Homes Built % Homes Built 
Hot Water Piping Material  

PEX 5 100 100 50  
Copper 95   50 

 CPVC     
 Multiple     
Pipe Diameter (Other than trunk&branch system)†  

3/8” 50    
1/2" 25 100 100 80 
3/4" 25   10 

 

1”    10 
Pipe Diameter (For trunk&branch system)  

1/2" 50 99  80 
3/4" 25 1 100 10 

 

1” 25   10 
 >1”     
HW Piping System Location  

Below Floor Slab 2  10 5 
In Crawl Space     
Between Floors 73   20 

In Attic 25 100 90 75 
Other Location     

Floor Slab Thickness  
<4” 100   50  
5-11”  100  50 

 >11”     
Insulated Lines  
 None 100 100 100 100 
 WH to 

Dishwasher 
    

 WH to Tub, 
Shower, 
Jacuzzi 

    

 WH to Kitchen     
 All     
Recirculation System Type  

Demand 50     
Other‡ 3    

House Sizes with Recirc. Systems  
<2000SF    1 
2000-3000SF    5 
3000-4000SF 3   25 

 

>4000SF    75 
Showerhead Type (Master Shower)  

Single 95 100 100 95  
Multiple 5   5 

 Panel/Tower     
 Body Spa     
 Rain System     
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 Water Tile     
Showerhead Type (other than master shower)  
 Single 100 100 100 100 
 Multiple     
 Panel/Tower     
 Body Spa     
 Rain System     
 Water Tile     
House Sizes with other than single showerhead  
 <2000SF     
 2000-3000SF     
 3000-4000SF 2   5 
 >4000SF     
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APPENDIX B: List of Associations 
 
1. Plastic Piping and Fitting Association, http://www.ppfahome.org/, CPVC, PEX 
800 Roosevelt Road 
Building C, Suite 20 
Glen Ellyn, Illinois 60137  
Phone: (630) 858-6540, Fax: (630) 790-3095 

 
a. PEX Manufacturers http://www.ppfahome.org/pex/memberspex.html  
b. CPVC Manufacturers http://www.ppfahome.org/cpvc/memberscpvc.html  
c. Also see each plastic's home page to get a better understanding of the products 

uses. 
 
2. Copper Development Association, http://64.90.169.191/homepage.html, copper  
West Region - Jim Weflen  
215 E. Orangethorpe, #351 
Fullerton, CA 92832 
Tel: 714-526-6959 
Fax: 714-773-0469 
E-mail: jweflen@cda.copper.org  
 
3. American Society of Plumbing Engineers, designers 
8614 Catalpa Avenue, Suite 1007 
Chicago, IL 60656-1116 
Phone: (773) 693-ASPE (2773), Fax: (773) 695-9007 
General e-mail: info@aspe.org 
Western Region Director: 
Julius A. Ballanco, PE 
Vice President Technical 
E-mail: aspevpt@aspe.org 
 
4. Plumbing-Heating-Cooling Contractors-National Association, contractors 
180 S. Washington Street   
P.O. Box 6808 
Falls Church, VA 22040 
Phone: (703) 237-8100, (800) 533-7694, Fax: (703) 237-7442 
California Representative: No name provided 
Phone: (916) 925-7390, Fax: (916 925-7623 
E-mail: traceyphcc@aol.com 
 
5. North State Building Industry Association California 
1536 Eureka Road 
Roseville, CA 95661 
Ph: (916) 677-5717 
Fax: (916) 677-5734 
http://www.biasup.org/ 
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6. Building Industry Association 
California Building Industry Association 
1215 K Street, Suite 1200 
Sacramento, CA 95814  
Phone: (916) 443-7933 
Fax: (916) 443-1960 
http://www.cbia.org/ 
 
7.  Plumbing Manufacturers Institute 
Dave Viola 
Technical Director 
(847) 884-9764 
 
8. Portland Cement Association 
5420 Old Orchard Road 
Skokie, IL 60077 
847-966-6200 
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APPENDIX C: List of manufacturers 
 
PEX 

1. Vanguard Piping Systems, Inc., PEX 
901 N. Vanguard St. 
McPherson, Kansas USA 67460  
Phone: 1-620-241-6369  
E-mail: service@vanguardpipe.com. (General Inquiries)  
techsupport@vanguardpipe.com. (Technical Questions about Products) 

a. Northern California 
 
Action Sales  
logsdond9@aol.com  
actionsales@volcano.net 
15650 Vineyard Blvd Ste.A #133  
Morgan Hill, CA 95037 
(408) 779-6773 
fax:(408) 779-1264 
 

b. Southern California 
 
Westmark Enterprises  
gregoryjustice@cox.net 
13450 Imperial Hwy. 
Santa Fe Springs, CA 90670 
(562) 921-6770 
fax:(562) 921-8150 
 

 
2. Uponor Wirsbo, Inc. PEX 

5925 148th Street West 
Apple Valley, Minnesota 55124 
Phone: 1-952-891-2000, Fax: 1-952-891-2008 
Url: http://www.wirsbo.com 
 
Dale E. Stroud, 
Director of Marketing 
Wirsbo 
5925 148th Street West 
Apple Valley MN 55124 
 Work: (952)997-4281 
Work fax: (952)891-1409 
Mobile: (612)803-6103 
Work: dstroud@wirsbo.com 
Work: www.wirsbo.com 
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3. IPEX, PEX 
T. Christy Enterprises 
655 East Ball Road, Anaheim, CA 92805 
Phone: 800-258-4583, Fax: 714-507-3310 
www.tchristy.com 

 
COPPER 
4. United States Copper and Brass, Copper pipe and tubing  

Rod, Bar & Tube Division 
1401 Brook Drive 
Downers Grove, Illinois 60515 
Phone: 1-800-821-2854 

 
5. Viega, Copper tubing 

3 Alfred Circle 
Bedford, MA 01730  
Phone: 1-800-370-3122 
 

6. Lowe’s Customer Care, Copper, CPVC 
Lowe's Companies, Inc. 
P.O. Box 1111 
North Wilkesboro, NC  28656 
Phone: 1-800-445-6937 

 
7. Home Depot Corporate Offices, Copper, CPVC 

Corporate Office:  Atlanta, GA 
Phone: 1-770-433-8211 

 
PIPE INSULATION 

 
8. Rubatex (pipe insulation) 

Rubatex International, LLC.   
906 Adams Street   
Bedford, Virginia 24523   
Telephone:  800.782.2839/540.586.2611   

 
PUMPS 

 
9. Lang Pumps 

sales@pumps-filters.com 
510.483.1212 
 

10. Taco Pumps 
Taco, Inc. 
1160 Cranston St. 
Cranston, RI 02920 
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Phone: (401) 942-8000 
FAX: (401) 942-2360 
 

11. Grundfos Pumps 
Grundfos Pumps Corporation U.S.A.  
17100 W. 118th Terrace,  
Olathe, KS 66061 
Phone: (913) 227-3400 - Fax: (913) 227-3500 

 
12. ACT, Inc. Metlund Systems, Demand Recirculation Systems  

3176 Pullman St. Suite 119 
Costa Mesa, CA 92626 
Phone: 1-800-638-5863, 1-714-668-1200, Fax: 1-714-668-1927 
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APPENDIX D: List of Builders 
  

1. Karen Van Winkle, Pardee Homes (San Diego) 
Karen.VanWinkle@pardeehomes.com 
Pardee Homes Corporate Office  
10880 Wilshire Boulevard, Suite 1900 
Los Angeles, CA 90024 
Tel. 310.475.3525 
Fax 310.446.1290 
 

2. Curt Honodel, Suncrest Homes (East Bay)  chonodel@suncresthomes.com 
 
3. Pat Henneberry, Castle & Cooke (Bakersfield), 

phenneberry@castlecooke.com 
 
4. Joel Harmon, Premier Homes (Sacramento)  joel@builtbypremier.com 
 
5. Linda Schieffelin, Clarum Homes (South Bay)  linda@clarum.com, 

lschieffelin@comcast.net 
 
6. Richmond American, http://www.richmondamerican.com/Default.htm 
Bay Area and Central Valley 
San Diego 
Sacramento 
Los Angeles 
Inland Empire 
Orange County 
 
7. DR Horton 
http://www.drhorton.com/ 
 
8. JR Pierce 

Roger Stevens 
916-434-9554 

http://www.jrpplumbing.com/home.htm 
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Task 2.3(a) Characterize Single Family Hot Water Distribution 
System (HWDS) Construction Practice (Revised: 2-17-06) 

 
Prepare Current Trends in California Single Family New Construction 
Report 
 
Background 
 
A search of the internet and other sources identified the available data on new California single 
family home characteristics that would impact the design and operation of hot water distribution 
systems (HWDSs).  The sources included the US Census Data 2004 for the Western Region and 
several major California homebuilders’ websites. 
 
California specific Census Data was limited.  It focused on occupant demographics and when 
data on the housing was included it was of the entire housing stock – not new homes.  This made 
the California specific data of limited use except to define the number of occupants per 
household and the size of overcrowded households.   
 
Data from a survey of California builders on the use of plumbing fixtures and piping was 
obtained from the National Association of Home Builders Research Center.   An analysis of the 
applicable portions of the data for 2003 and 1999 is included in this report.    
 
US Census Data 
 
A review of US Census Data showed that data on housing in California is focused primarily on 
demographic issues (renter, owner, race, length of occupancy etc.) and includes some physical 
characteristics (condition, existence of plumbing, etc) but these are presented in terms of the 
entire state housing stock.  It was not possible to identify useful new housing characteristics 
applicable to hot water distribution systems from the California specific data.    
 
The US Census Data on new housing characteristics is not California specific, but rather 
reflected in the Western Region of the US.  The Western Region includes the thirteen states from 
Colorado west to Alaska and Hawaii.  While this factor could potentially obscure unique 
California housing characteristics it is not considered a major factor because the California 
housing stock constitutes approximately 50% of the total housing stock in the Western Region 
(12.2 million units in California out of 24.4 million units in the Western Region in 2000).  In 
addition many of the more populous portions of the region share similar characteristics (climate, 
topography, etc) with portions of California.   
 
Given this it is felt that while the Census Data on new housing characteristics do not exactly 
portray California housing characteristics they provide a reasonable representation of them.  The 
potential for deviation is not viewed as having significant impact on the construction and 
operation of HWDSs.  The most recent available Census Data is from 2003-2004.  Also included 
is data from 1994, 1984 and 1974 to show the trends in the data over the past three decades. 
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Single family housing data were taken from http://www.census.gov/const/www/charindex.html. 
 
Foundation:   
1974 - Basement (28%), Slab (48%), Crawlspace (23%) 
1994 - Basement (23%), Slab (50%), Crawlspace (27%) 
1984 - Basement (17%), Slab (62%), Crawlspace (20%) 
2004 - Basement (15%), Slab (65%), Crawlspace (20%)  
 
Number of Stories:   
1974 - One (64%), Two or More (26%), Split Level (11%) 
1984 - One (57%), Two or More (36%), Split Level (7%) 
1994 - One (52%), Two or More (43%), Split Level (5%) 
2004 - One (46%), Two or More (56%), Split Level (<1%) 
 
Median and Average Floor Area:   
1974 - Median (1540 SF), Average (1660 SF) 
1984 - Median (1610 SF), Average (1785 SF) 
1994 - Median (1835 SF), Average (2025 SF) 
2004 - Median (2149 SF), Average (2352 SF) 
 
Distribution of Floor Area:  
 
SF <1200  1200-1599 1600-1999 2000-2399 2400-2999 >3000 
1974 21% 21% 33% NA 11% NA 
1984 17% 32% 23% 12% 16% NA 
1994 8% 23% 27% 17% 14% 11% 
2004 4% 18% 21% 18% 19% 21% 
 
Bedrooms:  
1974 - 2 or less (18%), 3 (59%), 4 or more (24%) 
1984 - 2 or less (25%), 3 (53%), 4 or more (21%) 
1994 - 2 or less (13%), 3 (55%), 4 or more (32%) 
2004 - 2 or less (9%), 3 (45%), 4 or more (45%) 
 
Bathrooms:  
1974 - 1.5 or less (25%), 2 (56%), 2.5 (20%), 3 or more (NA) 
1984 - 1.5 or less (14%), 2 (57%), 2.5 (29%), 3 or more (NA) 
1994 - 1.5 or less (4%), 2 (45%), 2.5 (29%), 3 or more (18%) 
2004 - 1.5 or less (3%), 2 (37%), 2.5 (31%), 3 or more (29%) 
 
Persons per Household:   
California in 2000 (2.87) http://quickfacts.census.gov/qfd/states/06000.html 
Single and multifamily California in 2004 (2.94) highest county (3.35) 
http://www.dof.ca.gov/HTML/FS_DATA/STAT-ABS/tables/i10.pdf 
 
Over Crowded Households in California in 2000: 
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>1 to 1.5 persons per room (6.1%), >1.5 persons per room (9.1%), 
http://factfinder.census.gov/servlet/QTTable?_bm=y&-geo_id=04000US06&-
qr_name=DEC_2000_SF3_U_DP4&-ds_name=DEC_2000_SF3_U&-redoLog=false 
NOTE:  Overcrowding is observed as more common in multi-family housing where the figures 
are somewhat higher than those shown above.  http://www.census.gov/prod/2003pubs/c2kbr-
32.pdf 
 
 
Information from Major Home Builders in California 
 
Pulte Homes in California  
A survey of 100 Pulte homes on the market in California during January 2006 reflected the 
following information from (http://www.pulte.com/homefinder/search_results.asp).  The Pulte 
homes surveyed tended to be larger and more expensive than the K&B and Centrex Homes.  The 
Pulte homes in many cases had one bathroom per bedroom which would explain the larger 
number of bathrooms provided.  In addition the larger houses dictated that they be two story in 
order to fit typical California lots. 
 
Number of Storey – One (29%), Two (71%) 
 
Number of Bathrooms – Two (11%), Two & Half (36%), Three (26%), Three & Half (11%), 
Four+ (16%) 
 
Number of Bedrooms – Three (23%), Four (51%), Five+ (26%) 
 
Floor Area –  <1200 SF (0%), 1200-1599 SF (3%), 1600-1999 SF (9%), 2000-2399 SF (18%), 
2400-2999 SF (36%), >3000 SF (33%) 
 
K&B Homes in the Greater Sacramento Area 
A survey of 40 K&B home designs in the Greater Sacramento area during January 2006 reflected 
the following information from (http://www.kbhome.com/Map~RegionID~34.aspx).  The K&B 
Homes tend to be smaller and more modestly priced.  This would partially explain the difference 
in the number of bathrooms provided.  The small houses enabled a larger portion to be built as 
one storey and still fit on typical California lots. 
 
Number of Storey – One (48%), Two (52%) 
 
Number of Bathrooms – Two (48%), Two & Half (52%)  
 
Number of Bedrooms – Two (3%), Three (67%), Four (18%), Five+ (12%) 
 
Floor Area –  <1200 SF (7%), 1200-1599 SF (20%), 1600-1999 SF (30%), 2000-2399 SF (20%), 
2400-2999 SF (23%), >3000 SF (0%) 
 
Centrex Homes in the Greater Sacramento and southern Central Valley Areas 
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A survey of 41 Centrex home designs in the Greater Sacramento and southern Central Valley 
area during January 2006 reflected the following information from 
(http://www.centexhomes.com/California/).  The Centrex Homes tend to be smaller and more 
modestly priced.  This would partially explain the difference in the number of bathrooms 
provided.  The small houses enabled a larger portion to be built as one storey and still fit on 
typical California lots. 
 
Number of Storey – One (49%), Two (51%) 
 
Number of Bathrooms – Two (32%), Two & Half (46%), Three (7%), Three & Half (7%), Four 
& more (8%)  
 
Number of Bedrooms – Three (61%), Four (46%), Five (7%) 
 
Floor Area – Specific information was not presented on their website. 
 
 
Other Information  
The following is a summary of the use of various plumbing piping and fixtures in new single 
family homes in California for 2003 and 1999. (Source: NAHB Research Center)  
 
Water Distribution Pipe Materials - % of new California residential construction using various 
materials 
 
1999 – Copper - 64%     2003 – Copper - 54%     
 CPVC - 10%     PVC or CPVC  - 37%  
 PEX (cross linked PE) - 10%   PEX (cross linked PE) - 7% 
 All other or no answer - 16%   PEX-AL-PEX (Kitec) - 2% 
 
Plumbing Fixtures – average number of hot water consuming fixtures installed in a new 
California home 
 
1999 – Lavatory sinks – 3.3  2003 – Lavatory sinks  - 3.5    
 Bath tubs – 2.1   Bath tubs - 2.1  
 Whirlpool baths – 0.3   Whirlpool baths - 0.4  
 Separate shower stalls – 0.7  Separate shower stalls - 1.0 
 Kitchen sinks – 1.0   Kitchen sinks - 1.0 

Bar sinks – 0.2   Bar sinks - 0.1  
Laundry tub/sink – 0.7  Laundry tub/sink - 0.8  
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Suggestions and Discussion 
 
Housing Characteristics - Based on the Census Data and the housing currently on the market 
from major builders in California the following six single-family houses are suggested as 
reasonably representative of the 2005/2006 market in area, number of bedrooms, number of 
baths, and number of stories.  Using an average of 2.9 persons per household as a guide the 
suggested number of occupants per house is shown in [x persons] after the description.  
Assuming a uniform distribution of the follow six house-types would yield an average of 2.8 
persons per household average. 
 
House 1.  ~1200 SF, two bedrooms, two baths, single story, (perhaps a condo), [1 person]  
 
House 2.  1200-1999 SF, three bedrooms, two baths, single story, [2 persons] 
 
House 3.  2000-2499 SF, three bedrooms, two & half bath, two stories, [3 persons] 
 
House 4.  2000-2999 SF, four bedrooms, two & half bath, single story, [3 persons] 
 
House 5.  3000-3999 SF, four bedrooms, three & half bath, two stories, [4 persons] 
 
House 6.  4000-4999 SF, five bedrooms, five baths, two stories, [4 persons] 
 
Taken as a uniformly distributed group these six houses somewhat exceed the area and number 
of bathrooms reflected in the 2004 housing characteristics data.   However, data from the past 30 
years indicates that these characteristics are steadily growing.  Since theses houses are intended 
to reflect conditions for the 2008 revision of Title 24, this increase is considered appropriate. 
 
Household Size - The number of person per household which impacts both overall hot water 
consumption and the pattern of that consumption will vary from the suggested occupancy shown 
above.  This will occur both between different houses of the same type and over time in any 
given house as families change in size and age.  For example, using a minimum of one person 
per household and a maximum of two-persons-per-bedroom as a rule of thumb, House 1 could 
have as few as one and as many four occupants.  House 2 could have as few as one and as many 
as six.   House 3 could have as few as one and as many as six.  House 4 could have as few as one 
and as many as eight.  House 5 could have as few as one and as many as eight.  House 6 could 
have as few as one and as many as ten.     
 
In addition the Census data indicated that some California residences were “crowded” (6.1%) 
and “severely crowded” (9.1%).  If it is assumed that living, dining, family, den, study, and 
bedrooms are counted as rooms in the overcrowded house data, then House 1 with four rooms 
and would be considered crowded with four occupants and severely crowded with six or more 
occupants.  House 2 with five rooms and would be considered crowded with five occupants and 
severely crowded with eight or more occupants.  House 3 with six rooms and would be 
considered crowded with six occupants and severely crowded with nine or more occupants.  
House 4 with seven rooms and would be considered crowded with seven occupants and severely 
crowded with eleven or more occupants.  House 5 with eight rooms and would be considered 
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crowded with eight occupants and severely crowded with twelve or more occupants. House 6 
with nine rooms and would be considered crowded with nine occupants and severely crowded 
with fourteen or more occupants. 
 
Given this potential broad range of occupancies it may be advisable to use both a “typical” and 
“high occupancy” water consumption rate and use pattern when evaluating the various options 
being considered in the revised Title 24. 
 
The Census data also suggests that overcrowding is related to ethnic and economic status.  It also 
observes that overcrowding is more pronounced in multifamily housing.  These factors suggest 
that overcrowding may not need to be considered in larger, more costly homes.  It is 
recommended that only Houses 1-3 be evaluated for overcrowding. 
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1 Overview 
As part of Subtask 2.3 of the PIER Hot Water project, six prototype floor plans were to 
be developed with “typical” hot water distribution system layouts.  This report documents 
the floor plans and piping layouts for the six houses.  All of the six prototypes are based 
on real production home floor plans.  The six selected floor plans were either part of the 
sixty sample field survey completed as part of Subtask 2.3 or were previously analyzed as 
part of the 2005 Title 24 Standards process for water heating distribution system 
performance.  Based on current new home construction characteristics, three of the floor 
plans were selected to be single story homes and the remaining three were selected as 
two-story.  The selected floor area ranges were intended to bracket reasonable floor area 
ranges for one and two-story homes, respectively, and also provide a midpoint house size.  
Table 1 summarizes the six house plans.   
 
 

Table 1:  Description of Prototype Floor Plans 
Plan Floor Area (ft2) Number of Stories Source of House Plan 

1,367 One 2006 Sixty Home Survey 
2,010 One 2005 Title 24 Evaluation 
3,080 One 2005 Title 24 Evaluation 
1,430 Two 2006 Sixty Home Survey 
2,811 Two 2005 Title 24 Evaluation 
4,402 Two 2006 Sixty Home Survey 

 
 
Characterization of “typical” layouts was based on volumetric data reported in the sixty 
home field survey (Task 2.3 project report entitled Field Survey Report:  Documentation 
of Hot Water Distribution Systems in Sixty New California Production Homes).  The field 
survey report found that the average entrained volume1 for conventional trunk and branch 
plumbing systems was 0.49 gallons per 1,000 ft2 of conditioned floor area.  Using this as 
a goal, the attached plumbing layouts were generated.  In some cases garage water heater 
locations were shifted to allow the resulting average volume to come in within 5% of the 
goal.  The resulting layouts are presented in the following pages.  The three single story 
layouts are followed by the two-story layouts that include an isometric drawing. 
 

                                                 
1 between the water heater and hot water end use points 
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Abstract 
 
The California Energy Commission (CEC) is updating the building energy efficiency 
standards (Title 24 regulations). Water heating is one of the largest energy end uses in 
residential buildings and therefore an important consideration in the building energy 
efficiency standards. Hot water draw patterns in residential buildings are used in the 
water heating energy calculations of the standards. To improve the calculations, we 
analyzed hot water draw patterns in single-family residences using data from a number of 
recent studies that monitored hot water use in single-family residences at time resolutions 
of 1 minute or less.  This report presents the volume of hot water use and the number of 
draws per day as a function of the number of people and as a function of conditioned 
floor area.  Hourly hot water use schedules are also presented. We compare the results 
from this study with the assumptions in the Title 24 calculations and with results from 
previous studies, and find that some of the assumptions should be modified.    
 

1.  Introduction 
 
The California Energy Commission (CEC) is updating the State’s energy efficiency 
standards for new buildings (Title 24 regulations). Water heating is one of the largest 
energy end uses in residential buildings and therefore an important consideration in the 
building energy efficiency standards.  
 
Hot water draw patterns in residential buildings are the basis of water heating energy 
calculations used by the standards. Hot water draw patterns are a record of the timing and 
volume of the flow of water from the water heater.  In residential buildings, this heated 
water is used by people for showers, baths, and washing at sinks.  Hot water is also used 
by dishwashers and clothes washers. 
 
There has been a dearth of field research regarding domestic hot water (DHW) systems in 
residential buildings.  This lack of field data has forced the standards to rely on 
assumptions and engineering calculations.   
 
There have been several studies that collected hot water use data from single-family 
residences in recent years.  Although none of these studies were done to find hot water 
draw patterns, the data collected in these studies can be used for that purpose.  The 
purpose of this study was to collect and analyze this data to provide a better 
understanding of hot water draw patterns, to improve the water heating energy 
calculations for the building standards. 
 
Using data collected from studies that monitored hot water use, we built a database of 
actual field use of hot water.  We used the data to determine volume of hot water use, 
number of draws and time since previous draw.  This data is reported daily and hourly.  
We also examined the relation between these parameters and the number of people in the 
house and the floor area of the house. 
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This report focuses only on single family homes and not on multifamily buildings.  A 
major difference between these is systems in multifamily homes often use a central 
distribution system that delivers hot water to individual units. The water heaters on 
central distribution system are different from the heaters used in single family homes.   
 

2. Overview of Domestic Hot Water Systems  
 
It is useful to think of DHW systems as consisting of four different parts.  The first is the 
water heater, the device that provides the hot water.  The second is the hot water 
distribution system (HWDS), the system of pipes that transports hot water from the water 
heater to the end-uses.  Occasionally in single family homes, this includes a recirculation 
system with pumps and controls to make sure hot water is available when and where 
needed.  The third part is the end-use fixtures (faucets, showers, baths, etc.) and 
appliances (primarily dishwashers and clothes washers) where hot water is drawn and 
used in the house.  The fourth part is the drain that conveys used hot water to the house 
sewage system. 
 
Residential water heaters for single family homes come in two main types, storage water 
heaters and tankless water heaters.  Tankless water heaters heat water as it is drawn. 
 
Storage Water Heaters 
 
Storage water heaters keep a tank of water hot and ready for use at all times.  Storage 
water heaters are in standby mode the majority of the time, usually all but a couple of 
hours per day. If the water heater is fully charged and the draw is short enough, it will not 
fire.  Because the storage tank acts like a buffer between the water draws and the energy 
use, energy use is not coincident with water use. The efficiency of a storage water heater 
is relatively independent of the flow rate, duration and spacing of draws.  The efficiency 
of a storage water heater does depend on the total amount of water drawn during a day. A 
lower amount of water delivered means the water heater will be in standby mode longer. 
The longer a water heater is in standby mode, and not delivering water, the lower its 
efficiency will be. 
 
Tankless Water Heaters 
 
Tankless water heaters are a minor, but apparently growing fraction of the small water 
heater market.  The efficiency of tankless water heaters declines as the length of the 
draws decreases.  It takes a few seconds after a draw has started for the burners to start 
firing.  As draw length decreases, the startup time becomes a larger fraction of the draw 
time (Davis Energy Group, 2006). This means that with a lot of short draws, a tankless 
water heater will have a lower efficiency than for a few long draws, even if the same total 
amount of water is drawn.  Thus to accurately calculate efficiency for tankless water 
heaters, draw patterns should represent the sporadic, event-driven use of hot water as 
found in actual households rather than hourly hot water use profiles. 
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Thus it is important to account for the number and length of draws in the standards 
calculations.  The current standard hourly hot water draw profile based on average 
gallons per hour for all hours of the day does not do this. 
 
Tankless water heaters require a certain minimum flow rate, typically between 0.5 and 
0.75 GPM, before the burner will fire. Users who desire hot water at flow rates below this 
rate will not get hot water and may change their hot water use patterns.  Because tankless 
water heaters generate hot water at the rate of use, they never run out of hot water.  This 
feature of never running out of hot water is one of the main sales points in advertising 
campaigns encouraging people to purchase tankless water heaters.  It is possible that 
people modify their shower lengths to take advantage of this feature.  These changes in 
behavior could lead to more hot water use, and thus increased energy use.   
 
Nearly all of the houses in the hot water draw patterns database used a storage water 
heater.  The information in the hot water draw patterns database can not be used to 
determine if people with tankless water heaters use more or less hot water than people 
with storage water heaters. 
 
Phases of a Hot Water Draw 
 
The type of draws made on a HWDS will impact the efficiency of the system.  Much of 
the hot water drawn from a water heater for a short draw on a long system will not get to 
the end-use point.  For a draw like that, the efficiency of the HWDS will be very low.   
 
The time since the previous draw is another important factor. To understand this, it is 
useful to consider the phases of a draw.  These are illustrated in the schematic of a hot 
water draw in Figure 1.  The upper trace shows the temperature of the water entering the 
pipe at the water heater.  The middle trace shows the temperature of the water reaching 
the use point. The lower trace shows the flow of water to the end use.  Part way through 
the draw the hot water flow rate drops. This is typical of a use, such as a shower, where 
the flow of hot water is adjusted when the consumer starts using it. 
 
The delivery phase lasts from the start of a draw until the water arriving at the end use 
point is sufficiently hot for use.  Depending on the time since the previous draw and the 
size, type and location of the hot water piping, up to half again as much water as is 
contained in the pipes may need to be drawn before water hot enough to use reaches the 
end use point.  And even though water may be hot enough to use, this does not mean that 
it will be used right away.  A typical example is a shower where the user does not get into 
it the instant hot water arrives, but is busy with other activities.  During this phase of a 
draw, the water being drawn is not used at all.  Not only is energy being wasted, so is the 
water. 
 
The temperature of water at the end use point, even after it has reached a steady-state, 
will be a few degrees cooler than the water leaving the water heater.  This is another type 
of energy loss caused by the HWDS.   
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After the use is completed, the hot water remaining in the pipe will start to cool off.  
Depending on the insulation level and the time until the next draw, it may or may not be 
hot enough to use for the next draw.  If the cooled off hot water in the pipe is flushed 
before hot water is used, the water heater energy originally used to heat the cooled off 
water is completely lost. 
 
Figure 1 Schematic of Hot Water Draw 

  

delivery phase cool-down phase

end of use

start of use

start of draw

temp arriving use 
point

temp leaving WH

hot enough

no longer hot enough

flow

time

te
m

pe
ra

tu
re

flo
w

  
 
Hot Water Draw Types  
 
The different types of hot water uses can be classified into five main categories.  Each 
category has its own type of loses.   These types are exemplified by showers, short draws, 
machine draws, machine draws with reheat, and baths. 
 
Showers and long draws at faucets where users wait until hot water is available are an 
example of the first type of draw. These type of draws are typically the most wasteful of 
water, because the cooled off hot water from the previous draw is thrown away while 
waiting for water that is hot enough to use. 
 
Short draws where the users don’t wait for hot water to arrive, such as at faucets, are a 
particularly energy inefficient type of draw. The user may not have actually desired to 
use hot water.  The convenience of lifting the handle straight up on a single lever faucet 
disguises the fact that water is being drawn from the water heater. So while a user might 
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have been satisfied with cold water, they caused hot water to leave the water heater. The 
draw ends before the delivery phase is completed.  A draw can be so short that no hot 
water is delivered to the end use. 
 
Machines such as clothes washers draw and use a certain amount of water regardless of 
whether it’s hot or not.  If the water in the HWDS upstream of the clothes washer has 
cooled off, the energy efficiency of these draws can be quite low as very little heated 
water is provided to the clothes washer. 
 
Machine draws with reheat are caused by end uses such as dishwashers.  If the water that 
arrives at the dishwasher is not hot enough, it will be heated with electrical resistance 
elements in the dishwasher. In these cases, the some of energy added to the water by the 
water heater was useless and redundant.   
 
Filling baths are among the most efficient type of draws.  No water is wasted, and all the 
cooled off hot water from the previous draw is used as part of the bath.  And the draws 
are typically long enough that the energy left in hot water cooling off in the pipes is only 
a small fraction of the total energy added to the drawn hot water by the water heater. 
 
The studies we used hot water draw data from did not identify the end uses of hot water.  
So this information is not available in the hot water draw patterns database.  Some studies 
have used the flow trace analysis of the flow rate and duration of water draws to identify 
likely end uses for each draw (Mayer et al., 2000 and 2003; Lowenstein and Hiller, 1996 
and 1998). This was done in two of the studies we collected.  Most of the flow data in the 
hot water draw patterns database was collected at one minute intervals.  We felt that the 
time resolution of this data was too low to accurately identify end uses.  Therefore, we 
did not attempt to assign end uses to draws. 
 
Hot Water Distribution Systems 
 
The efficiency of a HWDS depends on the configuration, insulation, location, controls (if 
any) and pattern of draws it supplies.  One configuration is the traditional trunk-and-
branch system with a main pipe analogous to the trunk of a tree supplying end use points 
at the end of smaller branch pipes.  Another configuration is a parallel pipe system, 
where, thin pipes run directly to each end use point from a manifold near the water 
heater.  These two configurations can actually be thought of as variations on a common 
design with parallel pipe systems just being a type of trunk-and-branch system with a 
very short trunk (the manifold) and very long branches (the parallel pipes).   
 
The studies we used hot water draw data from did not identify the configuration of the 
HWDS in the houses they monitored.  Thus from the hot water draw pattern database, we 
are not able to determine if HWDS of different configurations lead to different hot water 
use patterns.  
 
 
 



 9

 

3.  Water Heating Energy Use Calculations in the 2005 
Building Energy Efficiency Standards 
 
The 2005 Building Energy Efficiency Standards calculate water heater energy use as 
follows: 
 
  
 
where 
 
WHEU = water heater energy use, 
 
HWEU= hot water end use, 
 
DSM = distribution system multiplier, 
 
LDEF = load-dependent energy factor. 
 
The hot water end use is the energy content of the hot water used at fixtures or by 
appliances.  The end use is multiplied by a factor to account for losses in the distribution 
system.  The energy in the water delivered to the HWDS is divided by the field efficiency 
of the water heater (LDEF) to get the water heater energy use.  LDEF is an adjustment of 
the Energy Factor (EF) to account for the different efficiency of water heaters in the field 
than in the lab.  EF is the daily efficiency of water heaters tested according to the U.S. 
Department of Energy 24-hour simulated use test procedure.  This test is done with 
specified temperatures for water and air along with flow rates and timing of the hot water 
draws.   
 
To determine compliance, the energy use of a standard water heater with a standard 
distribution system is compared to the energy use of the proposed water heater with the 
proposed distribution system.  If the energy used by the DHW system in the proposed 
house is less than that used by the system in the standard house, the proposed house 
complies with the 2005 Standards. 
 
Hot Water End Use  
 
The calculation of hot water use in the 2005 standards uses an hourly schedule. This 
schedule (Table RG-1, Hourly Water Heating Schedules) comes in two forms, one for 
weekdays and one for weekends.  The hourly water heating schedule is the average 
fraction of total daily hot water used in each hour.  The schedule does not account for the 
types of draws or the very sporadic, event-driven way that hot water is used.  Both the 
type and the timing of draws can have a very large impact on both the water heater and 
HWDS efficiency.   
 

( )
LDEF

DSMHWEUWHEU ×=
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Distribution System Multiplier 
 
The 2005 standards assign a multiplier for different configurations of HWDS. The 
multiplier is intended to account for energy impacts of different HWDS configurations.  
To develop the standard distribution loss multipliers in the 2005 standards, the HWSIM 
model was used.  Although this model is driven by specific use patterns, only a small 
number of systems were considered, and the use patterns were based on engineering 
judgment, not field data. In HWSIM, use patterns are defined as the schedule of daily 
HW events (draws) where each event is characterized by time of occurrence, duration, 
and percentage of total daily use quantity. 
 
In the 2005 standards, the distribution system multipliers are adjusted for the floor area 
and the number of stories in single-family houses.  Larger houses typically have longer 
HWDS, and thus higher losses. However, the adjustment is capped for houses with more 
than 2500 square feet of conditioned space.   

4. Study Approach 
 
There have been a number of studies that monitored hot water use data from single-
family residences in recent years.  Although none of these studies were done to find hot 
water draw patterns, the data collected in these studies can be used for that purpose.   
 
We attempted to collect data from all the studies we found that included hot water flow 
recorded at intervals of 1 minute or less.  Appendix A describes each of the studies we 
used.  The data from each study was converted into a consistent format.  We excluded all 
data from any day that did not pass certain plausible criteria tests. After the quality 
control checks, the data were then loaded into the hot water draw database. We excluded 
from the analysis data from commercial buildings and multi-family buildings.  Appendix 
B describes the development of the database. 
 
Table 1 lists the characteristics of each of the 41 houses for which we were able to obtain 
usable hot water use data, along with the location.  For each house in the database, we 
included the number of residents and the conditioned floor area.  
 
The houses are primarily located in California (26) or Washington (10).  Although this is 
not a large sample and the studies were not attempting to be statistically representative, 
the hot water draw patterns should be reasonably representative of California houses. 
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Table 1. Houses Included in the Hot Water Draw Patterns Database 
 

House 

 
 
Study1 Location 

Number of  
Residents2 

Conditioned Floor 
Area (sq ft) 

Months 
Monitored3 

01 NUWH Marlborough CT 2 1800 3.5 
02 NUWH Wethersfield CT 4 2200 2.75 
05 NAHB Cleveland OH 2 1847 17.0 
06 NAHB Cleveland OH 3 2305 17.0 
07 NAHB Cleveland OH 4 2221 17.0 
08 AQSE Seattle WA 2 2200 0.5 
09 AQSE Seattle WA 3 2000 1.5 
10 AQSE Seattle WA 3 3000 2.0 
11 AQSE Seattle WA 1 1100 1.5 
12 AQSE Seattle WA 1 1200 1.5 
13 AQSE Seattle WA 2 1150 1.5 
14 AQSE Seattle WA 2 1400 1.0 
15 AQSE Seattle WA 2 1450 1.5 
16 AQSE Seattle WA 2 2000 2.0 
17 AQSE Seattle WA 7 860 1.5 
18 AQED Castro Valley CA 1 1300 1.5 
19 AQED Orinda CA 2 3500 1.5 
20 AQED Castro Valley CA 3 1332 2.0 
21 AQED San Leandro CA 2 2000 1.5 
22 AQED Alameda CA 2 2800 1.5 
23 AQED Oakland CA 2 1046 2.0 
24 AQED Oakland CA 2 n.a. 1.5 
25 AQED Danville CA 2 6000 1.5 
26 AQED Orinda CA 3 1400 1.5 
27 AQED Castro Valley CA 4 1500 1.5 
28 TIAX Santa Clara, CA 2 1400 20.8 
29 TIAX Oakland, CA 2 1200 17.0 
30 TIAX Santa Clara, CA 1 1200 14.6 
32 TIAX Coloma, CA 4 2100 17.2 
33 TIAX Placerville, CA 4 2000 16.6 
34 TIAX Newark, CA 4 1600 15.6 
36 TIAX Sacramento, CA 5 1600 6.3 
37 TIAX Huntington Beach, CA 4 2000 16.0 
39 TIAX Mountain View, CA 4 1200 27.2 
40 TIAX Riverside, CA 3 2200 15.2 
41 TIAX Santa Clara, CA 2 1500 20.8 
42 TIAX Santa Clara, CA 2 1400 20.8 
43 TIAX Santa Clara, CA 1 1335 19.8 
44 TIAX Fair Oaks, CA 6 1750 7.9 
45 TIAX Sonora, CA 2 1600 17.3 
46 TIAX Moss Beach, CA 2 1600 12.6 
 
 
1.  The studies are described in Appendix A.  
2.  For AQSE, average number of people per household during hot water monitoring is used.  For AQED, 
the number of people is averaged to the nearest integer from the data recorded during varying time periods. 
3.  The actual duration considered by LBNL for analysis may be +/- 1 week. 
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 The hot water draw pattern database contains the measured volume of hot water for each 
time interval when water flow was detected.  When it was available we also included the 
hot and cold water temperatures.  
 
The measured volume of hot water for each time interval was analyzed to calculate 
individual draws. For this analysis we considered a draw to be a period of uninterrupted 
flow of water through the water heater. When the flow stopped for at least one data 
recording internal, we considered that draw to have ended.  Our working definition 
means that overlapping draws for different uses are counted as one draw. It also means 
that two draws were separated by a time of less than the data recording interval, we may 
have considered them to be only one draw. 
 
For each draw we recorded the starting time and the duration.  We did not correct the 
start time and duration for flows that occurred for only a part of the monitoring time  
interval. From this data we calculated the time since the previous draw.  We also 
calculated and recorded the total volume for each draw 
 
We used this data to determine volume of daily hot water use and the number of daily 
draws.  We examined the relation between these parameters and the number of people in 
the house and the floor area of the house. 
 
The instantaneous flow of water was not measured in any of the studies.  The data are the 
volumes of hot water entering the water heater, measured in time increments of 1 minute 
or less.  This can sometimes be deceptive.  For example, a flow of 10 gallons per minute 
that lasts six seconds will total 1/10 of a gallon.  If such a draw was recorded during a 1 
minute data collection interval, it might be incorrectly considered as 0.1 gpm for 1 
minute. 

5.  Results 

Volume of Hot Water Use 
 
The average daily volume of hot water use among this sample of houses is 62.8 gallons.  
Most houses averaged between 20 and 80 (Figure 2). 
 
The average daily hot water use scales roughly with the number of residents in a house.  
As Figure 3 shows, however, there is a wide range of average hot water usage for houses 
with the same number of residents.  Average daily use per person ranges widely from a 
low of 6 gallons per day to a high of 40 gallons per day.  
 
The average daily hot water use correlates poorly with house area (Figure 4).  Factors that 
may be responsible for variation in hot water use among similar-sized houses include the 
number of residents, the ownership of hot water-using fixtures and appliances (especially 
large users of hot water such as a spa tubs), water heater inlet temperature, and variation 
in water use habits.  Because these were not consistently recorded in every monitoring 
study, it was beyond the scope of this study to analyze these factors.   
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Patterns of Hot Water Use 
 
Figure 5 shows the average hot water use over a 24-hour period for all of the sample 
houses.  This hourly hot water use schedule shows that usage is highest in the morning 
and in the 5-9 p.m. period, when dinner is prepared and dishes are washed. 
 
Figure 6 shows the hourly water heating schedule for weekdays, which exhibit more 
pronounced usage in the early morning.  The hourly water heating schedule for weekend 
days shows, as one would expect, higher hot water use later in the morning (Figure 7).  
 

Number of Draws 
 
The average daily number of hot water draws among the sample houses is 46.  Most 
sample houses averaged between 20 and 80 draws per day (Figure 8). 
 
The average daily number of hot water draws roughly correlates with the number of 
residents in a house.  As Figure 9 shows, there is a wide range of average hot water draws 
for houses with the same number of residents.  Indeed, in this sample, many houses with 
two residents averaged more draws per day than houses with four residents. The average 
daily number of hot water draws correlates poorly with house area (Figure 10). 

Pattern of Hot Water Draws 
 
Figure 11 shows the average temporal distribution of hot water draws over a 24-hour 
period on all days for all of the sample houses.  It shows a somewhat different pattern 
than the one for hot water volume, as there is a large number of lower-volume draws 
around dinner time. Figures 12 and 13 show the average distribution of hot water draws 
on weekdays and weekends, respectively. 

Hot Water Volume and Draws 
 
Figure 14 shows that there is a fairly good correlation between the average daily volume 
and the average daily number of draws. On average, the homes in our sample used 1.37 
gallons per draw. 
 

6.  Comparison with Other Studies and Water Heating 
Standard Calculations 
 
The calculation method for California’s residential water heating standards scales hot 
water use with the floor area of a new house.  The daily hot water consumption (in 
gallons) is calculated as: 
 
GPD (gallons per day) = 21.5 + 0.014 * CFA (conditioned floor area in sq.ft.) 
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Our results indicate that hot water use does not scale with floor area in a very predictable 
manner.  Figure 15 compares the actual GPD for the sample houses with the GPD 
calculated according to the above formula.  In the formula, CFA is capped at 2500 sq. ft. 
 
Although we were not able to analyze the relationship between hot water use and number 
of bathrooms, it is possible that inclusion of this factor would improve the accuracy of the 
GPD calculation. 
 
The calculation method for California’s residential water heating standards specifies an 
hourly water heating schedule for weekdays and weekend.  Figures 16 and 17 depict the 
schedules, and compare them with the results from this study.  The latter show a rather 
different pattern for weekdays.  The fraction of daily HW use in the morning is much less 
than in the standards calculation method, while the fraction in the afternoon and evening 
is higher.  Our results are in somewhat closer agreement with the standards calculation 
method for weekend days. 
 
The Florida Solar Energy Center (FSEC) published a review of HW draw profiles used 
for analysis of HW systems in 2004 (Fairey and Parker 2004).  (Note that the term “draw 
profile” refers to volume of hot water used, not number of draws.)  Based on their review, 
they concluded that: 
 
“The most defensible of the available hot water draw profiles are Becker (1990) and 
ASHRAE Standard 90.2 – Becker (1990) because it is based on the largest compilation of 
measured U.S. data to date, and ASHRAE Standard 90.2 because it is a national 
consensus standard sanctioned by ANSI.” 
 
Figure 18 shows the results from Becker (1990) and ASHRAE Standard 90.2, along with 
the comparable results from the current study (“LBNL” in the chart).  The patterns in our 
results are similar to the other two, but they show higher usage in the 5-7 a.m. period and 
less in the 7-9 a.m. period.  The afternoon and evening profiles are fairly similar. 
 

7.  Conclusions and Recommendations 
 
• The hourly water heating schedules used in the Title 24 water heating calculations 

should be replaced with the newer schedules using data from the studies in this report. 
  

• Although the data in this report indicate that the correlation of average daily hot water 
use with floor area is low, there is as yet no basis for changing the Title 24 calculation 
method. 

 
• The average number of draws per day is higher than expected.  This will have impacts 

on the start-up losses for tankless water heaters and losses in hot water distribution 
system. 
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• Investigating and collecting data from other studies for possible inclusion in the 
database would expand the number and type of houses in the database. 

 
• Further analysis of this database could help to revise the water heating energy 

calculations for the 2011 version of Title 24 so that it is more representative of hot 
water use in single family homes in California. 
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Figure 2.  Houses ranked by average daily hot water volume  
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Figure 3.  Average daily hot water volume vs. # residents 
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Figure 4.  Average daily hot water volume vs floor area 
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 Figure 5.  Hourly hot water use schedule: average all houses, all days 
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Figure 6.  Hourly hot water use schedule: average all houses, weekdays 
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 Figure 7.  Hourly hot water use schedule: average all houses, weekend days 
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Figure 8.  Houses ranked by average daily number of draws 
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Figure 9.  Average daily hot water draws vs # of residents 

 
Average daily hot w ater draw s vs #  of residents

0

20

40

60

80

100

120

140

0 1 2 3 4 5 6 7
residents# 

a
v
g

 #
 d

a
il
y
 d

ra
w

s

 
  
Figure 10.  Average daily hot water draws vs floor area 
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Figure 11.  Average hourly hot water draw schedule, all houses, all days 
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 Figure 12.  Average hourly hot water draw schedule - all houses, weekdays 
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Figure 13.  Average hourly hot water draw schedule - all houses, weekend days 
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Figure 14.  All houses: average daily volume vs average daily # draws 
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Figure 15.  Average daily hot water volume vs floor area: actual data vs CA water heating standard 
calculation method 
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 Figure 16.  Hourly hot water use schedule, weekdays:  CA water heating calculation method vs. this 
study 
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Figure 17.  Hourly hot water use schedule, weekends: CA water heating calculation method vs. this 
study 
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Figure 18.  Hourly hot water use profiles, all days, this study and two others 
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Appendix A: Studies Included in Hot Water Draw 
Database  
 
We looked for studies that included hot water flow data recorded at intervals of 1 minute 
or less.  We identified 15 studies that monitored a total of approximately 150 homes.  At 
this point we have not been able to get the field-monitored data for all the studies.  The 
following section describes the studies that we included to date.   

Northeast Utilities Tankless Electric Water Heater Study 
  
The field evaluation in this study by Johnson Research, LLC helped Connecticut Light 
and Power, an operating company of Northeast Utilities, learn about the operating 
characteristics of whole-house electric tankless water heaters.  The study consisted of two 
houses. The tankless electric water heaters were tested and compared to customers' 
existing gas and electric storage water heaters for alternate weeks for approximately three 
months during 2003-2004. Data was collected at one-minute intervals.  Flow and 
temperature data from the two houses were made available for our study. 

National Association of Home Builders Research Center Study 
   
The purpose of the study by the NAHB Research Center was to provide potential users of 
geothermal water heating systems with information to increase confidence in sizing 
methods and system performance.   
 
The study consisted of five recently built-homes in the greater Cleveland, Ohio area. The 
houses were monitored for one-minute intervals over a period of approximately 17 
months in 1996-1998.   Flow and temperature data for three houses were made available 
for our study. 
 
The National Renewable Energy Laboratory (NREL), the U.S. Department of Energy, 
and the Geothermal Heat Pump Consortium, Inc. funded this study. 

Aquacraft Seattle Home Water Conservation Study 
 
The Seattle Home Water Conservation Study was a detailed study Aquacraft consulting 
of the impacts and acceptance of high-quality water conservation fixtures and appliances 
in single-family homes.   
 
The study was a before-and-after paired comparison of water use patterns from single-
family homes in Seattle, Washington. It measured the impact of a variety of indoor water 
conservation measures on both aggregate and individual water use patterns.  Ten houses 
in the Seattle area were monitored for periods ranging between 2-8 weeks in 1999-2000. 
Data was recorded every 10 seconds.  Flow data from all ten houses were made available 
for our study.  
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The study was funded with a grant from the U.S. Environmental Protection Agency and 
Seattle Public Utilities. 

EBMUD Indoor Residential Water Conservation Study 
 
The East Bay Municipal Utility District (EBMUD) Indoor Residential Water 
Conservation Study evaluated the impacts and acceptance of high-quality water 
conservation products in single-family homes.  
 
This study by Aquacraft measured the impact of a variety of water-using fixtures and 
appliances through a before-and-after paired comparison of water use patterns from a 
sample of 33 single-family homes in the EBMUD service area. Of these 33 houses, hot 
water use was recorded for 10 houses for 6-8 weeks in 2001.  Flow data from all 10 
houses were made available for our study. 
 
The U.S. Environmental Protection Agency and the East Bay Municipal Utility District 
(EBMUD) funded this study. 

Market-Optimized Heat Pump Water Heater Field Study 
 
The purpose of this project by TIAX was to refine the design of a market-optimized heat-
pump water heater through both laboratory and field-testing.  This study originated from 
a prior project, which was funded by the U.S. Department of Energy’s Oak Ridge 
National Laboratory, on which TIAX and Energy Management Institute (EMI) developed 
and tested two generations of prototype market-optimized HPWHs. This study provided 
supplemental information to the project's final report. 
  
TIAX and EMI conducted a field test in 20 California homes, with data recorded every 1 
minute, in 2002-2003.  The monitoring period varied from 6 to 27 months.  Flow and 
temperature data for 16 residential sites were made available for our study.   
 
The Public Interest Energy Research (PIER) program, managed by the California Energy 
Commission (CEC), funded this study.   
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Water and Waste Water Tariffs for New Residential Construction in California 
 

1.   Introduction 
 
Title 24 contains guidelines requiring a certain level of energy efficiency in new 
residential construction in California.  These guidelines may be changed to include 
measures that save energy by reducing hot water consumption of water using appliances 
and fixtures.  Some changes may also reduce the amount of waste water released to the 
sewer.    In order to calculate the full value of such reductions to the consumer, it is 
necessary to determine and include the marginal cost of the water saved. 
 
2.   Sample Selection and Data Collection 
 
In order to do this, we collected water and waste water tariffs in California cities and 
counties where there is a high level of new residential construction.  We determined the 
areas for which we would gather data by first obtaining data from the Construction 
Industry Research Board, an institution which compiles construction related statistics 
within California.  We purchased a data set which listed the number of new single family 
homes and units of multi-family housing built in each California city plus the 
unincorporated areas of each county in the year 2004.  We summed the number of single 
family homes and number of units of multifamily homes, and then ordered the data from 
highest to lowest number.  We then began to gather data on residential water and waste 
water tariffs for the top 100 cities and county unincorporated areas on this list.  The list 
included 79 cities and the unincorporated areas of 21 counties. 
 
For each city or county, we first looked at that location’s website – all 100 of the cities 
and counties on our list have an official website.  We then looked for current water and 
waste water tariffs on these websites.  We found that residential water tariff information 
was available online for 64 cities and 1 county (El Dorado) and that waste water 
information was available for 54 cities and 1 county (El Dorado).  However, for 
approximately half of these locations, it was necessary to contact someone for 
clarification or further information.   For example, some cities only listed the tariff 
information for single family homes on their websites, and it was necessary to contact 
city staff for information on tariffs for multi-family residences. 
 
For each city or county in our top 100 which did not have its tariff information on its 
website, we tried to identify a contact person or office, and then emailed or telephoned 
for more information.  If the city had a “utilities” department, that is generally who we 
contacted.  Otherwise, we would contact their “billing” or “finance” department.  In the 
case of the counties, we generally contacted their planning or land development division, 
and asked the contact to identify the names of the two or three largest residential water 
and waste water service providers in unincorporated areas of the county.  Once these 
were identified, we went to the provider’s website to look for tariff information, and 
contacted them directly by email or phone if such information was not on their website. 
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This process has proven to be quite labor intensive.  To date we entered data into our 
database on residential water tariffs for 74 cities or counties, and on residential waste 
water tariffs for 65 cities or counties.  The cities and counties for which we have water 
tariffs account for 64% of all new housing units built in 2004, and for waste water tariffs 
we have 57% coverage.   Table 1 lists all of the utilities for which data was entered.  The 
rest of this report describes what we found for those localities.  We also describe the 
structure of the database, and some of the assumptions made when entering data. 
 
Table 1.  Utilities Entered into Water TAP Database 
Name of Utility Utility Type* 
Apple Valley Ranchos Water Company DW 
Beaumont-Cherry Valley Water District DW 
Calaveras County Water District B 
California Water Service Company DW 
Carlsbad Municipal Water District B 
City of American Canyon, Water Department B 
City of Bakersfield, Public Works Department, Wastewater Division WW 
City of Beaumont WW 
City of Brentwood B 
City of Ceres B 
City of Chino B 
City of Chula Vista, Public Works Department WW 
City of Clovis, Public Utilities B 
City of Folsom B 
City of Fresno, Public Utilities Department B 
City of Hayward B 
City of Lincoln WW 
City of Livermore B 
City of Loma Linda, Water/Sewer B 
City of Los Angeles, Bureau of Sanitation WW 
City of Los Banos B 
City of Merced B 
City of Oceanside B 
City of Orange DW 
City of Oxnard Water Division DW 
City of Riverbank, Water and Sewer B 
City of Riverside, Public Utilities Department B 
City of Roseville, Environmental Utilities B 
City of Sacramento B 
City of San Diego, Metropolitan WasteWater Department WW 
City of San Diego, Water Department DW 
City of San Jose WW 
City of Santa Maria, Wastewater Services WW 
City of Santa Maria, Water Services DW 
City of Santa Rosa B 
City of Stockton, Municipal Utilities Department B 
* DW = water, WW = waste water, B = Both
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Table 1.  (continued) Utilities Entered into Water TAP Database 
Name of Utility Utility Type* 
City of Tracy B 
City of Turlock B 
City of Vallejo, Water Department DW 
City of Yuba City B 
Coachella Valley Water District B 
Contra Costa Central Sanitary District WW 
Corona, Department of Water and Power B 
Crestline Sanitation District WW 
Cucamonga Valley Water District B 
Dublin San Ramon Services District B 
East Bay Municipal Utility District B 
Eastern Municipal Water District B 
El Dorado Irrigation District B 
Elsinore Valley Municipal Water District B 
Fairfield Municipal Utilities DW 
Fontana Water Company DW 
Hesperia Water District B 
Indio Water Authority DW 
Inland Empire Utilties Agency WW 
Irvine Ranch Water District B 
Los Angeles County Sanitation Districts WW 
Los Angeles County Waterworks Districts DW 
Los Angeles Department of Water and Power DW 
Mission Springs Water District B 
Newhall County Water District DW 
Otay Water District DW 
Paso Robles Wastewater Division B 
Pinon Hills Water District DW 
Placer County Water Agency DW 
Redding Municipal Utilities Department B 
Sacramento County Sanitation District 1 WW 
Sacramento County Water Agency DW 
San Clemente, Water & Sewer B 
San Francisco, Public Utilities Commission B 
San Jose Municipal Water DW 
Sweetwater Authority DW 
Vallecitos Water District B 
Victor Valley Water District DW 
West Sacramento Public Works B 
* DW = water, WW = waste water, B = Both 
 

3. Structure of Tariffs 
 
Although there is a great deal of variation in tariff structures, there are also some features 
which are common to most.  Most tariffs include a fixed monthly cost that is independent 
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of the quantity of water consumed, or waste water released.  The fixed monthly cost is 
usually based on the water meter size in inches; the larger the meter size, the larger the 
fixed monthly cost.   Sometimes the fixed monthly cost is based on other factors, such 
as lot size or climate zone. 
 
In addition, nearly all water tariffs include a quantity charge for the amount of water 
consumed.  This quantity is usually measured in units of hundred cubic feet, or HCF.  
One HCF equals 748 gallons.  A few utilities charge in units of thousands of gallons 
instead.   
 
The most common water tariff structure we found was a fixed monthly cost based on 
meter size, plus a single rate for the quantity charge.  Nearly half (45%) of the tariffs in 
our database have this structure.   
 
Most of the rest of water utilities have quantity charges that are tiered.  For example, a 
utility may charge $1.25 per HCF for the first 10 HCF per month, $1.50 for the next 10 
HCF, and $2 for each additional HCF after that.  Nearly all utilities that have tiered rates 
have ascending rates, i.e. where the charge per HCF goes up as usage goes up.  This rate 
structure helps to encourage water conservation.   
 
A few utilities base the cutoff points between tiers on factors such as climate zone or lot 
size.  There was one utility in our sample, Irvine Ranch Water District, which bases the 
cutoff point between tiers on a complex formula that includes number of residents, lot 
size (for single family and townhomes), and an evapotranspiration index as recorded by 
three local weather stations (residences are divided into three climate zones and the data 
from one of the three stations is applied).     
 
Some utilities also add a surcharge on its quantity rate for residences located at high 
elevations, to recover the additional cost of pumping water uphill.   
 
Most waste water tariffs (74%) include a fixed monthly cost only.  Those that include a 
quantity charge base it on metered water consumption and then apply a formula to 
estimate what fraction of this water is released to the sewer.  This is discussed in more 
detail in the results section below. 
 
4.  Structure of Database 
 
The database contains 4 tables.  The utility table contains basic information about the 
water and waste water utilities, including name, type of utility (water, waste water or 
both), dates of summer and winter season (if any), etc.  The Utility_Cities table contains 
information about which cities are covered by a given utility.  The tariff table contains 
basic data on each tariff of each utility, indicating who is covered by the tariff based on 
meter size and other parameters, and also giving effective dates of the tariff when 
available.  The component table, which will be described in more detail below, breaks 
each tariff down into components, each of which has one unique rate associated with it. 
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Tables A-1 through A-4 in the Appendix list each field in each table, along with a brief 
description of what the field contains.   
 
Water and wastewater tariff documents typically contain the rates charged for several 
different classes of customers.  When entering tariffs into the database, each “tariff” in 
our database consisted of all the charges that a particular class of customer might see.  
This meant, for example, that if there was a different fixed monthly cost depending on the 
customer’s meter size, a separate tariff was entered for each meter size.  Thus, one tariff 
document might yield a dozen separate tariffs in our database, one for each meter size.  If 
there were different climate zones, the charges in each climate zone would comprise a 
separate tariff.  .   
 
Each tariff was further broken down into “components”, and this information was stored 
in the “components” table.  For any given tariff, each component has one unique rate 
associated with it.  So, for example, a tariff which consists of a fixed monthly charge of 
$15/month, and water consumption charges in three tiers, of say, $1.00 per HCF (hundred 
cubic feet, or 748 gallons) for the first 5 HCF, and $1.50 per HCF for the next 5 HCF, 
and $2.00 per HCF for all additional HCF, would have 4 components in our components 
table – one for the fixed charge, and one each for each of the three tiers.  There is also a 
“group” field, and “sequence” field, to indicate which charges go together and in what 
sequence.  In the example given here, the fixed monthly cost would be a group with one 
element, and the three tiers would be a second group containing a total of three elements.   
 
5.  Results 
 
Our database currently includes tariff information for 41 providers of both water and 
waste water services, 21 providers of water services only, and 13 providers of waste 
water services only.  Adding these together, we have a total thus far of 75 companies or 
governmental agencies, of which 62 provide water service and 54 provide waste water 
service. 
 
Nearly all of the water tariffs in our sample also include a quantity charge based on 
metered water consumption.  In California, it has been a requirement since 1992 that all 
new construction include a water meter.  Since that law went into effect, most water 
providers have chosen to base tariffs on water consumption, but a few have not.  In our 
sample, we found that only 4 out of 62 water service providers (6%) have flat rates for 
new residences.  The largest of these is the City of Sacramento, which is on record as 
opposing metered water rates. 
 
For those tariffs which have rates based on water consumption, we determined what the 
marginal rate would be for the 11th HCF consumed in a month (10 HCF per month is a 
typical quantity for residential water consumption).  Since each utility might have several 
tariffs based on meter size, but with the same marginal rate, for each utility we identified 
the unique marginal rates.   For 4 utilities, the value was $0, because even though those 
utilities do have a water consumption charge, there is a certain amount of water usage 
that is included in the monthly fixed fee, and the 11th HCF fell below this amount.  Of the 
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non-zero values, the lowest was $0.24/HCF, and the highest was $5.28/HCF.  This high 
value was for a utility which has what we refer to as a “disappearing” block structure, i.e. 
the lower rate for the first 0 to 10 HCF is lost if an 11th HCF is consumed, so the effective 
rate for the 11th HCF is the rate for that HCF plus the additional charge that is incurred on 
HCF 0 to 10.   The unweighted average value for the 11th HCF, including the zeroes for 
flat rate tariffs, was $1.40.  The average of the non-zero values was $1.52/HCF.  Figure 1 
shows the distribution of charges for the unique tariffs. 
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Figure 1.  Distribution of Marginal Rates for Water Consumption (11th HCF in a 
month) 
 
For waste water, we found that 41 out of 54 service providers (76% of our sample) have 
flat rates that are completely independent of water consumption.  Of the remaining 13 
there are 6 who base their rates on metered water consumption during a base period in the 
previous winter – the rates are fixed for a year based on the last year’s water consumption 
and then adjusted once a year.    The remaining 7 base their rates on each month’s 
metered water consumption.  Sometimes the utilities apply an additional multiplier to 
estimate what fraction of water use (whether it’s winter water use or monthly metered 
water) is released to the sewer (typically 75% to 90%).  For those utilities that apply such 
a multiplier, we multiplied the nominal rate per HCF times this multiplier to calculate the 
actual charge per metered HCF, and entered the actual charge into our database.  For 
example, if a utility has a nominal sewer charge of $2.00/HCF, and multiplies 90% times 
metered water use to estimate sewer use, we multiplied $2.00 times 90% and entered 
$1.80/HCF into our database, since this is the effective charge per HCF of metered water 
use. 
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Of the 13 companies that base sewer rates on water use, there were 2 that only based it 
loosely on water consumption within broad categories.  For example, a city might charge 
$10/month for users whose estimated sewer use is 0 to 5 HCF, $15/month for 6 to 10 
HCF, and $20/month for 11 or more HCF.  We modeled this in the database by counting 
the $10 charge for the lowest usage category as a fixed monthly cost (since all users pay 
at least this amount).  We entered consumption charges of $0/HCF for the first 5 HCF, 
$5/HCF for the 6th HCF (this is the additional cost incurred by the 6th HCF since it bumps 
the user up into the next category), $0 for the 7th through 10th HCF, $5 for the 11th HCF, 
and $0 for all additional HCF. 
 
There were 17 unique tariffs for the 13 companies which have consumption charges (4 
companies had different rates for multifamily residences than for single family).  We 
calculated the charge for the 11th HCF consumed in a month.   There were 4 tariffs out of 
17 where the marginal rate was $0.  The lowest non-zero value was $0.47/HCF, the 
highest was $11.54/HCF.  The highest value was from one of the two that bases its rates 
on categories of consumption, as described above.  The 11th HCF is the transition from 
one category to the next highest, thus the marginal cost for that one HCF is quite high.   
 
The average marginal cost per HCF of waste water, including zeroes for all 41 of the flat 
rate utilities, was $0.74/HCF.   The average of the non-zero values was $3.23/HCF.   
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Appendix 
 

This appendix lists all of the fields in each of the four Water TAP database tables.  There 
is a brief description of each field, and the types of values it contains. 
 
Table A-1.  Fields in the Utility Table of the Water TAP Database 

Field Name Data Type Field Values Description and Notes 

util_id AutoNumber 
Positive 
integers The unique identifier for each utility. 

Epa_id Text(20)  

Reserved for entry of EPA Safe Drinking 
Water Act ID of the utlity – not currently 
populated 

Util_type Text(2) 
DW, WW or 

B 

DW = provider of water only, WW = provider 
of waste water services only, B = provides 
both 

Name Text(200) Text Common name of the utility 

state_id text(2) Two letters 
Two letter abbreviation for state in which 
utility is located (CA for this project) 

Pop_served Long Integer 
Positive 
integers 

The number of people served by the utility.  
Entered when available. 

Conn_served Long Integer 
Positive 
Integers 

The number of service connections.  
Entered when available. 

date_entered Date/Time dates Date when utility entered into database 

date_expired Date/Time dates 

When applicable, "date_expired" is the date 
when utility data found to be out of date. 
This can occur when a utility merges with 
another utility (not populated, available for 
future use) 

last_update Date/Time dates 
Last time information was updated and/or 
verified for this utility. 

ownership Text(50) 

Municipal, 
County, 
Private 

Ownership of the utility.  Entered when 
available. 

website Text(100) text Main web page address for the utility 
Website_tariff Text(255) Text Web page on which tariff data was found 

Month_summer_be
gins Integer 1 through 12 

For utilities with seasonal rates, the month 
in which the summer season begins 

Day_summer_begi
ns Integer 1 through 31 Day on which the summer season begins 

Month_summer_en
ds Integer 1 through 12 Month in which the summer season ends 

Day_summer_ends Integer 1 through 31 Day on which summer season ends 

Comments Text(255) Text 
Comments or notes from person who 
entered the data. 
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Table A-2.  Fields in the Tariff Table of the Water TAP Database 

Field Name Data Type Field Values Description and Notes 
Tariff_id AutoNumber Whole numbers Unique identifier for each tariff  
Tariff_type Text(2) DW or WW DW = water tariff, WW = waste water 
Schedule Text(100) Text Utility specified “common” name for the 

tariff 
Schedule_code Text(50) Text Official utility document designation (if any) 

for this tariff (e.g. WA-1) 
Util_id Long Integer Whole number Utility identifier for this tariff 
State Text(2) 2 letter state 

code 
State in which tariff is offered 

Market Text(1) R,C,A or G R = residential, C = commercial, A = 
agricultural, G = general 

Submarket Text(10) SFR or MFR SFR = single family residence, MFR = multi-
family building 

Geog_area Text(100) Text geographic area covered by this tariff.  If 
blank, geographic area is equal to  entire 
service territory of the utility. 

Billing_period Text(2) D, M, B, Q or A D = daily (although customers are not billed 
daily, this code is used when tariffs list rates 
on a per day basis) M = Monthly, B = 
bimonthly, Q = quarterly, S = semi-annually, 
A = Annually 

Metersize Text(10) Text A text description of the meter size(s) covered 
by the tariff, e.g “5/8”, “less than 1”, etc. 

Meternum Number(single) 0.625 up to 18 A number for the meter size to which the 
tariff applies.  If it applies to more than one 
szie, the largest is entered 

Param1 Text(100) Text description of first parameter (other than 
meter size)  determining which customers are 
covered by this tariff.  E.g. lot size = 0 to 
7000 sq. ft, Temperature Zone = moderate, 
etc. 

Param2 Text(100) Text description of second parameter determining 
which customers are covered by this tariff 

Addparams Text(100) Text description of any additional parameters that 
determine which customers are covered by 
this tariff 

Base_begin_mon
th 

Integer 1 – 12 for tariffs based on consumption in a base 
period, month base period begins 

Base_begin_day Integer 1-31 for tariffs based on consumption in a base 
period, day base period begins 

Base_end_month Integer 1-12 for tariffs based on consumption in a base 
period, month base period ends 
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Table A-2 (continued).  Fields in the Tariff Table of the Water TAP Database 
 

Field Name Data Type Field Values Description and Notes 
Base_end_day Integer 1-31 for tariffs based on consumption in a base 

period, day base period ends 
Adjust_month Integer 1-12 for tariffs that adjust once a year based on 

previous consumption, month adjustment is 
done 

Adjust_day Integer 1-31 for tariffs that adjust once a year based on 
previous consumption, day  adjustment is 
done  

Last_update Date/time Date last time the data for this tariff was updated 
and/or verified 

Date_entered Date/time Date date when tariff was entered into database 
Doc_date_effecti
ve 

Date/time Date official utility document date tariff goes into 
effect 

Doc_date_expire
d 

Date/time Date official utility document date tariff expires 

Description Memo Text utility provided description of this tariff 
Notes Memo Text comments regarding the tariff model 

assumptions or approximations 
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Table A-3.  Fields in the Component Table of the Water TAP Database 

Field Name Data Type Field Values Description and Notes 
Component_id AutoNumber Whole 

Numbers 
Unique identifier for the tariff component 

Tariff_id Long Integer Whole 
Numbers 

Tariff this component is part of 

Group_id Integer Whole 
Numbers 

used to group like components (e.g. fixed 
charges with other fixed charges, consecutive 
tiers in a block structure) 

Sequence Integer Whole 
Numbers 

identifies the order of a block within a group 

Rate Number(single) Positive number the rate associate with this component 
Rate_type integer 1-4 1= actual consumption $/HCF, 2 =  

consumption during a base period ($/HCF) 3 
= fixed ($/billing period) 4 = actual 
consumption, $/TG 

Months Text(1) A, W or S A = all, S = Summer, W = Winter 
Max Number(single) Positive number upper limit of consumption range to which 

the rate applies.  Lower limit is defined by 
max of preceding block 

Max_type Integer 1-4 1 = metered HCF, 2 = HCF during a base 
period, 3 = percent relative to a base period, 4 
= metered TG 

Altmax Number(single) Positive number some blocks may have two alternative 
maximums -- e.g. 125% of previous 
December usage or 28 HCF, whichever is 
greater 

Altmax_type Integer 1-4 1 = metered HCF, 2 = HCF during a base 
period, 3 = percent relative to a base period, 4 
= metered TG 

Logic Integer 1 or 2 relationship between max and altmax.  1 = 
"or" 2 = "and" 

Component_name Text(100) Text component name 
Group_name Text(50) text name for this component group 
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Table A-4.  Fields in the Utility_Cities Table of the Water TAP Database 

Field Name Data Type Field Values Description and Notes 
City_id AutoNumber Whole numbers unique identifier of this city, county 

unincorporated area, or section thereof 
Util_id Number Whole numbers Identifier of utility which serves this city 

or section of a city 
City_name Text(100) Text Name of the city (or county 

unincorporated area) 
Section Text(50) Text The geographic area of the city ( or 

county unincorporated area) covered by 
this utility.  Could be "all", or "west of 
highway 99", for example 
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Abstract 
 
Residential water heating is an important consideration in California’s building energy efficiency 
standard. Explicit treatment of ground-coupled hot water piping is one of several planned 
improvements to the standard. The properties of water, piping, insulation, backfill materials, 
concrete slabs, and soil, their interactions, and their variations with temperature and over time 
are important considerations in the required supporting analysis. Heat transfer algorithms and 
models devised for generalized, hot water distribution system, ground-source heat pump and 
ground heat exchanger, nuclear waste repository, buried oil pipeline, and underground electricity 
transmission cable applications can be adapted to the simulation of under-slab water piping. A 
numerical model that permits detailed examination of and broad variations in many inputs while 
employing a technique to conserve computer run time is recommended. 
 
 
1. Introduction 
 
California’s Title 24 standard for residential energy efficiency (CEC 2004; CEC 2005) is 
scheduled for revision in 2008. Among many improvements will be the more detailed and 
realistic treatment of residential water heating systems. Hot water distribution piping is often 
placed under slab floors in California residences. Proper determination of the instantaneous and 
seasonal thermal efficiency of this distribution system configuration is to be an important 
component of the improved water heating directive. An appropriate model must be developed for 
this purpose. 
 
 
2. Analytical Requirements for the Model 
 
Many factors affect the thermal efficiency of under-slab hot water distribution piping. The 
factors that should be accounted for in a rigorous system model are summarized below. 
 
• The hot water temperature, thermal conductivity, density, specific heat, and flow rate are 

important parameters in any distribution system model. Variations in the thermal properties 
with temperature must be considered. 

 
• Copper, polyvinyl chloride (PVC), chlorinated polyvinyl chloride (CPVC), high-density 

polyethylene (HDPE), polypropylene, and polybutylene can be used for under-slab hot water 
distribution piping. Various types of insulation can be placed around the piping. Thermal 
conductivity, density, and specific heat values of the piping and insulation, and their variations 
as functions of temperature, if significant, are important model inputs. 

 
• Piping length, wall thickness, and friction factor affect distribution system efficiency. Typical 

under-slab hot water piping has short vertical lengths at the inlet and outlet locations, and a 
much longer horizontal length between them. Although it is tempting to disregard the short 
inlet and outlet segments to simplify a model, these components are important because of the 
heat losses and resistances to fluid flow that they comprise. 
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• Fine gravel, sand, cementitious grout, clay, and loam can be used as backfill around the hot 
water piping and directly under the slab. The thermal properties of the backfill materials in 
both of these locations, as well as those of the concrete slab and surrounding soil, must be 
taken into account. The base temperatures of these materials vary with time of year, and their 
properties vary with moisture content. Additionally, the model must consider the presence and 
migration of groundwater, which dramatically affects the thermal properties of soil. The model 
must also treat the vertical asymmetry of the materials involved; in particular, it must 
incorporate the thermal reservoir effect of the soil or ground below the piping and the 
convective pool of the large air space above the slab. 

 
• Hot water, unlike heating, cooling, and ventilation, demand derives from multiple end uses. 

Consequently, it exhibits complex temporal variations—hourly, daily, seasonal, etc. The 
resulting water draw patterns drive cyclical, sporadic, and transient piping heat losses that must 
be characterized accurately to determine distribution system efficiency for any time interval of 
interest. The most useful model will be one that permits wide variability in the calculational 
time step. 

 
• The heated water remaining in the piping after a given hot water draw event is left to reach 

thermal equilibrium with its surroundings. Depending on the water temperature, piping, 
backfill, slab, and soil properties and configuration, and timing of the next draw event, this 
equilibrium might or might not be reached. Thus, the temperature of the residual water 
encountered by the next flux of hot water is highly variable. To further complicate the model 
requirements, any one of the following interactions between the next flux of hot water and the 
residual water might occur: (1) the hot water might drive the residual water through the piping 
ahead of it; (2) the hot water might mix with the residual water; or (3) the hot water might flow 
over the residual water, with accompanying conductive and convective heat exchange. 
Furthermore, due to the combined influences of all variables under consideration, this 
interaction might be different for each time step (draw event). 

 
 
3. Related Data 
 
Many material properties and variations that could be used in an under-slab piping model have 
been published in the technical literature. 
 
Lide (2005) tabulated the thermal properties of water as functions of temperature. 
 
ASHRAE (2005) tabulated the typical thermal properties of a few piping materials, some 
common types of insulation, many common varieties of concrete and similar materials, and a few 
earth materials. 
 
The thermal properties of selected piping, concrete, soil, and rock samples were measured or 
compiled by Mei and Baxter (1986). 
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The effective resistances of some high-density polyethylene pipes were reported by Remund 
(1999). Some backfill thermal conductivities were also measured in the laboratory and field in 
the same study. 
 
Allan and Kavanaugh (1999) measured and reported the thermal conductivities of several 
varieties of cementitious grout that can be used as backfill in ground-source heat pump 
installations. They used a thermal conductivity meter in the hot wire method, a transient method 
that surmounts the problem of initial moisture migration or drying in materials, to test grout 
samples. This test method can be used to determine the thermal conductivities of other materials 
involved in an under-slab piping model. 
 
Beier and Smith (2002) used a combination of measurements of ground-source heat pump 
boreholes and a line-source model of the boreholes to estimate several backfill and soil thermal 
conductivities. 
 
Empirical and theoretical models were used to determine the thermal conductivities of idealized 
gravel, sand, silt, clay, and peat (Misra et al. 1995). 
 
Thermal properties of various soil and rock types were provided by Bose (1988) and Chiasson et 
al. (2000). 
 
Witte et al. (2002) determined thermal properties of various soil types using three methods: (1) 
interpretation of data from the technical literature; (2) measurements using a transient probe in a 
ground-source heat pump borehole; and (3) simulations using the two-dimensional finite volume 
model of Yavuzturk et al. (1999). 
 
As suggested by many of the referenced authors, the thermal properties of inhomogeneous 
localized geological media are important in ground-coupled building system models but are 
difficult to obtain or determine. Without adequate data of this type, an under-slab hot water 
piping model will suffer from inaccuracy. 
 
 
4. Related Algorithms and Models 
 
Many published heat transfer algorithms and models for application to generalized problems, hot 
water distribution systems, ground-source heat pumps and ground heat exchangers, nuclear 
waste repositories, buried oil pipelines, and underground electricity transmission cables could be 
adapted to the analysis of under-slab hot water piping. 
 
 
4.1. Generalized Heat Transfer Problems 
 
Solutions have been derived for many generalized heat transfer problems. Certain of these 
solutions are applicable to the case of under-slab piping. 
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Carslaw and Jaeger (1947) derived a solution for radial heat flow from an idealized cylindrical 
source of infinite length, which could be taken to represent a hot water pipe. 
 
Ingersoll et al. (1954) solved the simpler, one-dimensional case of heat flow from an idealized 
linear source of infinite length. This approach cannot consider the geometric characteristics of a 
real piping installation. 
 
Both of the aforementioned approaches have been used in models of systems that have 
commonalities with under-slab hot water piping. 
 
 
4.2. Hot Water Distribution Systems 
 
Baskin et al. (2004) employed a finite element model to evaluate and compare characteristics of 
residential hot water distribution systems, including those placed under slab floors. The model 
can handle up to 50 piping segments and considers piping with or without insulation. It treats the 
flow of water through the pipe in one (axial) dimension and the flow of heat through the piping 
wall and insulation in two (radial) dimensions. A finite and uniform radial thickness of material 
is permitted. The outermost radial surface is held at a user-selected constant temperature during 
hot water system operation. Therefore, the model is indifferent to the case in which one side of 
the piping has different surroundings from the others, as with an under-slab configuration. The 
simulation time is relatively brief—one day—but can include any number of hot water draw 
events. 
 
 
4.3. Ground-Coupled Heat Pumps and Ground Heat Exchangers 
 
The increasing interest in ground-coupled heat pumps as energy-efficient heating and cooling 
systems has spawned the development of numerous models for more accurate analysis of ground 
heat exchangers. These models are relevant to the under-slab hot water piping problem in that 
both involve water properties, piping properties, backfill properties, soil or ground properties, 
soil moisture and groundwater effects, water circulation patterns, and residual water effects. 
However, a hot water piping model need not consider thermal interferences like those between 
the legs or coils of U-tubes or helical heat exchangers. 
 
Doughty et al. (1991), Nir et al. (1992), and Doughty et al. (1993) produced a numerical model 
and conducted field tests for a unique helical ground heat exchanger that could be linked to a 
ground-source heat pump or solar collectors. For simplicity, the heat exchanger is viewed as a 
cylindrical annulus and heat flow in the surrounding soil as purely conductive. The finite-
difference model considers the annulus using a two-dimensional axisymmetric mesh with a large 
radial extent to represent an infinite medium. The vertical central input conduit is also an explicit 
part of the model. 
 
Deerman and Kavanaugh (1991) modeled U-tube heat exchangers for ground-source heat pumps 
using the cylindrical source solution of Carslaw and Jaeger (1947). In this solution, a U-tube 
must be treated as a single pipe with an equivalent diameter. This model incorporates several 
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other idealizations and simplifying assumptions, including the omission of treatment of soil 
moisture and groundwater. 
 
Rottmayer et al. (1997) also modeled U-tube heat exchangers but utilized a three-dimensional 
finite-difference method. Thus, U-tubes can be treated more realistically, without the use of 
equivalent diameters. Because of the symmetry of a U-tube about a vertical plane, only half of 
the configuration is explicitly modeled. The half-cylinder is divided into a network of axial, 
radial, and circumferential sections. However, heat flow is simulated only in the radial and 
circumferential directions in the surrounding medium; vertical heat transfer is assumed not to 
occur. The heat capacities of the piping and backfill are considered small relative to that of the 
surrounding geological media and are, therefore, neglected. Like the model of Deerman and 
Kavanaugh (1991), this model does not examine the effects of soil moisture and groundwater. 
 
Yavuzturk et al. (1999) and Yavuzturk and Spitler (1999) developed a two-dimensional finite 
volume approach and its outgrowth, a response factor model, for U-tube heat exchangers. The 
response factor model captures the short time scales necessary for analyzing shorter-term field 
data and for performing annual energy simulations with hourly or shorter time steps. It was 
validated against measured data from a building conditioned by a ground-source heat pump 
(Yavuzturk and Spitler 2001). 
 
An improved linear source model for ground heat exchangers was proposed by Diao et al. 
(2004). An explicit solution that more accurately represents system temperature responses for 
long time steps was developed. 
 
In contrast to the other efforts described above, Chiasson et al. (2000) developed a preliminary 
model for ground heat transfer that includes the effects of groundwater flow. Specifically, this 
numerical model treats heat transfer through solids by conduction, liquids by conduction, and 
liquids by advection. The finite element mesh consists of triangular elements that are most 
closely spaced around the U-tube heat exchanger of the ground-source heat pump to be modeled. 
Separate boundary conditions are imposed for the heat and mass transfer problems. Sample 
results from the model suggest that groundwater flow has a significant effect on ground heat 
exchanger performance only in highly porous or permeable geological media. 
 
Bernier et al. (2004) contributed an algorithm that systematically aggregates previous time steps 
that do not markedly influence the current time step in a simulation, while still permitting more 
recent time steps to have greater effects. Computational time is conserved, with little, if any, 
reduction in simulation accuracy. This approach can be applied to modeling hot water 
distribution systems, for which long-past water draw events have little effect on more recent 
events. 
 
 
4.4. Nuclear Waste Repositories 
 
Underground fluid flow in the vicinity of a heat-releasing nuclear waste package can assume a 
roughly cylindrical pattern and involve phase change, creating a somewhat analogous situation to 
that of under-slab hot water piping. 
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Doughty and Pruess (1988, 1990, 1991, 1992) produced various forms of a mathematical model 
describing the multi-phase mass and heat transfer that not uncommonly surround nuclear waste 
repositories. The primary purpose of this model is the establishment of the local temperature and 
pressure conditions under which various phases will occur, rather than the quantification of heat 
flows. Therefore, it is not the best alternative for modeling under-slab piping. 
 
 
4.5. Buried Oil Pipelines 
 
Buried oil pipelines are also analogous in many ways to under-slab hot water piping, but are 
relieved of the complexities of backfill and slab materials. Additionally, pipeline oil is at a much 
lower temperature than is building service hot water, greatly reducing the temperature difference 
between the fluid and its surroundings that drives heat loss. 
 
A steady-state heat transfer coefficient that incorporates only the more important mechanisms of 
conduction and convection was derived for buried submarine pipeline oil flow (Loch 2000). 
Calculated values of this coefficient suggest that burial adds insulating value to oil pipelines, a 
benefit that eludes under-slab piping. This simplified derivation is probably of limited use in 
treating hot water piping more accurately. 
 
 
4.6. Underground Electricity Transmission Cables 
 
Electricity transmission cables differ from hot water piping in that they experience both thermal 
and electrical losses. Thus, models developed to quantify cable losses can be quite complicated. 
 
Kovac et al. (2006) devised a numerical model for combined electricity and heat losses in 
underground cables with solid sheaths. This model employs the filament method, wherein 
conductors and sheaths are represented by numerous smaller filaments in a finite and infinite 
element mesh. It is almost certainly too complex, with integral treatment of electrical losses, to 
be applied to the problem of under-slab hot water piping. 
 
 
5. Recommendations 
 
Following are summary recommendations for an appropriate model for under-slab hot water 
distribution piping in support of an improved energy efficiency standard. 
 
• The model should capture all significant properties and characteristics of materials and 

components of under-slab piping configurations. 
 
• Transient effects and interactions should be treated explicitly in the model. 
 
• A numerical (e.g., finite element, finite-difference, or response factor) model is preferable to a 

purely analytical (e.g., cylindrical source or linear source) model. 
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• The model should be capable of longer-term (e.g., annual) simulations. 
 
• To conserve computer run time, the model should employ a technique to aggregate past time 

steps (water draw events) that do not markedly influence each succeeding time step (water 
draw event) in the simulation. 
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1 Background and Objectives 
Instantaneous, or tankless gas water heaters have the potential to significantly improve 
residential water heating energy efficiency due to higher combustion efficiencies and the 
elimination of the standby losses common to gas storage water heaters.  In the last decade 
a new breed of instantaneous gas water heaters with Energy Factors of 0.80 or higher 
have been introduced to the market, considerably higher than the typical 0.60 Energy 
Factor for gas storage water heaters. These newer tankless models represent a significant 
improvement over units of twenty to thirty years ago as a result of both eliminating 
standing pilots and by integrating sophisticated controls that vary burner capacity to meet 
supply water setpoints under varying flow rates.  Eliminating the standby heat loss results 
in a significant efficiency advantage that increases as hot water loads decrease.   
 
Both tankless and storage gas water heaters are tested under procedures defined by the 
U.S. Department of Energy1.  The Energy Factor testing procedure prescribes six equal 
hot water draws (totaling 64.3 gallons) at one-hour intervals.  The remainder of the 24-
hour test period is used to account for standby losses.  Although storage water heaters are 
not significantly affected by the hot water draw profile, tankless units experience greater 
sensitivity to the number and frequency of draws since the heat exchanger must be raised 
to temperature for each draw event.   
 
The primary goal of this study is to assess the performance implications of hot water 
draw patterns on tankless gas water heater performance.  Data collected from an occupied 
house currently being monitored under the Building America program was used to 
document field performance of a tankless gas water heater.  In addition, a second tankless 
unit was tested at Davis Energy Group’s shop facility to support field findings and 
facilitate data collection under more controlled conditions.  More information on tankless 
water heater performance issues can be found in Appendix A. 
 

2 Testing Methodology 
As part of a DOE Building America sponsored project, an existing home was selected in 
2003 for field monitoring to assess performance of the existing gas storage water heater, 
followed by the installation and monitoring of a tankless gas unit.  A working middle-
aged couple occupied the home.  The original water heater was a 50-gallon gas storage 
water heater (AO Smith Conservationist 90, 40,000 Btuh input, Model #PGCG-50) used 
for both space and domestic water heating.  A solar system with hot water preheat tank 
was also connected, but for the purposes of this project, the solar hot water tank and 
space heating loop were bypassed during the test period.  Figure 1 provides a schematic 
of the original storage water heater installation and installed monitoring equipment.  
(FLDHW represents a high resolution inline flow meter, GAS is a gas meter with a 

                                                 
1 See Federal Register 10 CFR Chapter II, Pt. 430, Subpt. B, App. E 
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pulsing digital output2, and TDH and TDC represent immersion thermocouples in the hot 
and cold water lines.) 
 
At the end of October 2003 the gas storage water heater was removed and a Rinnai 
2532FFU tankless water heater was installed. The water heater was mounted in the same 
location as the original gas storage tank and connected to the solar storage tank and the 
space heating fan coil. The Rinnai water heater (0.82 Energy Factor and 82% Recovery 
Efficiency) has a capacity range of 15,000 to 180,000 Btu/hour with modulating controls 
that adjust burner capacity to meet the factory set 120°F supply temperature under 
varying flow rates and cold water inlet temperatures.  Figure 2 shows the Rinnai 
installation, and the revised piping schematic is shown in Figure 3.  The schematic also 
shows location of the flowmeter and temperature sensors used for monitoring. 

 

Figure 1: Existing Gas Storage System Configuration 

 
 
A Science Electronics DataTaker DT-50 datalogger was used to monitor and log data.  
The datalogger was configured to log temperatures, hot water flow, gas consumption, and 
heating capacity on 15-second intervals whenever hot water flow occurred.  Each hot 

                                                 
2 Original monitoring was performed with a standard 1 pulse/ft3 gas meter pulser.  This was later replaced 
with the 20 pulse/ft3 pulser to improve data resolution. 
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water draw could then be characterized by a start time and end time, volume of water 
drawn from the water heater, Btu’s delivered from the water heater, and gas consumption.   
 
Efficiency was defined as follows: 
 
Efficiency = Qout / Qin 
 
Where  Qout = Volume x 8.3 x ( TDH – TDC )  

Qin   = Gas ft3 x 1013 Btu/ft3  
 
Efficiency could then be calculated either on per draw basis or summed to compute a 
daily efficiency. 
 

Figure 2: Rinnai Water Heater Field Site Installation 

  
 
 
In addition to the field testing, a second tankless unit was obtained for testing at Davis 
Energy Group’s shop/test facility.  A Takagi T-K Jr. (19,500 to 140,000 Btu/hour 
capacity, 0.81 Energy Factor, 81.6% Recovery Efficiency) was installed with monitoring 
hardware equivalent to that utilized in the field test (gas meter with 20 pulse/ft3 
resolution, factory calibrated Onicon flow meter, and immersion thermocouples for cold 
and hot water temperature).  The goal of the lab testing was to evaluate the performance 
of a tankless unit under more controlled conditions by varying flow rate, draw volume, 
and time interval between draws. 
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Figure 3: Instantaneous Water Heater Installation Schematic 
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3 Results 
The Building America monitoring effort was directed towards comparing performance of 
a conventional storage gas water heater to a tankless unit.  Figure 4 plots initial data 
comparing the daily efficiency for both the storage water heater and the instantaneous 
unit.  Clearly the storage gas water heater performance is impacted to a greater degree at 
low daily hot water draw volumes as the standby loss represents an increasingly larger 
fraction of the total energy consumed.  The instantaneous unit also demonstrated some 
performance degradation at low draw volumes, presumably due to increased cycling.  
With these preliminary results, Davis Energy Group decided to install the 20 pulse/ft3 gas 
meter to increase data resolution at smaller draw volumes.  With the higher resolution gas 
meter in place, data were collected from August 17, 2005 through September 9, 2005 and 
January 1, 2006 through January 24, 20063.  Figure 5 plots the calculated efficiency as a 
function of the volume of each individual draw during  
 

                                                 
3 The interval between the two data periods was used for testing of combined solar and instantaneous water 
heater performance. 
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Figure 4:  Comparison of Daily Water Heater Efficiency 

Figure 5:  Monitored Field Efficiency of Tankless Water Heater #1 
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this period excluding any heating season draws where the system was operating in 
combined hydronic heating mode.  The data demonstrate a sharp drop off in efficiency at 
draw volumes under 4 or 5 gallons.  There is also significant scatter, especially as the hot 
water draw volumes approach zero.  One factor affecting the scatter remains the 
resolution of the gas meter.  Even at a high resolution rate of 20 pulses per cubic foot 
(~50 Btu/pulse), any one draw could potentially over or underestimate gas consumption 
by a maximum of two pulses (one pulse at each end of the draw).  For a two gallon hot 
water draw with a 60°F hot to cold water temperature difference, a 100 Btu inaccuracy 
could affect the calculated efficiency by ~ ± 6%.  The second factor is the time interval 
between hot water draws.  For draws with just a few seconds between firing cycles, the 
impact on efficiency of heat exchanger “cool down” is insignificant since the heat 
exchanger is close to operating temperature.  However as the time between draws 
increases, more of the initial firing energy is needed to bring the heat exchanger up to 
temperature.  The impact of this initial firing energy becomes insignificant in large draws 
(> 10 gallons) where the warm up energy is negligible related to the total energy 
delivered. 
 
In addition to the field testing, further monitoring was completed at the Davis Energy 
Group shop on the Takagi T-K Jr. to better understand performance degradation at low 
draw volumes with varying flow rates and time intervals between draws.  Figure 6 plots 
data from a series of tests with varying flow rates (1.2 to 2.3 gpm) and varying time 
intervals between hot water draws (5 and 45 minutes4) at the default factory temperature 
setting of 122°F.  The data demonstrate a relationship similar to that shown for the field 
measurements, but Figure 6 more clearly depicts the impact of cool down time on system 
efficiency.  The “5 minutes between draw” tests show an ~ 10-15 percentage point drop 
in efficiency at draw volumes of 1 gallon (relative to 10 – 15 gallons), while the “45 
minutes between draws” show a much more significant drop.  This efficiency disparity is 
largest at small volumes and approaches zero at about 4 gallon draw volumes.  The 
impact of flow rate appears to be negligible for the “5 minute” data, although the “45 
minute” interval data does demonstrate some variation due to flow rate.  This is largely 
due to the effect of the lower flow rate allowing more time for the heat exchanger to 
achieve temperature than at a higher flow rate.    
 
Understanding typical residential hot water draw schedules is a critical step in evaluating 
the impact of usage patterns on tankless water heater performance.  Unfortunately hot 
water usage data characterizing typical California residential usage (both in magnitude 
and use pattern) is very limited.  We relied on two sources to develop a load profile for 
use in estimating a Load Dependent Energy Factor (LDEF) for tankless water heaters.  
The first source was detailed monitoring completed under a separate Building America 
project.  A new home in Elk Grove, California was instrumented with monitoring 
hardware similar to that used in this study.  In addition, surface mount thermocouples 
were installed on the copper lines immediately upstream of each of the hot water use 
points to determine the end use location of each hot water draw.  The datalogger was 
 

                                                 
4 At 45 minutes, the heat exchanger had essentially cooled to room temperature. 
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Figure 6:  Monitored Lab Efficiency of Tankless Water Heater #2 

configured to initiate logging at 2 second intervals whenever hot water flow was sensed 
by the flowmeter.  Continuous data were collected from October 2003 through August 
2004.  Although not statistically valid, the single data point does provide insight to hot 
water use patterns for one particular two-person household.   Figure 7 plots the eleven 
months of data disaggregated by both draw volume and time interval between draws.  
Sixty one percent of the daily average 43 gallon day usage occurred in draws greater than 
eight gallons.  The small draws (<4 gallons) that would affect tankless water heater 
performance amounted to 29% of total hot water consumption.  Of these “< 4 gallon” 
draws, 65% occurred within 15 minutes of a prior draw and 17% occurred more that 60 
minutes after a prior draw.  These results suggest that the derating of the tankless unit 
should be more heavily weighted towards the “5 minute interval” data. 
 
A second information source for characterizing hot water usage is the load profiles used 
in the HWSIM modeling for determination of distribution system multipliers for the 2005 
Title 24 Standards.  Although these hot water usage schedules were constructed to meet a 
floor area based hot water recovery load, they are based on a broad sample of prior 
monitoring studies characterizing hot water usage in terms of volume/draw and 
draws/day for different end use points.  Figure 8 compares the breakdown of hot water 
usage for the Building America data and the sample used in the 2005 Standards analysis.  
The agreement between the two is surprisingly good with both showing close to 70% of 
the usage occurring at draw volumes greater than 4 gallons (the point at which the time 
interval between draws has little or no effect on efficiency).  For the 30% of draws with 
hot water volumes less than 4 gallons, both the Building America data and HWSIM 
schedule were reviewed to assess the time interval between draws since this will be a key 
factor affecting performance. 
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Figure 7:  Characterization of Hot Water Loads at Building America Site 

 
 

Figure 8:  Comparison of Hot Water Draw Volumes 
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Table 1 summarizes the time interval data.  The field monitoring data shows more low 
volume hot water consumption within five minutes of the prior draw than that assumed in 
the HWSIM schedules.  Both show slightly over 20% of small draws occur at an interval 
greater than 45 minutes, the point at which the heat exchanger has generally completely 
cooled off.   
 
Table 1:  Summary of Time Intervals Between Low Volume Draws 
 Time Interval Between Draws (minutes) 
 <5 5 to < 15 15 to < 45 > 45 
Building America data 34% 31% 13% 22% 
HWSIM (2005 Standards) 14% 35% 29% 22% 
 
 
Figure 9 presents a subset of the data shown in Figure 6 (hot water volumes less than 5 
gallons), since this is the region where tankless performance is subject to the greatest 
degradation.  For the zero to four gallon draw volume range we propose to evaluate 
performance under two cool down scenarios:  5 minute cool down and 45 minute cool 
down (at 2.3 gpm flow rate).  Figure 9 shows a smoothed curve through the lab 
monitored data points.  In addition vertical lines are shown at 0.5, 1.5, 2.5, and 3.5 
gallons.  A representative efficiency can be defined where the vertical lines intercept the 
curve.  For example, at 0.5 gallons, efficiencies of 21% and 60% are estimated, for 45 
and 5 minute intervals, respectively.  

 
Figure 9:  Efficiency as a Function of Volume and Time Between Draws 
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The final step in developing a realistic degradation term for tankless water heaters 
involves applying the efficiency curves to the assumed load profiles.  Table 2 
disaggregates the assumed hot water load into one gallon bins using the average of the 
relationships shown in Figure 8.  The assumption is also made that at an eleven gallon hot 
water draw, the efficiency of a tankless unit is equal to the rated recovery efficiency5, in 
this case 81.6%.  Estimated efficiencies for draws of four gallons or less are based on 
Figure 9.  From five through ten gallons, a linear relationship is assumed.  As shown in 
Table 2, ~90% of the performance degradation occurs for draw volumes less than four 
gallons.  This is due to the low efficiencies and fairly high usage at low volume, as well 
as the absence of degradation at large draws where 70% of the usage is assumed to occur.  
The difference between hot (77.3%) and cold starts (70.3%) is fairly significant when 
compared the assumed nominal 81.6% efficiency.   
 
 
 
Table 2:  Projected Typical Tankless Performance (Cold and Hot Start) 

 
 

                                                 
5 Eleven gallons corresponds to approximately the draw volume used in the Energy Factor test (one sixth of 
64.3 gallons). 

Hot Water % of Estimated Estimated
Draw Vol Total Thermal Weighted Thermal Weighted
(gallons) Load Efficiency Efficiency Efficiency Efficiency

1 9.0% 21.0% 1.9% 60.0% 5.4%
2 10.0% 49.0% 4.9% 70.0% 7.0%
3 7.0% 63.0% 4.4% 74.0% 5.2%
4 5.0% 71.0% 3.6% 76.0% 3.8%
5 2.0% 72.5% 1.5% 76.8% 1.5%
6 2.0% 74.0% 1.5% 77.6% 1.6%
7 1.0% 75.5% 0.8% 78.4% 0.8%
8 4.0% 77.1% 3.1% 79.2% 3.2%
9 5.0% 78.6% 3.9% 80.0% 4.0%
10 5.0% 80.1% 4.0% 80.8% 4.0%
11 6.0% 81.6% 4.9% 81.6% 4.9%
12 8.0% 81.6% 6.5% 81.6% 6.5%
13 8.0% 81.6% 6.5% 81.6% 6.5%
14 8.0% 81.6% 6.5% 81.6% 6.5%
15 5.0% 81.6% 4.1% 81.6% 4.1%
16 4.0% 81.6% 3.3% 81.6% 3.3%
17 3.0% 81.6% 2.4% 81.6% 2.4%
18 3.0% 81.6% 2.4% 81.6% 2.4%
19 3.0% 81.6% 2.4% 81.6% 2.4%
20 2.0% 81.6% 1.6% 81.6% 1.6%

Overall Efficiency 70.3% 77.3%

"Cold Start" "Hot Start"
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4 Conclusions and Recommendations 
Laboratory and field testing completed in this study confirm that tankless water heater 
performance is affected by low volume draws, as well as the time interval between draws.  
In the lab testing we have completed test with “hot” and “cold” heat exchangers.  The 
projected impact on efficiency under an assumed load profile is fairly significant, ranging 
from an average “daily” efficiency of 70.3% for a cold heat exchanger to 77.3% for a hot 
heat exchanger.  In reality, the expected degradation will lie somewhere between these 
two points.  Given the lack of solid data on hot water usage patterns, load magnitude, and 
time between draws, we propose applying a 40% weighting factor to “cold” and a 60% 
weighting to “hot”.  The resulting seasonal efficiency is calculated to be 74.5%, or 8.8% 
below the nominal 81.6% efficiency. 
 
Our recommendations for ACM rules in regards to tankless water heaters are as follows: 
 

1. The ACM should degrade the listed Energy Factor for gas tankless water heaters 
by 8.8%. 

 
2. For units with a continuously burning pilot, 500 Btu/hour of pilot energy should be 

assumed, unless a value is available in the CEC’s Appliance Directory for small natural 
gas instantaneous water heaters. 

 
The proposed 8.8% Energy Factor degradation would be uniformly applied in the ACM, 
regardless of the magnitude of the hourly hot water load.  Although this approach is technically 
not accurate on a “per draw” basis (smaller draws have larger performance degradation and large 
draws have little or no degradation), the proposed approach does provide accurate answers on a 
daily or annual time scale. In addition, given the lack of knowledge on hot water usage patterns 
in California, it is premature to propose a more detailed modeling methodology that could focus 
on time steps shorter than the current one hour interval used in the ACM.
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APPENDIX A: 
 

Instantaneous Gas Water Heater Performance Issues 
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Tankless gas water heaters offer significant performance advantages over standard gas storage 
water heaters common to over 85% of California households.  Currently they are starting to 
become more common in the new construction market as builders embrace the Title 24 credits 
and buyers appreciate their energy efficiency and new technology status.  However there are 
issues related to the performance of these units. A brief review of the key issues follows. 
 
Delay in hot water delivery 
When hot water is drawn a storage water heater, hot water flows immediately into the piping 
system.  Tankless water heaters have a startup delay and then a delay associated with bringing 
the heat exchanger up to operating temperature.  Takagi T-K Jr. product literature suggests a 
three second delay in burner firing and an additional three second delay before hot water is 
delivered.  We verified the initial three second firing delay for both the Takagi and Rinnai water 
heaters that were tested.  However detailed one second interval data collection indicate 
significantly longer times before hot water is delivered.  Figures 1 and 2 plot hot (supply) and 
cold (inlet) water temperatures at different flow rates and with different time intervals (5 or 45 
minutes) since the prior hot water draw.  With a 122° factory default temperature setting and a 
flow rate of 1.9 gpm, it took 26 seconds to reach 115°F supply water temperature with a hot heat 
exchanger and a 36 seconds with a cold heat exchanger.  Figure 2 shows similar data at a higher 
3.3 gpm flow rate.  The impact of the higher flow rate was negligible (29 and 37 seconds, 
respectively).  The added time delay may or may not be a concern for homeowners, depending 
upon their expectations and the type and configuration of their hot water distribution system. 
 

 
 
 

Figure 1:  Tankless Start Up Performance at 1.9 gpm (Hot and Cold Start)
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Endless hot water 
Tankless units will not run out of hot water provided the maximum flow rate for the given inlet 
and supply water conditions is not exceeded.  Many energy efficiency advocates are concerned 
about the potential for increased energy consumption with tankless water heaters.  The logical 
culprit would be showers.  In homes constrained by the recovery capacity of conventional 
storage water heaters, tankless water heaters may result in longer showers.  To our knowledge, 
no data exists to support this hypothesis.  The Building America field site was pre-monitored 
with a gas storage water heater prior to installation of the tankless unit.  For the two-person 
household, hot water use did increase slightly when using the tankless unit.  Given their variable 
occupancy patterns and use characteristics, it does not appear that the tankless unit played a role 
in the change in hot water usage6. 
 
Minimum flow rates 
Tankless water heaters have a minimum flow rate to initiate burner operation.  The minimum 
typically ranges from 0.5 to 0.8 gpm.  This can be both a benefit and a hindrance.  With single 
lever kitchen and bath faucets the centered position of the lever virtually insures that a small 
volume of hot water will be pulled from a storage water heater for each draw regardless of the 
user’s intent.  In addition many low flow rate and short duration sink draws are not initiated with 
an expectation of obtaining hot water.  In these cases, a tankless unit will eliminate heating of the 
water provided that the flow rates are lower than the threshold.  Problems may occur during low 
flow rate draws where hot water is desired at the fixture.  The simple solution is to increase the 
                                                 
6 The homeowners maintain that they have not changed their hot water usage characteristics with the 
tankless unit. 

Figure 2:  Tankless Start Up Performance at 3.3 gpm (Hot and Cold Start)
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flow rate, although this has implications for both water and energy use.  Figure 3 presents eleven 
months of monitored hot water usage data documenting individual draws from Building America 
site reported on in the body of this report (Figure 7).    For this site, 30% of the total hot water 
draws were for volumes of less than 4 gallons.  In terms of flow rate, ~ 0.25% of all hot water 
flows occurred at flow rates less than 0.5 gpm, and less than 2% at flow rates below 0.8 gpm.  
Based on this one house, issues related to minimum flow rate do not appear to be significant.   

 
Scaling Concerns 
The water supply in many areas of California has high mineral content, increasing the potential 
for heat exchanger scaling.  Detailed assessment of this issue was outside the scope of this 
project.  Discussions with one plumber who has installed approximately 75 tankless units 
indicated his strong preference for requiring water softeners on houses with tankless units.  His 
company has performed flushing of the heat exchanger (with a mild acid solution) on about four 
of the units he has installed.  Longer term field monitoring of scaling and plumber/homeowner 
maintenance practices is recommended. 
 
Impact of Temperatures on Operating Efficiency 
Many of the main tankless water heater manufacturers factory set the temperature on their water 
heaters to ~120°F.  This relatively low setting can be used due to the high burner capacity of the 
unit relative to storage water heaters which must relied on storage capacity to supplement burner 
output during high load events.  The ~120°F setting also provides some level of safety from 
scalding.  Although the temperature setting can generally be adjusted, it is our impression that 
there is typically no need to adjust the temperature.  To evaluate the impact of outlet temperature, 
one set of tests were run at 140°F setpoint and compared to the prior 122°F results.  Figure 4 

Figure 3:  Monitored Hot Water Draw Characteristics
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plots the two efficiency curves at a typical residential flow rate of 1.2 gpm.  The limited data 
suggests that outlet temperatures do not significantly impact efficiency. 
 
 

 

Figure 4:  Thermal Efficiency as a Function of Outlet Temperature
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Appendix L.  HWDS Pressure Loss Report 
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Task 2.4 HWDS Pressure Loss Report 
 
Background 
 
 This report was prepared as part of the California Energy Commission Water Heater and Hot 
Water Distribution Systems Project’s Oak Ridge National Laboratory (ORNL) support to Lawrence 
Berkeley National Laboratory.  It was part of Task 2.4 entitled Collect Supporting Information for the 
2008 Standards Development Process. 

The Energy Commission and supporting research organizations have been investigating the impact 
of the hot water distribution system’s design on the overall energy and water performance of the system in 
residential buildings.  Based on ORNL’s research, a key factor in determining the performance of hot 
water distribution systems is to design and build them to have the smallest volume of water within that 
portion of the system between the plumbing fixture and the source of hot water.  The length and the 
internal diameter of the pipe(s) determine the volume of water contained within the distribution system.  
Systems with the least internal volume waste the least amount of energy and water.  They also typically 
provide hot water to the plumbing fixture with the shortest waiting period— an important consideration to 
the hot water user. 

Unfortunately, the current plumbing codes do not differentiate between hot and cold potable water 
piping in the design and installation of a distribution system.  Without this differentiation, current hot 
water distribution systems typically become over-sized while following the guidance provided by 
plumbing codes.  While excessive pipe size has little or no negative water or energy conservation impact 
on cold water systems, it is a big factor in reducing the performance of hot water distribution systems.  

“Right sizing” of hot water distribution systems entails using the smallest diameter pipe that will 
provide adequate flow (at the available water pressure) to meet the real demand on the systems at an 
acceptable velocity.  The Uniform Plumbing Code (UPC) currently dictates a maximum velocity of 5 
ft/sec for copper, and 10 ft/sec for other, hot water piping.  Using the smallest pipe will minimize the 
energy waste from heating a larger volume of water that stands in the pipe between draws and cools to 
ambient.  In the same way it reduces the water (and energy) wasted down the drain while the user waits 
for hot water to arrive.  However, right sizing also requires that an adequate flow be maintained to meet 
the real demand on the system and that the velocity of the water be within acceptable limits to avoid 
erosion, water hammer, and excessive noise.  These factors limit how small the diameter of pipe can be 
used and are the focus of this report. 
 
Introduction 
 

A potentially significant amount of domestic hot water energy can be saved if the distribution 
system pipe sizes can be reduced which in turn reduces the entrained volume of hot water and the arrival 
time of hot water at the end use fixture.  However, reducing pipe sizes below the plumbing code raises 
questions related to increased friction and reduced pressures which raise the possibility of inadequate flow 
at the end-use fixture.  Reduced pipe size will also increase the velocity of water within the distribution 
system.  Design guidelines indicate that the velocity of cold water inside the pipes can be around 8 ft/sec 
without creating a concern for noise. However, hot water in copper pipes is limited to 5 ft/sec for water 
temperature up to approximately 140°F.  This limit was imposed primarily to address the concerns of hot 
water pipe erosion, but also to avoid excessive system noise while water is flowing.   
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Velocity, not Pressure Loss, Usually Determines Sizing 
  

Knowing that smaller pipe can improve performance, we recognized that we had to consider both 
velocity and pressure drop due to friction losses.  While is it certainly possible to install more pipe, for 
most single story homes under 3000 ft2 and two story homes under 4000 ft2 the maximum equivalent 
length of pipe from the hot water source to the fixture will likely be less than 100 ft.  As a point of 
reference the median size of new homes in 2006 is ~2500 ft2. 
 To illustrate this point regarding pipe length, the 3080 ft2 single story house shown in Figure 1 has 
a maximum run from the water heater to the tub in the furthest bathroom (lower left corner) of 
approximately 88 lineal feet of pipe.  This house was chosen because it portrays a very spread out 
distribution system.  Many new houses do not have runs of this length. 
 Assuming the line runs through the attic there would be five “tees”, two “Ls” and several 
couplings dependent on the type of pipe.  These fittings would add another 18 to 20 feet of equivalent 
length to this part of the system for a total length of 106 to 108 feet.   
 
 

 
 

Figure 1 Example 3080 ft2 single story house 
 

 
Since PEX tubing has become a dominate system in California for single-family homes, we will 

use it in the following example.  In order to achieve a flow of 4 GPM to the tub/shower at a velocity under 
10 ft/sec a ½” tube is the minimum size that can be used.  The friction loss for this segment assuming the 
½” is used throughout would be 20.8 psi X 1.08 (the added length) = 22.5 psi.  This is no problem for 
most houses with their 50-60 psi pressure.  The velocity in the ½’ tube would be an acceptable 7.24 ft/sec. 
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  However, because this house has a trunk and branch distribution system, the trunk from the water 
heater also serves the kitchen and laundry, so the maximum flow should be about 6 to 8 GPM.  This 
segment of the system would therefore have to be ¾” tubing.  Recalculating the friction loss for the ¾” 
and ½” pipes together yields an 18.6 psi loss at 7 GPM. 
 While the overall system friction loss has declined the velocity on the segment to the tub remained 
constant at 7.24 ft/sec. 
 
 
Table 1. Friction Loss (psi per 100 ft of tubing) and Velocity (ft/sec) vs. Flow Rate (GPM) 
PEX Tubing (CTS) 
 

Nom Size 3/8” 1/2” 3/4” 1" 
Flow Rate F Loss Velocity F Loss Velocity F Loss Velocity F Loss Velocity

1 7.0 3.33 1.6 1.81 0.3 0.96 0.1 0.55 
2 25.4 6.67 5.8 3.62 1.1 1.81 0.3 1.10 
3 53.9 10.00 12.2 5.43 2.3 2.72 0.7 1.65 
4 91.8 13.34 20.8 7.24 3.9 3.63 1.1 2.19 
5 -- -- 31.4 9.05 5.9 4.54 1.7 2.74 
6 -- -- 44.0 10.86 8.2 5.44 2.4 3.29 
7 -- -- 58.6 12.67 10.9 6.35 3.2 3.84 

Source: http://www.ppfahome.org/pdf/PEX_Installation_Handbook_2006.pdf (page 13) 
Note: Red marked numbers are over the code permitted maximum hot water velocity of 10 ft/sec. 

 
 

From this example and other analyses of typical residential distribution systems we have 
concluded that maximum acceptable velocity will usually dictate the pipe size rather than friction loss 
assuming adequate system pressure (≥50 psi) to the house. When the system pressure is <35 psi then 
friction loss over a given length of pipe becomes the dominant factor in sizing.  For a given diameter a 
shorter pipe length is always better. 
 Tables B-4 to B-6 provides the velocity of water in various sized pipes of copper, CPVC and PEX 
for a range of flow rates.  Schedule 40 CPVC, which is not typically used in residential construction, was 
included because the more common CTS pipe does not include 3/8” and 1/4” sizes. 
 
Water Hammer, Erosion and Noise 
 

Water hammer is an audible thump that may result when quick closing valves generate excessive 
surge pressures that are poorly absorbed by the system.  Surge pressure is a sudden spike (actually a series 
of diminishing spikes) in pressure produced by the abrupt change in velocity of the fluid in the line. The 
impact of the surge pressure depends on the velocity of the water, the wall thickness and flexibility of the 
pipe material.  Note that excessive surge pressures can occur in a system without audible water hammer. 
The Jukowski equation was used to determine the maximum surge pressure in pipes, see Table 5 below.  
This equation is the main equation referenced in the plumbing profession for water hammer. 
 As can be seen, higher water velocities increase the surge pressures. In addition, at a given 
velocity, the surge pressure for copper is roughly four times that of PEX and two and a half time that of 
CPVC for the same diameter pipe. Due to their flexibility plastic pipes reduce the effect of surge pressure 
spike and the resultant water hammer better than metallic pipes.  
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In an effort to control water hammer, engineering rules of thumb concerning surge pressure came 
into existence for metallic pipes and generally limited velocities to 4 ft/s with use with quickly operating 
valves and 8 ft/sec depending on application, which is why these two values are commonly still used. This 
is no longer the case, and velocities need to be chosen based on the piping system.  
 
 

Table 2.  Maximum Calculated Surge Pressure in PSI 
(This pressure is added to line pressure to determine total pressure) 

Velocity 
ft/s 

PEX ¾” 
SDR 9 

CPVC ¾” 
SDR 11 

Copper ¾” 
L 

1 13 22 55 
2 27 44 109 
3 40 66 164 
4 53 88 218 
5 67 110 273 
6 80 132 327 
7 93 154 382 
8 107 176 436 
9 120 198 491 

10 133 220 546 
 
 

As the velocity of water in pipes increases, internal erosion and excessive noise can occur.  At 
velocities over 5 ft/sec with hot water, cavitation based erosion has been determined to eat away at copper 
pipes, particularly in elbows or joints that were not properly reamed.  The velocity of hot water in copper 
pipes is therefore limited to 5 ft/sec in plumbing codes to avoid these phenomena.  Over 140oF, the 
recommended velocity for copper pipe drops to 2-3 ft/sec.   
 Wide radius elbows were better from a water and energy performance viewpoint than standard 
elbows.  The impact of higher velocities in straight runs and around long radius turns should be 
investigated to determine if increased velocities could be accommodated with an improved system 
geometry that reduces water turbulence and cavitation. 
 Plumbing codes allow water velocities up to 10 ft/sec with plastic pipe.   Efforts are underway to 
determine maximum velocities for CPVC and PEX, but this may take some time. A limiting concern is 
that a surge pressure (Table 2) of 150 psi, which occurs with rapid shut off valves, may be getting into a 
danger zone of some fixtures. 

Continuous noise during use in piping systems, like erosion, can be related to cavitation that is 
created by the velocity of the water and the geometry of the piping system.   Higher water velocities 
coupled with abrupt changes in direction in the system (elbows and tees) can induce cavitation that creates 
turbulence, vibration and generates noise.  Rigid pipes would be expected to amplify and transmit the 
vibration as noise, while less rigid piping would be expected to dampen both the vibration and the noise.  
The use of wide radius bends rather than sharp elbows would also be expected to reduce cavitation and its 
associated vibration and noise.  These factors and their impact on system noise should be investigated.  
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Six Houses Analyzed 
 

This report investigated the extent to which hot water pipe size could be reduced without 
exceeding acceptable pressure losses and without exceeding the hot water velocity limit noted above.  The 
six homes used in the Title 24, 2008 revision analysis are used in this analysis as they represent a cross 
section of new home construction in California.  

The six houses to be analyzed were provided by the Davis Energy Group1 who also provided the 
distribution system layout and sizing.  The houses included one and two story houses with areas from 
1367 sq ft to 4402 sq ft.  We analyzed both the code compliant system provided by Davis Energy Group 
and incrementally smaller diameter systems for each of the houses.  Pressure loss due to friction and 
vertical rise was calculated for each house for both the code compliant system and potential systems that 
were incrementally smaller. We assumed an incoming house pressure of 25 psi which is at the low end of 
pressures expected from municipal water systems.  We also analyzed the hot water velocity for each of the 
differing pipe materials and nominal sizes.  This was done to evaluate whether incrementally smaller 
systems would stay below the plumbing code maximum velocity of 10 ft/sec and the recommended 
maximum hot water velocity in copper pipe of 5 ft/sec.   
 Friction losses (see Appendix A) and water velocities (see Appendix B) for various pipe sizes and 
materials of hot water lines were calculated and included both the hot water trunk and branches.  The 
largest pipes analyzed were those dictated by the UPC.  In addition smaller combinations of trunks and 
branches were evaluated as were differing pipe materials (copper, CPVC, and PEX). 
 An example of the detailed calculation procedure for hot water velocity and friction loss 
calculation for various pipe sizes is included in Appendices A. & B. 

                                                 
1 Prototype Floor Plans- Hot Water Distribution System Layouts, Davis Energy Group, May 2006 
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House 1367 ft2 – One Story 
 

Pressure loss and velocity were calculated for two routes in the hot water distribution system.  
Route 1 was from the water heater (WH) to the Master Bathroom tub, and Route 2 was from the WH to 
the tub in the bath between Bedrooms 2 & 3.  We assumed a 6.5 gpm maximum hot water flow rate and 
that tees are treated as the elbows2 in equivalent distances calculations.  The reference cited was for PEX 
tubing.  However, because PEX fittings are inserted into the tubes, while copper and CPVC tubes are to 
be inserted into the fittings, the velocities are thus slower than the PEX tubes through the fittings.  Thus, 
the above assumption to treat the tees the same as elbows is conservative for copper and CPVC tubes. 
 

 
 

 
Table 3. House 1367 ft2 – Total pressure loss 
 

Total pressure loss (in psi) including vertical rise Nominal Pipe sizes 
Copper Pipes CPVC Pipes PEX pipes Remarks 

3/4" main and 1/2” branch 5.68 9.22 9.22 See Tables B-4 to B-6 
1/2” main and 3/8” branch* Velocity limited * Velocity limited See Tables B-4 to B-6 
3/8” main and 1/4” branch* Velocity limited * Velocity limited See Tables B-4 to B-6 

* CPVC (CTS) pipe sizes smaller than 1/2” are not commercially available 
 

Entries shown as “velocity limited” exceed the recommended velocity of 5 ft/sec for copper or the code 
permitted maximum of 10 ft/sec for CPVC and PEX. 

                                                 
2. http://www.ppfahome.org/pdf/PEX_Installation_Handbook_2006.pdf 
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House 1408 ft2 – Two-story 
 
Pressure loss and velocity were calculated for two routes in the hot water distribution system.  

Route 1 was from the water heater (WH) to the Master Bathroom tub, and Route 2 was from the WH to 
the Laundry.  We assumed a 6.5 gpm maximum hot water flow rate and that tees are treated as elbows in 
equivalent distances calculations.   
 
 
 
 
 
 

GARAGE

KITCHEN

DINING
GREAT ROOM

BEDROOM 3
BEDROOM 2

MASTER 
BEDROOM

MASTER 
BATH

B2

B1

LAUNDRY

 
 

 
 
 
Table 4. House 1408ft2 – Total pressure loss 
 

Total pressure loss (in psi) including vertical rise Nominal Pipe sizes 
Copper Pipes CPVC Pipes PEX pipes Remarks 

3/4" main and 1/2” branch 10.93 9.13 12.00  See Tables B-4 to B-6 
1/2” main and 3/8” branch Velocity limited * Velocity limited See Tables B-4 to B-6 
3/8” main and 1/4” branch Velocity limited * Velocity limited See Tables B-4 to B-6 
* CPVC (CTS) pipe sizes smaller than 1/2” are not commercially available 
 

Entries shown as “velocity limited” exceed the recommended velocity of 5 ft/sec for copper or the code 
permitted maximum of 10 ft/sec for CPVC and PEX. 
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House 2010 ft2 – One Story 
 

Pressure loss and velocity were calculated for two routes in the hot water distribution system.  
Route 1 was from the water heater (WH) to the Master Bathroom tub, and Route 2 was from the WH to 
the tub in the bath between Bedrooms 2 & 3.  We assumed a 6.5 gpm maximum hot water flow rate and 
that tees are treated as elbows in equivalent distances calculations.  See Appendix C for example 
calculation. 
 
 
 
 

 
 
Table 5. House 2010ft2 – Total pressure loss 
 

Total pressure loss (in psi) including vertical rise Nominal Pipe sizes 
Copper Pipes CPVC Pipes PEX pipes Remarks 

3/4" main and 1/2” branch 7.02 10.82 9.10 See Tables B-4 to B-6 
1/2” main and 3/8” branch Velocity limited * Velocity limited See Tables B-4 to B-6 
3/8” main and 1/4” branch Velocity limited * Velocity limited See Tables B-4 to B-6 
* CPVC (CTS) pipe sizes smaller than 1/2” are not commercially available 

 
Entries shown as “velocity limited” exceed the recommended velocity of 5 ft/sec for copper or the code 
permitted maximum of 10 ft/sec for CPVC and PEX. 
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House 2811 ft2 – Two Story 
 

Pressure loss and velocity were calculated for two routes in the hot water distribution system.  
Route 1 was from the water heater (WH) to the Master Bathroom Tub, and Route 2 was from the WH to 
the tub in the bath between Bedrooms 2 & 3.  We assumed a 6.5 gpm maximum hot water flow rate and 
that tees are treated as elbows in equivalent distances calculations. 
 
 
 
 
 
 

 
 
 
 
Table 6. House 2811ft2 – Total pressure loss 

 
Total pressure loss (in psi) including vertical rise Nominal Pipe sizes 

Copper Pipes CPVC Pipes PEX pipes Remarks 
1” main, 3/4” and 1/2” branch 6.80 9.09 9.47 See Tables B-4 to B-6 
3/4" main and 1/2” branch 11.97 18.20 17.88 See Tables B-4 to B-6 
1/2” main and 3/8” branch Velocity limited * Velocity limited See Tables B-4 to B-6 
3/8” main and 1/4” branch Velocity limited * Velocity limited See Tables B-4 to B-6 
* CPVC (CTS) pipe sizes smaller than 1/2” are not commercially available 

 
Entries shown as “velocity limited” exceed the recommended velocity of 5 ft/sec for copper or the code 
permitted maximum of 10 ft/sec for CPVC and PEX. 
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House 3080 ft2 – One Story 
 

Pressure loss and velocity were calculated for two routes in the hot water distribution system.  
Route 1 was from the water heater (WH) to the Kitchen sink, and Route 2 was from the WH to the tub in 
the bath between Bedrooms 2 & 3.  We assumed a 6.5 gpm maximum hot water flow rate and that tees are 
treated as elbows in equivalent distances calculations. 
 
 

 
 
 
Table 7. House 3080ft2 – Total pressure loss 
 

Total pressure loss (in psi) including vertical rise Nominal Pipe sizes 
Copper Pipes CPVC Pipes PEX pipes Remarks 

1” main and 1/2” branch 9.82 17.49 15.49 See Tables B-4 to B-6 
3/4" main and 1/2” branch 11.08 19.05 17.29 See Tables B-4 to B-6 
1/2” main and 3/8” branch Velocity limited * Velocity limited See Tables B-4 to B-6 
3/8” main and 1/4” branch Velocity limited * Velocity limited See Tables B-4 to B-6 

* CPVC (CTS) pipe sizes smaller than 1/2” are not commercially available 
 
Entries shown as “velocity limited” exceed the recommended velocity of 5 ft/sec for copper or the code 
permitted maximum of 10 ft/sec for CPVC and PEX. 
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House 4402 ft2 – Two Story 
 

Pressure loss and velocity were calculated for two routes in the hot water distribution system.  
Route 1 was from the water heater (WH) to the tub in the bathroom adjacent to Bedroom 4, and Route 2 
was from the WH to the tub in the Master Bath.  We assumed a 6.5 gpm maximum hot water flow rate 
and that tees are treated as elbows in equivalent distances calculations. 
 
 
 

 
 

 
 
 
 
Table 8. House 4402ft2 – Total pressure loss  
 

Total pressure loss (in psi) including vertical rise  Nominal Pipe sizes 
Copper Pipes CPVC Pipes PEX Remarks 

1” main, 1”, 3/4” and 1/2" branches 8.50 10.63 10.80 See Tables B-4 to B-6 
3/4" main and 1/2” branch 12.78 22.37 22.17 See Tables B-4 to B-6 
1/2” main and 3/8” branch Velocity limited * Velocity limited See Tables B-4 to B-6 
3/8” main and 1/4” branch Velocity limited * Velocity limited See Tables B-4 to B-6 

* CPVC (CTS) pipe sizes smaller than 1/2” are not commercially available 
 
Entries shown as “velocity limited” exceed the recommended velocity of 5 ft/sec for copper or the code 
permitted maximum of 10 ft/sec for CPVC and PEX. 
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Conclusions and Recommendations 
 
For the six house studied we found that pressure loss due to friction and vertical rise was not the 
determining factor in whether incrementally smaller diameter systems would be acceptable.  Excessive 
hot water velocity occurred before pressure loss in a particular smaller system became a limiting factor.  
Some of the incrementally smaller systems exceeded the generally accepted 5 ft/sec maximum hot water 
velocity for copper pipe and 10 ft/sec overall code maximum.  Limiting velocity is used to reduce the 
erosive corrosion on both copper and plastic pipes, and, to a lesser degree, to reduce the noise. 
 
The study calculated the friction loss of the plumbing pipes at about 30% of the total loss the remaining 
70% was due to vertical rise.  It is found, by using the Bernoulli’s equation, with the assumption of the hot 
water pipe total loss, including rises and friction losses, 25 psi inlet water pressure is more than enough to 
provide needed volume of hot water, if the total loss is not excessive. 
 
We found that CPVC (CTS) pipes, with the same nominal sizes as that of copper pipes, have smaller 
inside diameters, and thus the velocity is higher for a given hot water flow.  PEX of the same nominal size 
has smaller interior diameter than both CPVC and copper and thus the velocity is still higher for a given 
hot water flow. 
 
Table B-4 in Appendix B details the full range of velocities for the various pipe materials and sizes.  From 
it we can see that reducing the branch serving a lavatory/sink (1.5 GPM) to 3/8” is acceptable for all 
materials.  For a shower (2.5 GPM) the branch could also be reduced to 3/8” if CPVC or PEX were 
utilized.  For flows of 4.0 GPM (some mains) a 1/2” line is adequate if CPVC or PEX were used.  For 
mains with a flow rate of 6.5 GPM a 1/2" CPVC pipe is also adequate.  
 
These potential pipe size reductions may appear small, but they would reduce the entrained hot water 
volume by approximately 40%.  This reduction would proportionately speed the arrival of hot water to the 
end use fixture as well as reduce the volume of water to be wasted awaiting the arrival of hot water. 
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 Appendix A 
Friction Loss Calculation 

 
Friction Factors  
 
For friction loss calculation, the pipe friction factor will have to be decided.  ASHRAE Fundamental 
Handbook (ASHRAE 2001) provides an empirical equation for friction factor calculation for water 
(ASHRAE 2005 Fundamental Handbook did not mention the following equation.  Because the same 
Moody chart was used for the two versions of the books, the following equation should still be valid): 
 
f = 0.3164/ (Re0.25) 
 
where f is the friction factor, and Re is the Reynolds number, R = ρVD/µ, where ρ is the density of hot 
water ~ 62.3 lb/ft3, V is the velocity, D is the pipe internal diameter, and µ is the viscosity, and is equal to 
0.55 Centipoises (for water at 130°F or 1.331 lb/(h-ft)3.  
 
For copper, CPVC, and PEX tubes, the roughness ε = 0.000005 ft 
Relative roughness = ε/D where D is the pipe internal diameter 
 
 
Table A-1 Relative roughness for copper pipes 
 

Nominal Pipe Size, 
inch 

Relative Roughness, ε/D 

3/8 0.000149 
1/2 0.0001138 
5/8 0.000092 
3/4 0.000081 

 
ASHRAE Fundamental Handbook 1989, pp. 33.2-33.3 has tables for the equivalent length of sharp turned 
elbows: 
 

1. 90° elbows: ½” pipe (2.5 gpm) at 3.68 ft/sec. Equivalent length = 1.5 ft 
2. 90° elbows: ½” pipe (1.5 gpm) at 2.21 ft/sec. Equivalent length = 1.4 ft 
3. 90° elbows:3/4” pipe (2.5 gpm) at 1.84 ft/sec. Equivalent length = 1.9 ft 
4. 90° elbows:3/4” pipe (1.5 gpm) at 1.10 ft/sec. Equivalent length = 1.2 ft 
 

 The equivalent lengths are needed for friction loss calculation.  The pressure losses across faucets are 
estimated at between 0.1 to 0.2 psi each4, which are small enough to be excluded from the detailed 
calculation because it is assumed that no more than two faucets are used simultaneously.  
 
 

                                                 
3  McAdams, Heat Transfer, 3rd Edition, P-446, 1954  
4  ASHRAE Fundamental Handbook, 1989, Tables 1 and 3 for global valves on P. 33.2, based on 6.5 gpm for ¾” copper pipe 
(velocity = 4.79 ft/sec) and 4 gpm for ½” copper pipe (velocity = 5.88 ft/sec) 
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Sample Calculation 
 
Assuming the maximum hot water flow rate is 4 gpm (one shower and one sink), and pipe material is 
copper.  Assuming there are two sides of pipes that are using hot water simultaneously.  The Reynolds 
numbers and friction factors are calculated as follow for various materials 
 
Table A-2 Copper Pipe (K) 

Reynolds Number (friction factor) Nominal 
pipe size, 
inch 

Outside 
diameter, 
inch 

Inside 
diameter, 
inch 

2.5 gpm 4.0 gpm 6.5 gpm 

1 1.125 0.995 15183 
(0.285) 

24294 
(0.025) 

39477 
(0.022) 

3/4 0.876 0.745 19251 
(0.027) 

30802 
(0.024) 

50053 
(0.021) 

5/8 0.750 0.652 22000 
(0.023) 

56576 
(0.021) 

84864 
(0.019) 

1/2 0.625 0.527 27216 
(0.024) 

44984 
(0.022) 

70762 
(0.019) 

3/8 0.500 0.402 29075 
(0.023) 

46520 
(0.020) 

75595 
(0.019) 

 
Table A-3 CPVC Pipe (CTS) 

Reynolds Number (friction factor) Nominal 
pipe size, 
inch 

Outside 
diameter, 
inch 

Inside 
diameter, 
inch 

2.5 gpm 4.0 gpm 6.5 gpm 

1 1.125 0.901 15918 
(0.028) 

25470 
(0.025) 

41388 
(0.022) 

3/4 0.875 0.695 20633 
(0.026) 

33013 
(0.023) 

53546 
(0.021) 

1/2 0.625 0.469 30558 
(0.024) 

48893 
(0.021) 

79452 
(0.019) 

3/8*      
* CPVC (CTS) pipe sizes smaller than ½” are not commercially available. 

 
Table A-4 PEX Pipe 

Reynolds Number (friction factor) Nominal 
pipe size, 
inch 

Outside 
diameter, 
inch 

Inside 
diameter, 
inch 

2.5 gpm 4.0 gpm 6.5 gpm 

1 1.125 0.862 16620  
(0.028) 

26592  
(0.025) 

43212  
(0.022) 

3/4 0.875 0.681 21102  
(0.026) 

33763 
(0.023) 

54865  
(0.021) 

1/2 0.625 0.475 29482 ( 
0.024) 

47171  
(0.021) 

76653  
(0.019) 

3/8 0.500 0.350 40015  
0.022) 

64024 
(0.020) 

104039 
(0.018) 
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Side 1: 2.5 gpm 
Friction loss (1/2”) = 0.024 L/D * V*V/(2*g) 
= 0.024* L * 12/0.517*3.678*3.678/64.4 = 0.117 *L ft 
 
Friction loss (3/4”) = 0.026 L/D * V*V/2g  
= 0.026* L *12/0.745*1.84*1.84/64.4 = 0.022 * L ft ------ for pipe loss only 
 
The pipe length and vertical rises are as follow” 
 
L (3/4”) = 26 + 1.9*2 (equivalent length of 2 each 90° elbows) = 29.8 
Loss (3/4”) = 0.022*29.8 = 0.656 ft (horizontal loss) 
 
L (1/2”) = 14 + 1.5*2 (equivalent length of 2 each 90° elbows) = 17 
Loss (1/2”) = 0.117*17 = 2.644 ft 
Vertical rise (loss) = 6 ft 
 
Total = 9.3 ft 
 
Side 2: 1.5 gpm 
Friction loss (3/4”) = 0.032 * L/D * V*V/(2*g) 
The friction factor increases because of lower flow velocity and thus lower Reynolds number. 
 
The horizontal pipe length and vertical rise as assumed as follow 
  
L (3/4”) = 0.032*L*12/0.745*1.104*1.104/64.4 = .00975 * L ft 
L = 24 (ft) + 3*1.2 (equivalent length of 3 each 90° elbows) = 27.6 ft,  Loss = 0.269 ft 
 
Loss (1/2”) = 0.028 * L*12/0.517*2.207*2.207/6464 = 0.049 *L ft 
L= 6 + 1.4*2 = 8.4 ft 
L (1/2”) = 0.049 * 8.4 = 0.412 ft 
Vertical loss = 6 ft 
Total = 6.681 ft 
 
Common 
Loss (3/4”, 4 gpm) = 0.024 * L * 12/0.745 * 2.944*2.944/64.4 = 0.052 * L ft 
L = 8 + 2 (equivalent length of 1 each 90° elbows) = 10 ft.  Loss = 0.520 ft 
Vertical rise = 8 ft 
 
Total loss = 8.520 ft 
 
Total loss = 24.501 – 6 (the 6 feet rise can only be counted once on the total loss) 
= 18.501 ft, or 18.501*62.3/144 = 8.00 psi 

 
 
If the 3/4” pipe is changed with 1/2”, the pressure loss calculation is as follow: 
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Side 1: 2.5 gpm 
Friction loss (1/2”) = 0.24 L/D * V*V/(2*g) 
= 0.024* L * 12/0.517*3.678*3.678/64.4 = 0.117 *L ft 
 
L= 26 + 14 + 1.5*4 (equivalent of 4 ½” elbows) = 46 ft 
Friction loss = 0.117 * 46 = 5.382 ft 
 
Vertical rise = 6 ft 
 
Total loss = 11.382 ft 
 
Side 2: 1.5 gpm 
Friction loss (1/2”) = 0.049 * L 
 
L = 30 + 4*1.4 = 35.6 ft 
Loss = 0.049 * 35.6 = 1.744 ft 
Vertical rise = 6 ft 
Total loss = 7.744 ft 
 
Common 
Friction loss = 0.022 * L/0.517* 5.88*5.88/64.4 = 0.274 * L ft 
(5.88 ft/sec is over the suggested maximum hot water flow velocity of 5.0 ft/sec) 
L = 8 + 1.7 (1 each 90° elbow) = 9.7 ft 
Loss = 9.7*.=0.274 = 2.659 ft 
Vertical rise = 8 ft 
Total loss = 10.659 ft 
 
Total loss 
11.382 + 7.744 + 10.659 - 6 = 23.785 ft, or 23.785*62.3/144 = 10.290 psi 
 
If we replace the ¾” pipes with the ½” pipes, the total loss increased by only 2.29 psi.  If all the 58 ft of 
¾” pipe are replaced with ½” pipe, the total hot water volume will be reduced by 0.0877 ft3, or 0.66 gal, 
which looks small.  But, every time 4 gpm hot water is used, it will lose 328 Btu (see the following 
calculation) to the surrounding, which might not be small any more, depending on how often we use hot 
water. 
 
Heat loss calculation 
Assuming the hot water pipe surrounding ambient temperature is 70°F, and hot water at 130°F, the 
temperature difference is 60°F.  0.0877 ft3 of hot water is 5.46 lb.  
 
Btu loss = 5.46 * 60 = 327.8 ~ 328 
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Appendix B 
Hot Water Velocity Calculation in Various Pipe Sizes 

 
Pipe Sizes – Copper Plumbing Pipes 
 The following table shows the pipe sizes for Type K copper plumbing pipes.  There are three types 
of wall thickness (K, L, and M).  The thickest one (K) is shown in the table. The Wolverine Tube website 
provides the needed information (see attached references). 
  
Table B-1 Copper pipe sizes (K) 

Nominal Sizes, inch Outside Diameter, inch Inside Diameter, inch 
3/8 0.500 0.402 
1/2 0.625 0.527 
5/8 0.750 0.652 
3/4 0.875 0.745 

 
 
 
Pipe Sizes – CPVC Pipes 

The following table shows the pipe sizes for CPVC type CTS piping.   
 
Table B-2 CPVC plumbing pipes sizes (CTS)* 

Nominal Sizes, inch Outside Diameter, inch Inside Diameter, inch 
1/4 (not available)   
3/8 (not available)   

1/2 0.625 0.469 
3/4 0.875 0.695 
1 1.125 0.901 

* Harvel HydroKing plumbing pipe dimensions – Harvel Plastics, Inc., http://www.harvel.c0,/piping-cts-
dim.asp 
 
 
 
Pipe Sizes – PEX Tubing 

The following table shows the pipe sizes for PEX tubing.   
  
Table B-3 PEX tubing sizes 

Nominal Size, inch O.D. inch I.D. inch 
1 1.125 0.862 

3/4 0.875 0.681 
1/2 0.625 0.475 
3/8 0.5 0.35 
1/4 0.375 0.225 
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Flow Velocity Calculation 
 
Velocity inside the pipes is important, because 5 ft/sec is the maximum velocity allowed inside copper hot water (< 140°F) pipes to 
avoid erosion-corrosion and excessive noise.  The maximum velocity permitted in the plumbing codes is 10 ft/sec.  Velocity 
calculation is based on the known pipe size and volumetric flow rate.  The following equation shows the relationship between velocity 
and flow rate. 
 
Q = VA 
 
where Q is the volumetric flow rate, in ft3/sec, V is the flow velocity, in ft/sec, and A is the pipe inside area, in ft2.  It is often to use 
gallon per minute (gpm) to express the flow rate in the plumbing fixtures.  The conversion factor from gpm to ft3/min is as follow 
 
1 gpm = 0.1337 ft3/min = 0.1337/60 ft3/sec. 
Based on the above conversion factor and the sizes of the pipes shown in Tables A-1, 2 and 3, velocities for different sizes of pipes 
can be calculated. 
 

Table B-4. Copper plumbing pipe sizes and hot water velocities 
 

Flow Rate, GPM 
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 7 

Nominal 
Sizes, inch 

OD, 
inch 

ID, 
inch 

Velocity, ft/sec 
¼ (K) 0.375 0.305 2.20 4.40 6.59 8.79 11.00 13.20 15.40 17.60 19.80 22.00 24.20 26.40 30.80 
¼ (L)  0.315 2.07 4.13 6.19 8.25 10.31 12.38 14.44 16.50 18.56 20.63 22.69 24.75 28.87 
¼ (M)  *              
3/8 (K) 0.500 0.402 1.27 2.53 3.79 5.06 6.33 7.59 8.86 10.12 11.39 12.65 13.92 15.18 17.71 
3/8 (L)  0.430 1.11 2.21 3.32 4.42 5.53 6.63 7.74 8.84 9.95 11.06 12.16 13.27 15.48 
3/8 (M)  0.450 1.01 2.02 3.27 4.04 5.04 6.05 7.06 8.07 9.08 10.09 11.10 12.11 14.13 
½ (K) 0.625 0.527 0.74 1.47 2.21 2.94 3.68 4.41 5.15 5.88 6.62 7.35 8.09 8.82 10.29 
½ (L)  0.545 0.69 1.37 2.06 2.75 3.44 4.12 4.81 5.50 6.18 6.87 7.56 8.25 9.62 
½ (M)  0.569 0.63 1.26 1.89 2.52 3.15 3.78 4.41 5.04 5.67 6.30 6.94 7.57 8.83 
5/8 (K) 0.750 0.652 0.48 0.96 1.44 1.92 2.40 2.88 3.36 3.84 4.32 4.80 5.28 5.76 6.72 
5/8 (L)  0.666 0.46 0.92 1.38 1.84 2.30 2.76 3.22 3.68 4.14 4.60 5.06 5.52 6.44 
5/8 (M)  *              
¾ (K) 0.875 0.745 0.37 0.73 1.10 1.46 1.83 2.19 2.56 2.92 3.29 3.65 4.02 4.38 5.11 
¾ (L)  0.785 0.33 0.66 0.99 1.32 1.64 1.97 2.30 2.63 2.96 3.29 3.62 3.95 4.60 
¾ (M)  0.811 0.31 0.62 0.92 1.23 1.54 1.85 2.16 2.46 2.77 3.08 3.39 3.70 4.31 
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1 (K) 1.125 0.995 0.21 0.41 0.61 0.82 1.03 1.23 1.44 1.64 1.85 2.05 2.26 2.46 2.87 
+1 (L)  1.025 0.20 0.39 0.58 0.77 0.97 1.16 1.35 1.55 1.74 1.93 2.12 2.34 2.73 
1 (M)  1.055 0.18 0.36 0.55 0.73 0.91 1.09 1.28 1.46 1.64 1.82 2.01 2.19 2.55 
* pipe size not available 
Note: Red marked numbers are over the recommended maximum hot water velocity for copper pipes of 5 ft/sec5. 
 

 
CPVC pipe in residential distribution systems is almost always type CTS.  Schedule 40 CPVC pipe was also included in the table 
below in order to give an indication of the velocities that could be expected in smaller diameter CPVC pipe.  Should the plumbing 
codes accept smaller diameter pipe, the authors believe that a CTS version of 3/8” and 1/4” diameter CPVC pipe would become 
available and marketed.  The velocities in the new CTS sizes would be somewhat higher than that shown for the schedule 40 pipe.  

 
Table B-5. CPVC (CTS and Sch. 40) plumbing pipe sizes and hot water velocities 

 
Flow Rate, GPM 

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 7 
Nominal 
Sizes, inch 

OD, 
inch 

ID, 
inch 

Velocity, ft/sec 
¼ (Sch. 40) 0.540 0.344 1.73 3.45 5.18 6.91 8.63 10.36 12.08 13.81 15.54 17.26 18.99 20.72 24.17 
¼ (CTS) *               
3/8 (Sch. 40) 0.675 0.473 0.92 1.83 2.74 3.65 4.57 5.48 6.39 7.30 8.22 9.13 10.04 10.96 12.78 
3/8 (CTS) *               
½ (Sch. 40) 0.840 0.602 0.56 1.13 1.69 2.25 2.82 3.38 3.95 4.51 5.07 5.64 6.20 6.76 7.89 
½ (CTS) 0.625 0.469 0.93 1.86 2.79 3.71 4.64 5.57 6.50 7.43 8.36 9.29 10.22 11.14 13.00 
¾ (Sch. 40) 1.050 0.804 0.32 0.63 0.95 1.26 1.58 1.90 2.21 2.53 2.84 3.16 3.48 3.79 4.42 
¾ (CTS) 0.875 0.695 0.42 0.85 1.27 1.69 2.11 2.54 2.96 3.38 3.81 4.23 4.65 5.07 5.92 
1 (Sch. 40) 1.315 1.029 0.19 0.39 0.58 0.77 0.96 1.16 1.35 1.54 1.74 1.93 2.12 2.32 2.70 
1 (CTS) 1.125 0.901 0.25 0.50 0.75 1.01 1.26 1.51 1.76 2.01 2.26 2.52 2.77 3.02 3.52 
* CPVC (CTS) pipe sizes smaller than ½” are not commercially available. 
Note: Red marked numbers are over the recommended maximum hot water velocity for CPVC pipes of 10 ft/sec. 
 

  
 
 
 

                                                 
5 Copper hot water pipe maximum velocity,  http://www.pmmag.com/CDA/Archives/48e523c5200d7010VgnVCM100000f932a8c0_ 
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Table B-6. PEX plumbing pipe sizes and hot water velocities 
 

Flow Rate, GPM 
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 7 

Nominal 
Sizes, inch 

OD, 
inch 

ID, 
inch 

Velocity, ft/sec 
¼ 0.375 0.250 3.27 6.54 9.81 13.07 16.34 19.61 22.88 26.15 29.42 32.68 35.95 39.22 45.76 
3/8 0.500 0.350 1.67 3.34 5.00 6.67 8.34 10.00 11.67 13.34 15.01 16.68 18.34 20.01 23.35 
½ 0.625 0.475 0.91 1.81 2.72 3.62 4.53 5.43 6.34 7.24 8.15 9.05 0.96 10.86 12.67 
¾ 0.875 0.681 0.44 0.88 1.32 1.76 2.20 2.64 3.08 3.52 3.96 4.40 4.85 5.28 6.17 
1 1.125 0.862 0.27 0.55 0.82 1.10 1.37 1.65 1.92 2.20 2.47 2.75 3.02 3.30 3.85 
Note: Red marked numbers are over the recommended maximum hot water velocity for PEX pipes of 10 ft/sec. 
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1 Background and Objectives 
The HWSIM hot water distribution model was originally developed in 1990 by Davis 
Energy Group as part of a California Energy Commission project to develop a 
comprehensive water heating methodology for the Title 24 Residential Standards.  Due to 
project constraints, the original HWSIM program utilized some simplifying assumptions 
and had limited input flexibility in certain areas (e.g. the model was not able to simulate 
seasonal variations in inlet cold water temperature or variations in environment 
temperatures where the piping is run).  In 2004 Davis Energy Group received funding 
from DOE’s Building America program to develop an enhanced HWSIM with improved 
capabilities and a graphical interface.  The enhanced HWSIM was developed in the 
Microsoft .NET environment in conjunction with programmer Robert Scott.  The scope 
of the project and programming complexities prevented the work from being completed 
within the 12-month time frame.  The LBNL PIER Hot Water project provided additional 
funding to complete HWSIM development and provide validation results based on 
detailed laboratory pipe heat loss data collected by Applied Energy Technology.   
  
The primary objective of this report is to document initial validation efforts comparing 
HWSIM results to Applied Energy Technology (AET) lab data for copper and PAX 
(cross linked polyethylene with an aluminum oxygen barrier) piping in air.  (Additional 
validation efforts will occur in a subsequently funded LBNL PIER project.)  The 
validation effort focuses on three key comparisons: 
 

1. HWSIM model predictions vs. actual data for hot water outlet temperatures for 
½” copper, ¾” copper, and ¾” PAX piping located “in air” at different hot water 
flow rates. 

 
2. “AF/PV” ratios (Actual hot water Flow divided by Pipe Volume) for the model 

vs. the laboratory data.  The AF/PV ratio describes how much hot water is needed 
at a distant use point before a minimum hot water use temperature (e.g. 105ºF) is 
achieved. 

 
3. Temperature decay characteristics for different pipe types.  The model vs. actual 

decay data will reflect pipe cool down profiles for different materials and 
environment temperatures. 

 

2 Program Development Overview 
HWSIM is a first principles model that tracks the flow of water from the water heater1 
through the user-defined piping system to each hot water end-use point.  HWSIM tracks 
the thermal interactions of the water in the pipe as it flows through various piping 
materials (with or without insulation) and through various environments with surrounding 
temperatures that can change monthly and/or hourly.  Pipe sections are broken into 0.01 

                                                 
1 Hot water leaves the water heater at a fixed outlet temperature (no tank temperature variations are 
assumed). 
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gallon (typical) volume elements to analyze water-to-pipe and pipe-to-environment heat 
transfers. Turbulent conditions are assumed for water-to-pipe heat transfer and horizontal 
still-air is assumed for pipe-to-air heat transfer for each element. 
 
The user schedules a set of draws for each use point consisting of the hot water flow rate, 
water volume, the type of draw, the minimum water temperature required, and the initial 
ratio of hot to cold water use at the fixture2.  The draw type can be one of three: 
Appliance draws are assumed to consume 100% hot water; MixedTemp draws use a 
volume of water, such as a tub, at a final desired mixed temperature; and MinTemp  
draws, such a shower or sink, require a specified minimum hot water temperature before 
the “useful” hot water draw begins.  MinTemp draws waste flowing water until the 
minimum use temperature is achieved.   At the completion of a draw, the piping system 
sits static until either the end of the hour or until the next draw occurs, whichever comes 
first.  At that time, HWSIM performs a thermal decay calculation to update the combined 
water/pipe temperature based on the initial temperature of the volume element, the pipe 
heat loss characteristics, the local environment temperature for that element, and the time 
since the end of the last draw. 
 
The user provides a plumbing layout, as well as a schedule of hot water draws.  The 
program tracks: 
 

• Energy flows (leaving the water heater, leaving the use point, pipe losses) 
• Hot and cold water used  
• Hot and cold water wasted (for MinTemp draws before minimum use temperature 

is achieved)  
• Distribution system efficiency 
• Water use efficiency 
• Water heater efficiency  

 
The program currently is not 100% operational for modeling recirculation systems.  This 
feature will be added shortly.  Calibration efforts will continue under the PIER LBNL 
contract extension. 
 

3 Validation Results 
A series of validation graphs follow in this section.  The validation effort focused on 
determining proper adjustment factors for ho, hi, and the “qmix” term.  The “h” factors 
represent direct multipliers on the heat transfer coefficients calculated by HWSIM.  The 
qmix term was added in an effort to mimic the slip flow phenomena observed by AET in 
the lab.  The qmix term is basically a U-value between adjacent volume elements 
(typically 0.01 gallons) within a pipe.  The greater the qmix term, the greater the thermal 
transfer down the pipe in advance of the flowing plug of hot water. 

                                                 
2 Hot water ratio accounts for single lever fixtures where the initial position dictates the ratio of hot water 
flow to total flow with resulting impact on water wasted before desired temperature is reached. 
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Figure 1 plots outlet hot water temperature data for 100 feet of ½” copper in 67.5ºF air at 
varying hot water flow rates.  The graph plots AET lab data and HWSIM results for ho, 
hi, and qmix values of “1.0, 1.0, 1.0” (unadjusted) and “1.3, 1.0, 1.0”.  The latter case was 
found to match nearly exactly for this case and also matched well for ¾” copper. 
 
Figure 1:  Pipe Heat Transfer Coefficient Impact 

100 ft 1/2" Cu, 135 hot, 67.5 air
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Figure 2 plots outlet temperature vs. flow rate for ½” and ¾” copper in air, and ½” copper 
with ½”  insulation in air.  These plots use the “1.3,1.0,1.0” set of factors.  The two 
uninsulated cases show very good agreement over the full flow rate range.  The insulated 
case shows small divergence, particularly at the very low 0.5 gpm flow rate.  Since the 
uninsulated case provides a good match, the small deviation is likely due to the 
conductivity specification or the model assumption of perfect insulation performance vs. 
the small anomalies that can’t be avoided in the laboratory.  Figure 3 shows a similar plot 
for ¾” PAX, in air and insulated.  Again the uninsulated case shows very good 
alignment, with a greater divergence in the insulated case. 
 
Figures 4-7 provide a comparison of AF/PV lab results to model predictions.  In general 
the lab data shows a trend of decreasing AF/PV with both increasing flow rate and 
increasing pipe length. At the same time, the lab data shows variations that can be 
expected in doing experimental work;  in other words trends are evident but not all data 
points follow the trend.   
 
Figure 4 plots AF/PV data as a function of pipe length at a hot water flow rate of 0.49 
gpm.  HWSIM model results are shown for a range of hi and qmix values, with ho fixed at 
1.3.  The HWSIM “1.3,1.0,1.0” and “1.3,1.0,0.0” lines sit directly on top of each on 
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either in this example.  Given the small sensitivity to variations in the hi and qmix values, 
the recommended specification of  “1.3,1.0,0.0” is proposed. 

 
Figure 2:  Model vs Lab Outlet Temperature Data (½” Cu, ¾” Cu, ½” Insulated Cu) 
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Figure 3:  Model vs Lab Outlet Temperature Data (¾” PAX, ¾” Insulated PAX) 

100 ft, 3/4PAX, 135 hot, 67.5 air
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Figure 4:  Model vs. Lab AF/PV Validation as a Function of Pipe Length (½” Cu) 
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Figure 5 takes this validation assumption and applies it to 135ºF inlet hot water in ½” 
copper pipe in 65ºF air.  Four lab cases (“AET”) are compared to four HWSIM 
projections at hot water flow rates of 0.49, 0.94, 1.6, and 3.02 gpm.  Although the lab 
data shows a much greater AF/PV sensitivity to flow rate than the model, most residential 
hot water flow rates will occur in the 0.9 to 2.0 gpm range where the model matches the 
lab data quite well. 
 
Figure 6 plots results for 120ºF inlet hot water in ½” copper pipe in 70ºF air.  The lab 
data shows a stronger downward trend in AF/PV with increasing pipe length than 
HWSIM indicates.  Similar to the Figure 5 data, outside of the low 0.49 gpm case, the 
model predictions are reasonably close to the AET lab results. 
 
Figure 7 plots results for 135ºF inlet hot water in ¾” copper pipe in 58ºF air.  The lab 
data shows a similar trend to Figure 6, with generally higher AF/PV’s for short lengths 
and a trend towards lower values for longer pipe lengths.  HWSIM shows minimal 
variation with length, but on average matches well with the lab data at flow rates of 1.98 
gpm and above. 
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Figure 5:  Model vs Lab AF/PV as a Function of Pipe Length & Flow Rate (½” Cu) 
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Figure 6:  Model vs Lab AF/PV as a Function of Pipe Length & Flow Rate (½” Cu) 
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Figure 7:  Model vs Lab AF/PV as a Function of Pipe Length & Flow Rate (¾” Cu) 
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The final step in the validation process is to look at how the model predicts the cool down 
of pipes between hot water draws.  AET completed lab testing on various pipe 
configurations and determined an average effective pipe UA during non-flow situations.  
These loss coefficients were then used to determine pipe cooldown times.  Table 1 
summarizes the in-air cooldown times for insulated and uninsulated pipes at 135 and 
125ºF starting temperatures.  To mimic this test, an HWSIM model was set up for each of 
the pipe cases shown in Table 1.  A short two foot pipe section from the water heater was 
modeled to insure that the outlet water temperature would be very close to the assumed 
135ºF (or 125ºF) tank outlet temperature.  A five-minute draw was imposed, at the end of 
which a time delay was imposed (19.8 minutes for the “½” Rigid Cu, no insl” case).  A 
second draw then ensued, and the initial outlet water temperature was recorded.   
 
 

Table 1:  AET Pipe Cool-down Data (time in minutes to reach 105ºF in 67.5ºF air) 
Pipe Description 135ºF Starting Temperature 125ºF Starting Temperature 
½” Rigid Cu, no insl 19.8 14.4 
½” Rigid Cu, ½” insl  35.8 26.0 
½” Rigid Cu, ¾” insl  40.4 29.4 
¾” Rigid Cu, no insl 22.7 16.5 
¾” Rigid Cu, ½” insl 59.8 43.5 
¾” Rigid Cu, ¾” insl 64.0 46.5 
¾” PAX, no insl 18.1 13.2 
¾”PAX, ¾” insl 56.3 47.1 
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Figure 8 plots this initial water temperature for each of the cases in Table 1.  The x-axis 
label characterizes the insulation (none, ½”, or ¾”) as well as the pipe material.  Ideally, 
the cases shown should all converge to 105ºF for 100% consistency with the lab data.  On 
average for the 125 and 135º starting temperatures, HWSIM over-predicts the lab results 
by 2.6 and 3.5ºF, respectively3.  Curiously the trend isn’t consistent with uninsulated ½“ 
Cu showing a faster predicted decay, and all other cases showing a slower decay.  Three 
potential factors could be affecting the decay results: 
 

1. The decay calculations are based on a lumped capacitance assumption that 
combines the energy contained in the pipe and water into a single combined 
temperature. 

2. The assumption of a “still air” pipe exterior convection coefficient may or may 
not fully represent conditions in the lab.  Small environment effects or radiant 
heat transfer can have a sizable impact on pipe heat loss, especially for 
uninsulated pipes. 

3. HWSIM assumes perfect insulation performance at a fixed insulation R-value of  
3.97 per inch.  Although pipe insulation is required to be tested and rated, 
discrepancies in product catalog specifications raise some uncertainties as to 
actual performance characteristics of individual products.  

 
Figure 8:  Initial Draw Temperatures After Cool-Down Period 

 
                                                 
3 Keep in mind that the Figure 8 reported temperatures represent projections at 14 to 64 minutes after the 
end of the hot water draw. 
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4 Conclusions  
The HWSIM model was validated against available “in air” test data provided by Applied 
Energy Technology.  Key conclusions include: 
 

1. With a minor adjustment of the inside heat transfer coefficient, the program 
generates a good match with AET data for “during flow” heat transfer for all pipe 
materials and through a range of flow rates. 

2. HWSIM does not demonstrate the same degree of sensitivity in AF/PV to pipe 
length and flow rate as the lab data, however, on average it is fairly close to the 
lab data for typical residential hot water flow rates (1-3 gpm). 

3. Decay results are acceptable, but could warrant additional evaluation in the next 
phase of the PIER LBNL hot water study.  The overall impact of thermal decay 
between draws is dependent on several factors including usage profiles, plumbing 
configuration, and environment conditions. 

 
 
 



 

Appendix N.  Measure Information Template:  Tankless Gas Water 
Heaters 
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Purpose 
This document proposes changes to the modeling of tankless gas water heaters under the 
Title 24 Residential Building Standards.  Current ACM modeling rules for tankless water 
heaters overvalue their performance by not accounting for the impact of small hot water 
draws and heat exchanger “cool down” on overall performance.  
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Overview 
Description Instantaneous, or tankless gas water heaters have the potential to 

significantly improve the efficiency of residential water heating due to 
higher combustion efficiencies and the elimination of standby losses 
common to the gas storage water heaters.  In the last decade a new 
breed of instantaneous gas water heaters with Energy Factors (EF) of 
0.80 or higher have been introduced to the market.  These units are 
considerably more efficient that standard gas storage water heaters 
(~0.60 EF) and they represent a significant improvement over units of 
twenty to thirty years ago in terms of both eliminating standing pilots 
and by integrating sophisticated controls that vary burner capacity to 
meet supply water setpoints under varying flow rates.   
 
Over the past five years tankless water heaters are starting to achieve 
some penetration in the residential market.  Economics are generally 
good in new construction applications.  In retrofit applications, 
associated installation costs (expensive vent system and frequent need 
for upsizing of the gas line) often become a major barrier for most 
homeowners. 
 
The proposed change for tankless water heaters is to more accurately 
describe their performance in the ACM.  This proposal is for all 
building types included under the residential standards. 

Type of Change The proposal represents a change in the Residential ACM modeling 
rules.  Appendix RG of the ACM manual would need to be modified to 
reflect the proposed changes. 

Energy Benefits The benefit would be increased accuracy in the modeling of tankless 
gas water heaters within the Title 24 Standards.    

Non-Energy 
Benefits 

Reduced natural gas consumption equates to improved air quality.   

Environmental 
Impact  

Since approximately 85% of California homes have gas storage water 
heaters, the long-term savings impact is significant.  Most tankless 
units require an electric connection for controls and combustion air 
blower.  The added electrical demand is small (~5 Watts per unit), but 
continuous.  Air quality benefits would accrue from reduced gas 
consumption. 
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Technology 
Measures 

Measure Availability and Cost  
Not required for modeling rule change. 

Useful Life, Persistence and Maintenance  
This is one area of uncertainty with tankless water heaters.  
In areas with hard water, scale deposits will start to build on 
the heat exchanger.  To date, there is no data on how 
significant a problem mineral deposits are.  Manufacturers 
recommend flushing the heat exchange with a mild acid 
solution at one or two year intervals, depending on water 
quality.   

Performance 
Verification 

Not required. 

Cost 
Effectiveness 

Not required. 

Analysis Tools The proposed changes can be easily implemented in the ACM. 
Relationship to 
Other Measures 

The proposed change would reduce the current credit for tankless gas 
water heaters.   

Methodology 
 
Both tankless and storage gas water heaters are tested under procedures defined by the 
U.S. Department of Energy (Federal Register 10 CFR, Chapter II, Pt. 430, Subpt. B, App. 
E).  The test procedure prescribes six equal hot water draws (volume of ~10.7 gallons per 
draw) at one-hour intervals.  The remainder of the 24-hour test period is used to account 
for standby losses.  Unlike storage water heaters, the standby portion of the test 
minimally impacts tankless water heater performance.  However, the number, timing, and 
frequency of draws affect tankless units since the heat exchanger must be raised to 
temperature for each draw event.   
 
Evaluating tankless water heater performance was one of the elements of the PIER-
funded study addressing water heating research issues and Title 24.  To evaluate the 
performance of tankless gas water heaters, Davis Energy Group (DEG) monitored two 
units currently on the market.  One unit was monitored in an existing home (occupied by 
a working couple) and the second was tested at DEG’s shop facility.  The schematic 
shown in Figure 1 depicts the system configuration at the house1.  Installed monitoring 
equipment included a high resolution flow meter (FLDHW), a gas meter with a 20 pulse 
per ft3 digital output (GAS), and immersion thermocouples on the inlet and outlet of the 
tankless heater (TDC and TDH, respectively).   
 
A Data Electronics DT-50 datalogger was used to monitor and log data in the field.  The 
datalogger was configured to log temperatures, hot water flow, gas consumption, and 
heating capacity on 15-second intervals whenever hot water flow occurred.  Each hot 
water draw event could then be characterized by a start time and end time, volume of 

                                                 
1 A similar monitoring configuration was used in the testing at DEG’s shop facility. 
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water drawn from the water heater, Btu’s delivered from the water heater, and gas 
consumption.   
 
Efficiency was defined as follows: 
 
Efficiency = Qout / Qin  (Equation 1) 
 
Where  Qout = Draw volume in gallons x 8.3 x ( TDH – TDC )  

Qin   = Gas ft3 x 1013 Btu/ft3  
  
 
Figure 1:  Tankless Water Heater Installation and Monitoring Configuration 

 
As part of the field testing, a conventional gas storage water heater was monitored prior 
to replacement with the tankless unit.   Field results indicated trends that suggested 
additional lab testing would be useful in further understanding system performance.  
Under the PIER project, a second tankless unit was obtained for testing at Davis Energy 
Group’s shop/test facility.  The primary goal of the lab testing was to evaluate the 
performance of a tankless unit under more controlled conditions allowing data collection 
at various flow rates, hot water draw volumes, and time interval between draws.  
Performance characteristics of the units monitored in the lab and field are summarized in 
Table 1. 
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Table 1:  Performance Characteristics of Tested Units 
 Unit # 1 (field) Unit # 2 (lab) 

Energy Factor 0.82 0.81 
Thermal Efficiency 82% 81.6% 

Min Capacity (Btuh) 15,000 19,500 
Max Capacity (Btuh) 180,000 140,000 

Default Temperature Setting 120°F 122°F 
 

Analysis and Results  
 
This section provides a brief summary of the PIER tankless study results.  Full details of 
the study can found in the PIER “Field and Laboratory Testing of Tankless Gas Water 
Heater Performance” report.   
 
Figure 2 compares monitoring data for both the storage gas water heater (pre-retrofit) and 
tankless unit (post-retrofit) at the field site.  The storage water heater data shows 
efficiency approaching zero at very low daily hot water usage rates.  As loads increase 
(the Qout term in Equation 1), standby loss term becomes a smaller fraction of the overall 
energy consumption.  The trend of the storage water heater efficiency curve fit suggests 
that as water loads approach the 64.3 gallons used in the Energy Factor test, the 
monitored efficiency converges to a value close to the rated Energy Factor.  The 
instantaneous water heater demonstrates a very different relationship.  As hot water 
consumption decreases, the daily efficiency falls slightly.  What is more significant is the 
large variation that exists for days with similar hot water usage.  For example, the three 
data points around 25 gallons/day demonstrate efficiencies ranging from about 55% to 
82%.  This large variation suggests that differences in hot water use characteristics affects 
the calculated daily efficiency.   
 
Testing was performed at the Davis Energy Group shop to better understand the impacts 
of draw volume size, flow rate, and time intervals between draws on overall efficiency.  
Figure 3 plots data from a series of tests with varying flow rates (1.2 to 2.3 gpm) and 
varying time intervals between hot water draws (5 and 45 minutes2).  The data clearly 
depicts the impact of “cool down” time on system efficiency.  The “5 minutes between 
draw” tests show a 10-15 percentage point drop in efficiency at draw volumes of 1 gallon 
(relative to larger 10 or 15 gallon draws), while the “45 minutes between draws” show a 
much more significant drop.  This efficiency disparity is largest at small volumes and 
approaches zero at about 4 gallon draw volumes.  The impact of flow rate appears to be 
negligible for the “5 minute” data, although the “45 minute” interval data does 
demonstrate some variation due to flow rate.  This may be due to the effect of the lower 
flow rate allowing the heat exchanger more time to fully come to temperature than at a 
higher flow rate.    

 
                                                 
2 At 45 minutes, the heat exchanger had essentially cooled to room temperature. 
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Figure 2:  Comparison of Daily Water Heater Efficiency 

Figure 3:  Monitored Lab Efficiency of Tankless Water Heater #2 
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Figure 3 clearly demonstrates how system efficiency is affected by both the size of the 
hot water draw and how much the heat exchanger has cooled since the prior draw.  This 
is valuable information, but to draw conclusions on full-year performance, representative 
hot water draw schedules must by applied.  Currently this is the weak link.  There is very 
little good data available characterizing hot water usage in California homes.  For this 
study we relied on two sources:  1) a typical hot water usage profile used in the 
residential distribution system analysis for the 2005 Title 24 Standards, and 2) eleven 
months of detailed hot water usage data collected during 2003-2004 at a Building 
America monitoring site in Elk Grove, CA.  The 2,070 ft2 single-story Elk Grove house 
was occupied by a working couple during the monitoring period.  Hot water usage during 
the eleven months averaged 43 gallons per day.  In addition to monitoring the total hot 
water usage, data were collected on the draw characteristics of each hot water draw (start 
time, end time, average flow rate, and temperatures).  Figure 4 disaggregates the Building 
America hot water usage data by both draw volume and time interval between draws. 
 
 
Figure 4:  Characterization of Hot Water Loads at Building America Site  

 
With a basis for defining hot water usage, we can now look more closely at tankless 
performance.  Figure 5 focuses on tankless performance at hot water draw volumes less 
than 5 gallons (subset of data in Figure 3), since this is the region where performance is 
subject to the greatest degradation.  For the zero to four gallon draw volume range we 
propose to evaluate performance under two “cool down” levels:  5 minute “cool down” 
and 45 minute “cool down” (at the 2.3 gpm flow rate).  Figure 5 shows a smoothed curve 
through the lab monitored data points.  In addition vertical lines are shown at 0.5, 1.5, 
2.5, and 3.5 gallons.  A representative efficiency is defined where the vertical lines 
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intercept the curve.  For example, at 0.5 gallons, efficiencies of 21% and 60% are 
estimated, for 45 and 5 minute intervals, respectively.  
 

Figure 5:  Efficiency as a Function of Volume and Time Between Draws 

 
The final step in developing an estimate of typical full-year tankless water heater 
performance involves applying the efficiency curves to the assumed load profiles.  Table 
2 disaggregates the assumed hot water load into one-gallon bins.  An assumption is made 
that at an eleven gallon hot water draw volume, the thermal efficiency of a tankless unit 
is equal to the nominal efficiency3, in this case 81.6%.  Estimated efficiencies for draws 
of four gallons or less are based on Figure 5.  From five through ten gallons, a linear 
relationship is assumed.  From eleven gallons on up, the nominal 81.6% efficiency is 
assumed.  As shown in the weighted efficiency columns in Table 2, virtually all of the 
degradation occurs at draw volumes less than four gallons due to the lower efficiencies 
and considerable usage at low volume. The difference between hot (77.3%) and cold start 
(70.3%) efficiencies is fairly significant when compared the assumed nominal 81.6% 
efficiency.   
 
In reality, the expected degradation will lie somewhere between the hot and cold start 
conditions.  Table 3 summarizes the “waiting time between draws” data from both the 
Elk Grove Building America data and the 2005 Title 24 hot water usage pattern 
assumptions.  Based on these two points, we propose applying a 40% weighting factor to 
“cold” and a 60% weighting to “hot”.  The resulting annual efficiency is calculated to be 
74.5%, or 8.8% below the nominal 81.6% efficiency. 
                                                 
3 Eleven gallons corresponds to the draw volume used in the Energy Factor test (1/6 of 64.3 gallons). 
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Table 2:  Projected Typical Tankless Performance (Cold and Hot Start) 
 

 
 
Table 3:  Summary of Time Intervals Between Low Volume Draws 
 Time Interval Between Draws (minutes) 
 <5 5 to < 15 15 to < 45 > 45 
Building America data 34% 31% 13% 22% 
2005 Standards (HWSIM) 14% 35% 29% 22% 

Recommendations 
 
Our recommendations for updating ACM rules for tankless water heaters includes the 
following: 
 

1. The ACM should degrade the listed Energy Factor for gas tankless water heaters 
by 8.8%. 

 
2. For units with a continuously burning pilot, 500 Btu/hour of pilot energy should be 

assumed, unless a value is available in the CEC’s Appliance Directory for small natural 
gas instantaneous water heaters. 

 

Hot Water % of Estimated Estimated
Draw Vol Total Thermal Weighted Thermal Weighted
(gallons) Load Efficiency Efficiency Efficiency Efficiency

1 9.0% 21.0% 1.9% 60.0% 5.4%
2 10.0% 49.0% 4.9% 70.0% 7.0%
3 7.0% 63.0% 4.4% 74.0% 5.2%
4 5.0% 71.0% 3.6% 76.0% 3.8%
5 2.0% 72.5% 1.5% 76.8% 1.5%
6 2.0% 74.0% 1.5% 77.6% 1.6%
7 1.0% 75.5% 0.8% 78.4% 0.8%
8 4.0% 77.1% 3.1% 79.2% 3.2%
9 5.0% 78.6% 3.9% 80.0% 4.0%
10 5.0% 80.1% 4.0% 80.8% 4.0%
11 6.0% 81.6% 4.9% 81.6% 4.9%
12 8.0% 81.6% 6.5% 81.6% 6.5%
13 8.0% 81.6% 6.5% 81.6% 6.5%
14 8.0% 81.6% 6.5% 81.6% 6.5%
15 5.0% 81.6% 4.1% 81.6% 4.1%
16 4.0% 81.6% 3.3% 81.6% 3.3%
17 3.0% 81.6% 2.4% 81.6% 2.4%
18 3.0% 81.6% 2.4% 81.6% 2.4%
19 3.0% 81.6% 2.4% 81.6% 2.4%
20 2.0% 81.6% 1.6% 81.6% 1.6%

Overall Efficiency 70.3% 77.3%

"Cold Start" "Hot Start"
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The proposed 8.8% Energy Factor degradation would be uniformly applied in the ACM, 
regardless of the magnitude of the hourly hot water load.  Although this approach is technically 
not accurate on a “per draw” basis (smaller draws have larger performance degradation and large 
draws have little or no degradation), the proposed approach provides accurate results on a daily 
or annual time scale. Given the current lack of knowledge on hot water usage patterns in 
California, it is premature to propose a more detailed modeling methodology that would 
hopefully utilize shorter time steps than the current one hour interval used in the ACM. 

Material for Compliance Manuals 
 
The following represents existing language in Appendix RG.4.2 of the ACM. 
 

RG.4.2 Small Gas or Oil Instantaneous  
The hourly energy use for instantaneous gas or oil water heaters is given by the following 
equations.   

Equation RG-25 jj
j

j
j WSAFPILOT

EF
HARL

WHEU ×⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=  

where 
WHEUj =  Hourly fuel energy use of the water heater (Btu), adjusted for wood stove 

boilers.   
HARLj = Hourly adjusted recovery load. 
EFj  = Energy factor from the DOE test procedure (unitless).  This is taken from 

manufacturers literature or from the CEC Appliance Database.   
PILOTj= Energy consumption of the pilot light (Btu/h). Default if no information 

provided in manufacturer’s literature or CEC Appliance Database is 500 
Btu/hr.  

WSAFj = Wood stove boiler adjustment factor for the jth water heating system.  This 
is an optional capability and is set to 1.00 for ACMs without wood stove 
boiler modeling capability. 

 
Based on the data presented in this template, we propose the following modification for 
the definition of EFj.   
 
EFj  = Adjusted Energy Factor to account for cycling performance degradation.  

EFj is calculated by multiplying the listed EF (taken from manufacturers 
literature or from the CEC Appliance Database) by 0.912.   
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Purpose 
This document proposes changes to the Distribution System Multiplier (DSM) and eligibility 
requirements for various residential hot water distribution systems under the Title 24 Residential 
Building Standards.  Current multipliers do not accurately reflect the performance of hot water 
distribution systems and can therefore encourage the use of less efficient systems.  Changes in 
eligibility requirements reflect improved knowledge of systems performance since the 2005 
Standards. 
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Overview 
Description The proposed changes modify the distribution system multipliers (DSM) for hot 

water distribution systems. Parallel pipe system and demand controlled 
recirculation system multipliers have been revised.  New multipliers are proposed 
for pipe systems buried in soil and pipe systems buried in soil and insulated.  The 
remaining DSMs have been rounded to the nearest tenth.  Modifications have been 
made to several eligibility requirements to add new knowledge or correct the 
previous standards wording. These changes would apply to single-family 
residences regulated by the California Building Energy Efficiency Standards. 

Type of Change The proposal represents a change in the distribution system multiplier (DSM) and  
eligibility requirements for hot water distribution systems in the Residential ACM 
modeling rules.  Appendix RG of the ACM Manual would need to be modified to  
reflect the proposed changes. 

Energy Benefits The benefit would be increased accuracy in the selection of hot water distribution 
systems within the Title 24 Standards.   This increased accuracy would improve the 
selection of the more energy efficient systems. 

Non-Energy 
Benefits 

Non-energy benefits include the potential reduction of water consumption and 
sewage production by the residences impacted. 

Environmental 
Impact 

The proposed change/measure has no potential adverse environmental impacts.  It 
will reduce water consumption and sewage produced as well as natural gas and 
electric consumption used in heating water.  Air quality benefits would accrue from 
reduced gas and electric consumption. 

Technology 
Measures 

Not applicable. 

Performance 
Verification 

Not applicable. 

Cost 
Effectiveness 

Not applicable. 

Analysis Tools The proposed changes can be easily implemented in the ACM. 
Relationship to 
Other Measures 

None identified. 

Methodology 
These recommendations stem from the review and evaluation of information and analyses prepared 
by the proposers for the Commission as part of previous work. 
 
A numerical model for residential hot water distribution systems was developed by ORNL that allows 
analysis of various types of pipe, with and without insulation.  The pipe segments may be exposed to 
a convective environment with known conditions (either forced or natural convection), buried in attic 
insulation, or buried beneath a floor slab in the soil.  The distribution system model is Windows-based 
and versatile.  The model simulates one-dimensional energy transport in the axial direction of the 
piping system with lateral heat losses to the pipe wall.  The temperature distribution in the pipe wall 
and insulation is computed using two-dimensional calculations, coupled to the one-dimensional pipe 
solution through a heat transfer coefficient.   
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The following are the assumptions used in the analysis of the various hot water distribution systems 
and options. 

• Average Attic Temperature – 76oF.   
• Average Crawl Space Temperature – 68oF.  
• Average Under-Slab Temperature – 64oF.  
• Shower Flow Rate - 2.25 GPM.   
• Bath Faucet Flow Rate - 1.25 GPM.   
• Kitchen and Laundry Faucet Flow Rate - 2.5 GPM.   

 
There is little data available on actual hot water usage patterns in California or elsewhere. The project 
initially computed all houses and system configurations with the assumption that each draw was a 
“cold start” – meaning that the water had cooled down to the ambient temperature surrounding the 
pipe before each subsequent use.   This approach provided an unambiguous, standard reference point 
that could be used to compare one system against another.   
 
However, this approach has two significant drawbacks.  First, the cold start assumption would only be 
valid for the first draw of the day, and for other draws during the day when a long enough time 
elapsed between draws for the water in the piping to go cold.  Using such an approach for closely 
spaced draws would largely negate the effect of insulation around the piping. Second, one of the 
systems being evaluated is a continuous recirculation system, and there is no such thing (except when 
the system is first installed and turned on) as a “cold start” for that system.  
 
The cold start approach may overstate the total energy and water waste and tends to discount the 
value of insulation.  An all-cold start use pattern probably represents the “worst case” for potential 
water and energy waste.   
 
A subsequent decision was made to modify the model to allow approximate calculations of scenarios 
where draws occurred near each other in time (“clustered”).  In these calculations, the extent to which 
water in the piping cooled down between draws was calculated, rather than assumed.  In these cases, a 
set of draws was assumed in the morning, and then a second set in the evening, with a nine-hour gap 
between them.  This pattern might be typical of a family that spends the middle of the day away from 
the house.  The clustered use represents the likely “best case” regarding water and energy waste. 
 
In the clustered approach, for the first draw of the day (early morning) water in the pipe was assumed 
to be at ambient temperature.  All subsequent draws were based on the calculated temperature of the 
water remaining in the pipe for each of the segments between the water heater and the end-use fixture.  
These cool down temperatures were calculated based on the number of minutes between draws.  The 
second cluster of uses occurred nine hours after the first cluster and the water in the pipes had reached 
ambient temperatures.  A similar set of cool down temperatures was calculated for the second cluster 
of draws.  After the second cluster, the delay before use the next day was assumed to be sufficient for 
the water temperatures to reach ambient. 
 
Certain approximations had to be made in calculating the cool down for the clustered draw cases.  The 
most rigorous approach would have been to take the entire profile of temperatures through the water, 
pipe, insulation and surrounding material (soil or attic insulation) and use these as initial conditions 
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for the calculation of the cooling that occurs between the draws.  Time and cost did not permit this 
much rigor.     
 
In 2004 ORNL, using this model, completed a numeric simulation evaluation of the five houses used 
in the 2005 Standards and compared a broad range of systems types and options.  This simulation 
effort forms the basis of the proposed changes to Table RG-2.  
 
Work accomplished by DEG for the Title 24, 2005 and 2008 revisions was reviewed and evaluated 
using current fuel costs and building practices. This evaluation forms the basis of the proposed 
changes to both Table RG-2 and the Proposed Eligibility Requirements.  
 
Measures proposed as mandatory or prescriptive have life-cycle cost analyses that demonstrate the 
measures are cost effective. Cost effectiveness was calculated at the residential natural gas rate of 
$.24374 per TDV, or $24.374 per therm.  Cost effectiveness is discussed in the Analysis and Results 
section below.  

Analysis and Results  
 
DEG updated their analysis of the cost effectiveness of insulating the hot water line between the water 
heater and kitchen sink/dish washer.  This analysis (table below) showed that insulating this line is 
cost effective at both DEG’s and ORNL’s estimate of the cost of installing pipe insulation.  This 
situation is applicable to all pipe sizes including those <3/4”.  Insulating the kitchen hot water supply 
line (all sizes) should also be considered for a mandatory item in the 2008 Standards. 

Summary of Kitchen Pipe Insulation Savings and Economics 
 Kitchen Lines Insulated 

Plan Therms/yr PV$ Cost 

960 3.6 $88 $64 
1384 12.6 $307 $80 
2010 7.6 $186 $114 
2811 2.2 $53 $68 
3080 6.3 $155 $74 

Total  $789 $403 
 
Overall using DEG’s $1.54/ft installed: PV$/Cost = 789/403 = 2.0 
Overall using ORNL’s $2.57/ft installed: PV$/Cost = 789/673 = 1.2 
 
ORNL updated their 2004 analysis of the energy savings and cost effectiveness of insulating the hot 
water line buried in soil between the water heater and end use points.  This analysis (table below) 
showed that insulating these lines is cost effective at both DEG’s and ORNL’s estimate of the cost of 
installing pipe insulation.  The analysis used CPVC pipe which is less conductive than copper—the 
results for copper would show a greater benefit.  Insulating the in-soil hot water supply line (all sizes) 
should also be considered for a mandatory measure in the 2008 Standards. 
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Summary of In-Soil Pipe Insulation Savings and Economics 
 In-Soil Lines Insulated 

Plan Therms/yr PV$ Cost 
580 35.6 $958 $133 
960 39.3 $868 $202 
2010 78.1 $1901 $338 
2811 79.0 $1923 $464 
3080 74.8 $1824 $494 

Total  $7474 $1631 
 
Overall using ORNL’s $2.57/ft installed: PV$/Cost = 7474/1631 = 4.6 
Overall using DEG’s $1.54/ft installed: PV$/Cost = 7474/979 = 7.6 
 
Note:  The ORNL HWDS simulation model has undergone initial validation with in-air experimental 
data and has shown a high degree of agreement.  In-soil experimental data has not yet become 
available (due in May 2006) to validate the in-soil simulation capabilities.  However, given the large 
benefits predicted with the current version, it is not expected that changes due to validation would 
change the overall outcome that this proposal is cost effective.   
 
The changes proposed to Table RG-2 are based on ORNL’s update of their 2004 analysis for CEC of 
the energy savings of various types of hot water distribution systems in various sizes of houses.   
 
Parallel Piping –The parallel piping DSM will be rounded to 1.0.  Additional mandatory measure 
requirements are being proposed by DEG in a separate template requiring that the distribution 
manifold be located within 10 pipe feet of the water heater and that the entire pipe between the water 
heater and manifold be insulated.  Finally we propose dropping the reference to the ¾” and larger pipe 
to the kitchen since the earlier description states that ½” is to be the maximum pipe size for the 
individual runs in this system. 
 
Recirculation + demand control - From our modeling the DSM in attics ranged from 0.39 to 0.98 and 
in soil from 0.10 to 0.42.  Based on this we feel the current DSM of 1.31 is too large.  In none of our 
simulations was a demand control system worse than a conventional system – so the DSM should be 
not be >1.0.  A study by DEG monitored a demand system in Livermore and the data showed that 
motion dectors had an adverse impact on system performance due to significant “false” signals (70% 
of pump activation signals did not result in hot water being used.)  ORNL did a study in Palo Alto of 
demand recirculation system retrofit into existing homes and found that there was little energy savings 
but perhaps 10% water savings from the use of the system.  We propose that the DSM be reset to 1.0 
for the demand control system.   We further propose that the eligibility requirements for this system 
exclude both motion detection and flow detection as a means of control and require that push button 
controls be provided at the kitchen and all full bathrooms in the house.  
 
The other changes proposed for Table RG-2 involve rounding to the nearest tenth.  The current 
hundredth level reflects an accuracy that simply cannot be substantiated.  The performance of all of 
these systems varies widely with house size and configuration, pipe material, system location, 
insulation, and the hot water use pattern.   
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We have shown DSMs for in-soil piping with and without insulation in Table RG-2.  These reflect the 
energy losses associated with piping in the soil compared with the same piping in the attic (the 
alternative location).  The DSM for the various houses evaluated ranged from 2.7 to 5.0 for 
uninsulated copper pipe and from 2.3 to 4.3 for uninsulated CPVC pipe.  The average of these 
uninsulated systems was 3.8.  When insulation was added the DSM ranged from 1.0 to 1.1 for both 
copper and CPVC with an average of 1.0.  These DSMs would be unnecessary if insulating in-soil 
piping was made mandatory. 

Recommendations 
 
Proposed Revisions to Table RG-2 
  
Measure  DSM Now  DSM Proposed  
PIA                  0.90   0.9     
PS*   ------   3.8    
PSI**   ------   1.0    
POU                 0.00                    0.0     
STD   1.00      1.0     
SNI                   1.19                    1.2     
PP                     1.04                    1.0     
RNC                 4.52                    4.5    
RTm                 3.03                    3.0     
RTmp               3.73                    3.7     
RTmTmp          2.49                    2.5     
RDmd               1.31                    1.0 
    
* PS is piping system buried in soil – delete this entry if made mandatory 
** PSI is piping system buried in soil with insulation – delete this entry if made mandatory  
 
Proposed Eligibility Requirements Changes: 

RG.3.2.1 Pipe Insulation Eligibility Requirements 
Pipe insulation on the first five feet of hot and cold water piping from storage gas water 

heaters, recirculating sections of domestic hot water systems, all in-soil hot water piping, and the hot 
water line from the water heater to the kitchen sink and dish washer (regardless of pipe size) is a 
mandatory measure as specified in Section 150 (j) of Title 24, Part 6.  Note that exceptions 3, 4 and 5 
to Section 150 (j) apply to all pipe insulation that is required to meet the mandatory measure 
requirement or that is eligible for compliance credit. 

Pipe insulation credit available if all remaining hot water lines are insulated. Insulation shall 
meet mandatory minimums in Section 150 (j).  Pipe insulation must be installed in a manner to avoid 
future material shrinkage.  During insulation, pipe insulation should be compressed along its length 
and sealed from one length to the next.  Pipe elbows shall be insulated, taped, and sealed to adjacent 
pipe sections. 

Add the following if not made mandatory—Pipe insulation credit is available if all hot water 
lines buried in soil are insulated. Insulation shall meet mandatory minimums in Section 150 (j). 
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Overhead Plumbing for Non-Recirculation Systems. All plumbing located in attics with a continuous 
minimum of 4 in. of blown insulation coverage on top of the piping will be allowed to claim the “all 
lines” pipe insulation credit, provided that: 

1. Piping from the water heater to the attic, and  

2. Piping in floor cavities or other building cavities are insulated to the minimum required for pipe 
insulation credit.  

 

RG.3.2.2 Point of Use Water (POU) Water Heaters Eligibility Requirements 
Current requirements apply.  All hot water fixtures in the dwelling unit, with the exception of 

the clothes washer, must be located within 8’ (plan view) of a point of use water heater.  To meet this 
requirement, most houses will require multiple POU units. 

RG.3.2.3 Recirculation Systems Eligibility Requirements 
All recirculation systems must have minimum nominal R-4 pipe insulation on all supply and 

return recirculation piping.  Recirculation systems may not take an additional credit for pipe 
insulation. 

As a general rule, the recirculation loop should be laid out to be within 8 feet (plan view) of all 
hot water fixtures in the house (with the exception of the clothes washer).  The plumbing layout 
should be focused on minimizing the total volume in the recirculating loop.  Remote hot water use 
points should have longer runouts than 8 feet to avoid overextending the loop.  

Approved recirculation controls include “no control”, timer control, time/temperature control, 
and demand control. Time/temperature control must have an operational timer initially set to operate 
the pump no more than 16 hours per day.  Temperature control must have a temperature sensor with a 
minimum 20°F deadband installed on the return line.   

Demand recirculation systems shall have a pump (maximum 1/8 hp), control system, and a 
timer or temperature sensor to turn off the pump in a period of less than 2 minutes from pump 
activation. Acceptable control systems include push buttons, occupancy sensors, or a flow switch at 
the water heater for pump initiation.  At a minimum, push buttons and occupancy sensors must be 
located in the kitchen, and in the master bathroom, and all additional full bathrooms.   

RG.3.2.4 Parallel Piping Eligibility Requirements 
Each hot water fixture is individually served by a line, no larger than ½ in., originating from a 

central manifold located no more than 8 10 pipe feet from the water heater. The entire pipe from 
water heater to manifold must have minimum nominal R-4 pipe insulation. Fixtures, such as adjacent 
bathroom sinks, may be “doubled up” if fixture unit calculations in Table 6-5 of the California 
Plumbing Code allow. 

Acceptable piping materials include copper and cross-linked polyethylene (PEX), depending 
upon local jurisdictions.   

3/8 in. lines are acceptable encouraged, pending local code approval, provided minimum 
required pressures flow rates listed in the California Plumbing Code (Section 608.1) can be 
maintained. 

Piping to the kitchen fixtures (dishwasher and sink(s)) that is equal to or greater than ¾ inch in 
diameter must be insulated to comply with Section 151(f)8D. 
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Material for Compliance Manuals 
Not included 
 
Bibliography and Other Research  
Wendt, R., Baskin, E., Durfee, D., “Evaluation of Residential Hot Water Distribution Systems by 
Numeric Simulation, Final Report”, ORNL for CEC, March 2004 
 
2002 DEG SFDHW Final Report that I previously sent you (add to Biblio). 
 
Progress Report on Building America Residential Water Heating Research – DEG report to Steven 
Winter Associates, Nov 14, 2003. 
 
M. R. Ally, J. J. Tomlinson, and B. T. Ward, "Water and Energy Savings using Demand Hot Water 
Recirculating Systems in Residential Homes: A Case Study of Five Homes in Palo Alto, California," 
Oak Ridge National Laboratory,  Oak Ridge, TN ORNL/TM-2002/245, October 21, 2002. 
<http://www.ornl.gov/~webworks/cppr/y2001/rpt/115441.pdf> 

Appendices 
None 
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Purpose 
This document proposes mandatory changes to the installation requirements for PEX parallel piping 
hot water distribution systems.  These systems are increasingly commonly used in production housing 
to deliver hot water from the water heater, through a distribution manifold, and ultimately to hot water 
use points.  Current eligibility criteria for parallel piping systems are not sufficiently explicit in 
defining an acceptable installation. 
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Overview 
Description Parallel piping (or “home run”) hot water distribution systems typically feature a 

distribution manifold in close proximity to the water heater.  The manifold is fed 
by a larger diameter pipe, typically cross-linked polyethylene (PEX) plastic piping.  
Although some plumbers will combine two low flow rate fixtures with a single line 
(e.g. neighboring bath sinks), the more common application involves individual 
small diameter PEX tubing (typically 3/8” or ½”) running from the manifold to 
each hot water use point.  The primary advantages of parallel piping PEX manifold 
systems are: 
 

1. Lower material cost (lower and more stable pricing than copper) 
2. Easier and cheaper installation (no soldering) 
3. Greater reliability (utilizes crimp connectors, less likely to leak) 

 
In addition, in well designed and installed systems, parallel piping systems can 
offer lower distribution system energy losses and shorter waiting times than 
standard trunk and branch installations.  Despite these benefits, a recent PIER-
funded field study of sixty hot water distribution systems found that parallel piping 
systems are often not installed in a manner that insures that optimal performance.  
This template proposes the following two mandatory measures that will 
significantly improve the performance and customer satisfaction with parallel 
piping systems: 
 

1. Limiting the water heater to manifold piping distance to ten feet  
2. Require minimum R-4 pipe insulation on the pipe run between the water 

heater and manifold. 
 
This proposal is for all building types included under the residential standards. 

Type of Change The proposed change is suggested as a Mandatory Measure.  Section 150 of the 
Building Standards would be affected. 

Energy Benefits The proposed changes would reduce the volume of water in the line between the 
water heater and the manifold by roughly 50%.  Simulation projections estimate 
the hot water distribution savings at about 30-40% relative to standard parallel 
piping practice.  Annual energy savings are estimated at 11 to 19 therms. 

Non-Energy 
Benefits 

The primary non-energy benefit is reduced hot water waiting time.  The proposed 
measure is estimated to reduce the average volume of water between the water 
heater and the hot water fixtures by ~25%.  This equates to reduced hot water times 
for the consumer and less water wasted at the end use point. 

Environmental 
Impact  

The proposed measure has no negative environmental impacts.  Benefits include 
reduced water consumption, reduced material consumption (~10 foot reduction in 
pipe length), and improved air quality due to natural gas savings. 
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Technology 
Measures 

Measure Availability and Cost  
There are numerous manufacturers of pipe insulation including 
ThermaCel, Insul-tube, and FlexTherm.  The impact of this proposal on 
the market is negligible since it will require addition of less than 10 feet 
of pipe insulation per parallel pipe system.  

Useful Life, Persistence and Maintenance  
There are no issues related to this topic area.  The pipe insulation is in a 
protected environment.   

Performance 
Verification 

The 10’ maximum pipe length and insulation requirements are easily observable by 
the building inspector. 

Cost 
Effectiveness 

The proposed mandatory measures are cost-effective since the projected benefits 
(reduced gas consumption and reduced PEX piping) are considerably greater than 
the added cost of the insulation.  In addition, customers will see a significant 
improvement in hot water delivery characteristics. 

Analysis Tools The HWSIM distribution system simulation model (used in developing the 2005 
distribution system multipliers) was used to assess cost-effectiveness. 

Relationship to 
Other Measures 

No significant impact on other measures.  

Methodology 
The California Energy Commission’s PIER program is currently supporting water heating research 
that will support Title 24 Standards development in both 2008 and beyond.  One element of the 
research involved a field survey of the hot water distribution systems (HWDS) in sixty California 
production homes currently under construction.  Davis Energy Group, Inc. and Chitwood Energy 
Management (under the direction of Lawrence Berkeley National Laboratory) completed this work 
effort in early 2006.  The sixty homes comprised the work of 19 different plumbers and ranged 
geographically from Redding to Costa Mesa.  The goal of the study was to document current hot 
water plumbing practice for a full range of common system types being installed.  Key information 
gathered included: 
 

• HWDS type (e.g.  trunk and branch, parallel piping, recirculation) 
• Materials used (copper, PEX, other) 
• Pipe lengths, diameters, and location (attic, underslab, interior cavity, exterior wall, garage) 
• Characterize hot water end use points (showers, sinks, lavs, etc) 

 
Details of the methodology and results can be found in the Subtask 2.3 report entitled “Field Survey 
Report:  Documentation of Hot Water Distribution Systems in Sixty New California Production 
Homes”.   
 
It became apparent during the course of the fieldwork that parallel piping systems with PEX piping 
have become considerably more popular among production builders in recent years.  Of the 60 sites in 
the field survey, 23 sites were found to have parallel piping systems with PEX tubing and a central 
manifold.  The primary driving force for these systems appears to be first cost, ease of installation, 
and reliability of plumbing connections (no soldering, continuous pipe run from manifold to use 
point).  Figure 1 shows how some plumbers utilize truck-mounted rigs to easily pull the 3/8” and ½” 
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PEX lines from the manifold to the hot water use points.  Figure 2 shows a manifold installed in a 
framed assembly on the garage wall drywall1.  Although some plumbers will “double up” low flow 
fixtures (e.g master bath dual sinks), the more typical installation involves individual hot water lines 
run to each use point.  The smaller diameter lines combined with thicker PEX pipe walls (~35% less 
volume per foot) means less water in the lines and shorter waiting times.   
 
One key observation in documenting the parallel piping installations in the field was the inefficiency 
in running the ¾” or 1” PEX main line from the water heater to the manifold.  For the 23 parallel 
piping sites, the average length of pipe running from the water heater to the manifolds was 20.2 feet, 
despite the fact that in almost all cases the water heater was less than five feet (in plan view) from the 
manifold.   
 
 

 
 
Figure 3 plots the volume of water entrained in the main line (water heater to manifold) as a 
percentage of the average amount of entrained water to each fixture in the house.  On average, an 
astounding 61% of the total volume of the parallel piping systems was determined to be in the main 
line.  Clearly, reducing the entrained volume in this line would significantly improve distribution 
system performance and reduce homeowner hot water wait times.  In addition, insulating the main 
line would significantly increase the amount of time water in the main line would remain usable for 
subsequent draws.  With input from Rick Chitwood (who completed the field survey work) and 
several plumbers, we determined that a 10 foot “water heater to manifold” maximum piping length 
could easily be achieved. 
 

                                                 
1 The manifold is framed out to avoid penetrating the fire wall. 

Figure 1: Truck with PEX pulling 
rigs  
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Figure 2:  Installed manifold 
framed out on garage wall with 
hot (red) and cold (blue) piping  

Figure 3:  Observed Parallel Piping System Characteristics -
 Entrained Volume (Water Heater to Manifold vs. Total Volume)
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Analysis and Results  
 
The HWSIM hot water distribution system model was used to evaluate the benefits of the two 
measures.  HWSIM has previously been used in the development of the original 1991 Title 24 water 
heating methodology and the development of the distribution system multipliers for the 2005 
Standards.  The benefit of shortening and insulating the main line is directly a function of how much 
hot water flows from the water heater through the manifold and the timing between draws.  To 
evaluate the impact, the assumed hot water loads profile used for a 2,010 ft2 single-story house (used 
in the 2005 Standards development) were used to evaluate the following options2: 
 

• 20.2’ of 1” PEX main line, uninsulated 
• 10’ of 1” PEX main line, uninsulated 
• 10’ of 1” PEX main line, insulated to R-4 
• 20.2’ of 3/4” PEX main line, uninsulated 
• 10’ of 3/4” PEX main line, uninsulated 
• 10’ of 3/4” PEX main line, insulated to R-4 

 
The benefits of reducing the length of the main line and also insulating the line is comprised of energy 
savings, piping material savings, water savings, and improved customer satisfaction.  For this 
conservative analysis only the value of the energy savings were quantified.  Gas savings were 
computed using the prescribed value of $.24374 per kBtu, or $24.374 per therm.  Table 1 presents the 
HWSIM projections for distribution losses for the six cases in the first column.  The second column 
calculates energy water heating energy savings based on an assumed 80% water heater recovery 
efficiency3. 
 
 

Table 1:  Projected Energy Savings 
 Annual Distribution  

Loss 
Distribution Loss 

Reduction 
 (therms/year) (therms/year) 
1” Main Line   

20.2’ uninsulated 38.3 n/a 
10’ uninsulated 27.5 13.5 

10’ insulated to R-4 23.4 18.6 
   
3/4” Main Line   

20.2’ uninsulated 30.4 n/a 
10’ uninsulated 23.8 8.3 

10’ insulated to R-4 21.7 10.9 
 
 
 
                                                 
2 Both ¾” and 1” PEX mainlines were modeled since they are both commonly found in the field.   
3 The vast majority of gas storage water heaters installed in new homes have a 76% recovery efficiency.  Higher efficiency 
storage water heaters and instantaneous gas water heaters have recovery efficiencies in the low 80’s%. 
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Pipe insulation costs were conservatively based on Grainger’s retail pricing for closed cell 1” pipe 
insulation ($1.06 per foot) and estimated labor costs of $.75 per foot4.  Table 2 summarizes the costs 
and benefits of the insulating the main line.  The benefit-cost ratio is significantly greater than one in 
both cases, without accounting for the additional energy savings due to shortening the main line. 
 
 

Table 2:  Cost-Effectiveness Calculations 
 Annual Savings Present Value Present Value Benefit-Cost 
 (therms/year) Benefits ($) Costs ($) Ratio 
1” Main Line 5.1 $125 $18 6.9 
3/4” Main Line 2.6 $64 $18 3.5 

  

Recommendations 
 
The proposal for improving parallel piping HWDS performance by limiting water heater to manifold 
length and requiring insulation on the line has very favorable economics.  Additional non-quantified 
benefits of reduced water consumption, reduced piping material needs, and increased homeowner 
satisfaction (reduced distribution losses and hot water waiting times) all point to a strong endorsement 
for this proposal to become a mandatory measure. 

Material for Compliance Manuals 
 
The following change, highlighted in blue, is proposed for the Building Energy Efficiency Standards 
(Subchapter 7, Section 150 (j) 2). 
(j) Water System Pipe and Tank Insulation and Cooling Systems Line Insulation. 

1. Storage tank insulation. 

A. Storage gas water heaters with an energy factor < 0.58 shall be externally wrapped with insulation having an 
installed thermal resistance of R-12 or greater. 

B. Unfired hot water tanks, such as storage tanks and backup storage tanks for solar water-heating systems, 
shall be externally wrapped with insulation having an installed thermal resistance of R-12 or greater or have 
internal insulation of at least R-16 and a label on the exterior of the tank showing the insulation R-value. 

2. Water piping and cooling system line insulation thickness and conductivity. Piping, whether buried or 
unburied, for recirculating sections of domestic hot water systems; piping from the heating source to the storage 
tank for an indirect-fired domestic water-heating system; the first five feet of hot and cold water pipes from the 
storage tank for nonrecirculating systems; the entire length of the water heater to manifold piping in parallel 
piping hot water distribution systems (maximum piping length of ten feet) ;  and cooling system lines shall 
be thermally insulated as specified in Subsection A or B. Piping for steam and hydronic heating systems or hot 
water systems with pressure above 15 psig shall meet the requirements in Table 123-A. 

                                                 
4 Plumber estimate of 80 feet of pipe insulation per hour at a fully loaded $60 labor rate. 
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Bibliography and Other Research 
 
The analysis presented here is based largely on field measurements completed under the ongoing 
PIER-sponsored hot water “Water Heater and Hot Water Distribution Systems Project”.  The report 
entitled “Field Survey Report:  Documentation of Hot Water Distribution Systems in Sixty New 
California Production Homes” (dated March 21, 2006) is available from Energy Commission project 
manager Martha Brook. 
 
HWSIM was developed under a 1989 Energy Commission contract to develop a detailed water 
heating methodology for the Title 24 Residential Standards.  HWSIM was used again to update the 
2005 hot water distribution sytsem multipliers that credit or penalize various distribution system 
options.   

Appendix A:  Photos of Typical Parallel Piping Installations 
 
The following two photos chronicle typical installation practice for parallel pipe manifold systems.  
Figure A-1 shows the garage-side view of the manifold and water heater located in close proximity.  
Figure A-2 shows the house-side view of the same wall section.  The hot and cold water lines from 
the water heater (right hand side of photo) rise up into the attic before dropping down to the manifold.  
This particular installation is fairly length-efficient compared to a majority of the 23 manifold systems 
observed in the field survey.  Many systems had a large loop in the attic prior to dropping down to the 
manifold.  On average the length of main line piping from water heater to manifold was 20.2 feet.  
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Figure A-1: 
Installed Manifold 
System  

Figure A-2:  Back 
Side view of Manifold 
System with Piping 
from Water Heater 
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Purpose 
 
This document proposes changes to the calculation of costs and benefits under the Title 24 Residential 
Building Standards.  Energy efficiency measures that reduce the consumption of hot water save water 
as well as energy.  The end user may save money through reduced water bills and possibly also 
reduced waste water bills, if the measure results in less water being released to the sewer system.  We 
propose that the cost savings of the saved water be included in the cost/benefit analysis of measures 
which save hot water. 
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Overview 
Complete the following table, providing a brief sentence or two for each category of information.  
Description Efficiency measures that reduce the consumption of hot water save water as well as 

energy.  The current methodology does not include the cost savings due to 
decreased water consumption and therefore undervalue measures which reduce hot 
water consumption. 

Type of Change The proposed change is a modeling change.  The change would modify the 
calculation procedure used in making performance calculations. This change would 
not add a compliance option or a new requirement, but would affect the way that 
trade-offs are made. 

Energy Benefits Because the value of saved water is not currently included in evaluation of 
measures that save hot water, such measures are undervalued.  Measures that 
would actually be cost-effective may not appear so due to this undervaluation.  
Inclusion of the value of saved water will give a more accurate estimate of the 
costs and benefits of hot water saving measures.  More such measures are likely to 
be implemented, increasing overall energy savings.   

Non-Energy 
Benefits 

Reduced consumption of water, and reduced releases of water to sewer systems, 
will have numerous benefits.  These include decreased environmental impacts of 
water withdrawals and sewer releases, and decreased costs to maintain and expand 
water supply and sewer systems.   

Environmental 
Impact 

Since the proposed change would likely increase the number of hot water saving 
measures that are implemented, this will have a beneficial environmental impact 
due to decreased consumption of energy and water. 

Technology 
Measures 

Not required for modeling rule change. 

Performance 
Verification 

Not required for modeling rule change. 

Cost 
Effectiveness 

Not required for modeling rule change. 

Analysis Tools Not required for modeling rule change. 
Relationship to 
Other Measures 

The proposed change will likely increase the number of hot water saving measures 
that are deemed to be cost effective. 

Methodology 
 
The Lawrence Berkeley National Laboratory has gathered data on water and waste water tariffs in 
high growth areas of California.  Such data will give insight into the value of water saved through hot 
water efficiency measures.  We describe here our methodology for identifying high growth areas and 
gathering tariff data for those areas. 
 
We collected water and waste water tariffs in California cities and counties where there is a high level 
of new residential construction.  We determined the areas for which we would gather data by first 
obtaining data from the Construction Industry Research Board, an institution that compiles 
construction related statistics within California.  We purchased a data set which listed the number of 
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new single family homes and units of multi-family housing built in each California city plus the 
unincorporated areas of each county in the year 2004.  We summed the number of single family 
homes and number of units of multifamily homes, and then ordered the data from highest to lowest 
number.  We then began to gather data on residential water and waste water tariffs for the top 100 
cities and county unincorporated areas on this list.  The list included 79 cities and the unincorporated 
areas of 21 counties. 
 
For each city or county, we first looked at that location’s website – all 100 of the cities and counties 
on our list have an official website.  We then looked for current water and waste water tariffs on these 
websites.  We found that residential water tariff information was available online for 64 cities and 1 
county (El Dorado) and that waste water information was available for 54 cities and 1 county (El 
Dorado).  However, for approximately half of these locations, it was necessary to contact someone for 
clarification or further information.   For example, some cities only listed the tariff information for 
single family homes on their websites, and it was necessary to contact city staff for information on 
tariffs for multi-family residences. 
 
For each city or county in our top 100 which did not have its tariff information on its website, we tried 
to identify a contact person or office, and then emailed or telephoned for more information.  If the city 
had a “utilities” department, that is generally who we contacted.  Otherwise, we would contact their 
“billing” or “finance” department.  In the case of the counties, we generally contacted their planning 
or land development division, and asked the contact to identify the names of the two or three largest 
residential water and waste water service providers in unincorporated areas of the county.  Once these 
were identified, we went to the provider’s website to look for tariff information, and contacted them 
directly by email or phone if such information was not on their website. 
 
To date we have entered data into our database on residential water tariffs for 74 cities or counties, 
and on residential waste water tariffs for 65 cities or counties.  The cities and counties for which we 
have water tariffs account for 64% of all new housing units built in 2004, and for waste water tariffs 
we have 57% coverage.   Table A-1 in Appendix A lists all of the utilities for which data was entered.   

Analysis and Results  
 
Nearly all of the water tariffs in our sample include a quantity charge based on metered water 
consumption.  In California, it has been a requirement since 1992 that all new construction include a 
water meter.  Since that law went into effect, most water providers have chosen to base tariffs on 
water consumption, but a few have not.  In our sample, we found that only 4 out of 62 water service 
providers (6%) have flat rates for new residences.  The largest of these is the City of Sacramento, 
which is on record as opposing metered water rates. 
 
For those tariffs which have rates based on water consumption, we determined what the marginal rate 
would be for the 11th HCF (100 cubic feet) consumed in a month (10 HCF per month is a typical 
quantity for residential water consumption).  Since each utility might have several tariffs based on 
meter size, but with the same marginal rate, for each utility we identified the unique marginal rates.   
For 4 utilities, the value was $0, because even though those utilities do have a water consumption 
charge, there is a certain amount of water usage that is included in the monthly fixed fee, and the 11th 
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HCF fell below this amount.  Of the non-zero values, the lowest was $0.24/HCF, and the highest was 
$5.28/HCF.  This high value was for a utility which has what we refer to as a “disappearing” block 
structure, i.e. the lower rate for the first 0 to 10 HCF is lost if an 11th HCF is consumed, so the 
effective rate for the 11th HCF is the rate for that HCF plus the additional charge that is incurred on 
HCF 0 to 10.   The unweighted average value for the 11th HCF, including the zeroes for flat rate 
tariffs, was $1.40.  The average of the non-zero values was $1.52/HCF.  Figure 1 shows the 
distribution of charges for the unique tariffs. 
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Figure 1.  Distribution of Marginal Rates for Water Consumption (11th HCF in a month) 
 
For waste water, we found that 41 out of 54 service providers (76% of our sample) have flat rates that 
are completely independent of water consumption.  Of the remaining 13 there are 6 who base their 
rates on metered water consumption during a base period in the previous winter – the rates are fixed 
for a year based on the last year’s water consumption and then adjusted once a year.    The remaining 
7 base their rates on each month’s metered water consumption.  Sometimes the utilities apply an 
additional multiplier to estimate what fraction of water use (whether it’s winter water use or monthly 
metered water) is released to the sewer (typically 75% to 90%).  For those utilities that apply such a 
multiplier, we multiplied the nominal rate per HCF times this multiplier to calculate the actual charge 
per metered HCF, and entered the actual charge into our database.  For example, if a utility has a 
nominal sewer charge of $2.00/HCF, and multiplies 90% times metered water use to estimate sewer 
use, we multiplied $2.00 times 90% and entered $1.80/HCF into our database, since this is the 
effective charge per HCF of metered water use. 
 
Of the 13 companies that base sewer rates on water use, there were 2 that only based it loosely on 
water consumption within broad categories.  For example, a city might charge $10/month for users 
whose estimated sewer use is 0 to 5 HCF, $15/month for 6 to 10 HCF, and $20/month for 11 or more 
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HCF.  We modeled this in the database by counting the $10 charge for the lowest usage category as a 
fixed monthly cost (since all users pay at least this amount).  We entered consumption charges of 
$0/HCF for the first 5 HCF, $5/HCF for the 6th HCF (this is the additional cost incurred by the 6th 
HCF since it bumps the user up into the next category), $0 for the 7th through 10th HCF, $5 for the 
11th HCF, and $0 for all additional HCF. 
 
There were 17 unique tariffs for the 13 companies which have consumption charges (4 companies had 
different rates for multifamily residences than for single family).  We calculated the charge for the 
11th HCF consumed in a month.   There were 4 tariffs out of 17 where the marginal rate was $0.  The 
lowest non-zero value was $0.47/HCF, the highest was $11.54/HCF.  The highest value was from one 
of the two that bases its rates on categories of consumption, as described above.  The 11th HCF is the 
transition from one category to the next highest, thus the marginal cost for that one HCF is quite high.   
 
The average marginal cost per HCF of waste water, including zeroes for all 41 of the flat rate utilities, 
was $0.74/HCF.   The average of the non-zero values was $3.23/HCF.   

Recommendations 
 
We recommend that the value of water saved be included in the cost effectiveness calculation for 
measures that save water.  Based on our preliminary evaluation (described above), we recommend a 
value of $2 per HCF (100 cubic feet) to represent the savings in both water and waste water bills to 
the end user.    
 

Material for Compliance Manuals 
 
We recommend that a new section be added to the compliance manual, in which the savings to the 
end user are calculated from reduced water consumption and waste water releases due to decreased 
hot water consumption.   

Bibliography and Other Research 
 
Water and Waste Water Tariffs for New Residential Construction in California (draft), (2006) 
Lawrence Berkeley National Laboratory, Berkeley California.
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Appendices 
  
Appendix A 
 
Table A- 1.  Utilities Entered into Water TAP Database 
Name of Utility Utility Type* 
Apple Valley Ranchos Water Company DW 
Beaumont-Cherry Valley Water District DW 
Calaveras County Water District B 
California Water Service Company DW 
Carlsbad Municipal Water District B 
City of American Canyon, Water Department B 
City of Bakersfield, Public Works Department, Wastewater Division WW 
City of Beaumont WW 
City of Brentwood B 
City of Ceres B 
City of Chino B 
City of Chula Vista, Public Works Department WW 
City of Clovis, Public Utilities B 
City of Folsom B 
City of Fresno, Public Utilities Department B 
City of Hayward B 
City of Lincoln WW 
City of Livermore B 
City of Loma Linda, Water/Sewer B 
City of Los Angeles, Bureau of Sanitation WW 
City of Los Banos B 
City of Merced B 
City of Oceanside B 
City of Orange DW 
City of Oxnard Water Division DW 
City of Riverbank, Water and Sewer B 
City of Riverside, Public Utilities Department B 
City of Roseville, Environmental Utilities B 
City of Sacramento B 
City of San Diego, Metropolitan WasteWater Department WW 
City of San Diego, Water Department DW 
City of San Jose WW 
City of Santa Maria, Wastewater Services WW 
City of Santa Maria, Water Services DW 
City of Santa Rosa B 
City of Stockton, Municipal Utilities Department B 

* DW = water, WW = waste water, B = Both
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Table A-1.  (continued) Utilities Entered into Water TAP Database 
Name of Utility Utility Type* 
City of Tracy B 
City of Turlock B 
City of Vallejo, Water Department DW 
City of Yuba City B 
Coachella Valley Water District B 
Contra Costa Central Sanitary District WW 
Corona, Department of Water and Power B 
Crestline Sanitation District WW 
Cucamonga Valley Water District B 
Dublin San Ramon Services District B 
East Bay Municipal Utility District B 
Eastern Municipal Water District B 
El Dorado Irrigation District B 
Elsinore Valley Municipal Water District B 
Fairfield Municipal Utilities DW 
Fontana Water Company DW 
Hesperia Water District B 
Indio Water Authority DW 
Inland Empire Utilties Agency WW 
Irvine Ranch Water District B 
Los Angeles County Sanitation Districts WW 
Los Angeles County Waterworks Districts DW 
Los Angeles Department of Water and Power DW 
Mission Springs Water District B 
Newhall County Water District DW 
Otay Water District DW 
Paso Robles Wastewater Division B 
Pinon Hills Water District DW 
Placer County Water Agency DW 
Redding Municipal Utilities Department B 
Sacramento County Sanitation District 1 WW 
Sacramento County Water Agency DW 
San Clemente, Water & Sewer B 
San Francisco, Public Utilities Commission B 
San Jose Municipal Water DW 
Sweetwater Authority DW 
Vallecitos Water District B 
Victor Valley Water District DW 
West Sacramento Public Works B 
* DW = water, WW = waste water, B = Both 
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Gas Water Heater Energy Losses 
 

Peter Biermayer & Jim Lutz, LBNL 
 
 
SUMMARY 
A forty gallon, gas-fired residential, storage type water heater was modeled using the TANK 
simulation program.  The water heater was modeled under Department of Energy, Energy Factor 
(EF) test procedure conditions.  The purpose was to determine heat flows in a typical residential 
style tank-type water heater.  This will also help determine how efficient a typical “drop in” 
replacement water heater could be made, without resorting to unconventional designs or 
condensing water heaters.  This information could be used as part of a program to encourage 
manufacturers to build more efficient models.   
 
Modeling showed that, without considering a condensing water heater design, the greatest 
potential efficiency gains can be made by reducing flue losses during the non-firing, non-recovery 
mode, i.e., during standby mode.  The stack losses while in standby mode account for about 43% 
of heat losses (not including the energy added to delivered hot water) and 17% if hot water energy 
is included. 
 
 
OBJECTIVE 
The objective of this task was to provide background information to participants seeking to 
develop an efficient “drop in” replacement gas water heater.  This information quantifies heat 
flows to establish a reasonable target efficiency for the incentive program.  By “drop in 
replacement” we mean a water heater that could replace a gas-fired storage water heater with a 
conventional vent and gas supply.  The water heater would not be required to have special venting 
or an electrical outlet, so a condensing water heater or power venting would not be an option. 
 
 
INTRODUCTION 
In this analysis we added design options to the baseline water heater from the 2001 Department of 
Energy (DOE) residential water heater rulemaking,1 in order to define a new baseline water heater 
that meets the current efficiency standard.  The heat flows, including delivered hot water and 
energy losses, are modeled for this water heater.   
 
Water Heater Description 
Figure 1 is a schematic of a typical gas-fired storage water heater.  It shows the major components 
described below. 
 
Tank 
The tank is typically a glass-lined steel vessel which contains the heated water. 
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Insulation 
Polyurethane foam insulation reduces the rate at which the heated water in the tank cools down. 
 
Jacket 
The jacket is a sheet metal or plastic covering over the tank insulation. 
 
Burner 
A burner enables and controls combustion by mixing air and gas and delivering the mixture to the 
flame.   
 
Flue 
The passage within the water heater through which combustion gases pass from the burner to the 
draft hood of the water heater. 
 
Dip tube 
The dip tube directs entering cold water to the bottom of the tank as hot water is drawn from the 
top of the tank. 
  
Anode rod 
A metal rod, usually of magnesium or aluminum,  inserted into the water heater to delay corrosion 
of the tank. 
 
Pilot 
A pilot or pilot light is a small gas flame that is used to ignite gas at the main burner. 
 
Vent 
This is a metal or plastic (in case of some condensing water heaters) tube that conveys flue gases 
from the water heater to the outdoor air.  
 
Thermostat 
The thermostat senses and regulates the tank water temperature by controlling when the burner 
fires. 
 
T&P Valve 
This is an abbreviation of temperature and pressure valve.  It is a safety valve that vents the water 
in the tank to ambient air when the pressure or temperature exceed safe limits. 
 
Flame arrestor (FVIR) 
This is a design feature of a voluntary safety standard. It is also known as FVIR or “flammable 
vapor ignition resistant”.  The purpose of the FVIR is to prevent flammable vapors in the vicinity 
of the water heater from being ignited by the water heater burner or pilot. 
 
Drain valve 
This is a valve located at the bottom of the water heater and is used to drain water from the tank.  
This valve can be plastic or brass. 
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Baffle 
The flue baffle is used to increase heat transfer from the combustion gases to the inside of the flue 
by increasing the turbulence of the gases as they leave the burner.  
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:  Diagram of Gas-Fired Storage Water Heater 
 
TANK Program 
A computer simulation model, TANK, was developed by Battelle for the Gas Research Institute 
(GRI) to perform detailed thermal analyses of storage-type water heaters 2.  The TANK computer 
program models typical center-flue, gas-fired, storage-type water heaters.  In addition to basic 
information on heat losses and water temperatures, this program determines the water heater 
Energy Factor (EF) based on the Department of Energy’s 24-hour simulated use test.  
 
The most current version of this DOS program, version 2.0 Gas-Fired Water Heater Simulation 
Software, updated in 1993 was used.3  The program models draw patterns and temperatures 
according to the DOE water heater test procedure.  TANK uses the test procedure protocol from 
1990, but it is consistent with the current test procedure.4 
 
Program Inputs and Outputs 
Appendix A shows the main input menu. 
Appendix B shows input tables of all parameters available to the program user. 
Appendix C shows all output parameters available to the program user. 
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Program limitations 
TANK does not have the capability to model side-arm water heaters, indirect-fired water heaters, 
induced draft water heaters, water heaters with flue designs that are serpentine or other non-
straight designs, or condensing water heaters.1 It does not model tankless water heaters.  However, 
it can model a submerged combustion chamber and water heaters with flue dampers.  Flue 
dampers are modeled with  an appropriate off-cycle pressure loss coefficient .  Some water heaters 
have a rim or collar at the top of the flue reducing the diameter of the flue exit which reduces heat 
loss up the flue.  This design feature cannot currently be modeled directly in TANK.  An off-cycle 
pressure loss coefficient and flue heat transfer parameter (HX) would have to be determined 
experimentally for this design feature.  
 
Test Procedure Summary 
The DOE test procedure is designed to simulate typical operation of a water heater by measuring 
water heater energy use over a 24 hour period.  Water is drawn six times within the 24 hour period 
for a total draw of 64.3 gallons.  After recovery from the initial draw, water is drawn at elapsed 
time intervals of one, two, three, four and five hours.  Each draw removes an amount of water 
equivalent to one-sixth of 64.3 gallons.  All draws are at flow rates of 3.0 gallons per minute.  At 
the end of the recovery period after the sixth draw, a standby mode starts and continues until a total 
test duration of 24 hours is reached.  The energy use during standby mode is measured as well as 
during the recovery periods.  The energy added to the water is calculated for each draw. 
 
The total amount of hot water drawn during the test was meant to be indicative of actual hot water 
use in a typical residence.  Cold water inlet temperature is set at 58±2°F.   Ambient air temperature 
is required to be between 65°F and 70°F.  Natural draft is established with a 5 foot vertical vent 
pipe. The water heater thermostat is set so the maximum value of the mean tank temperature is 
135±5°F after the thermostat cuts-out.  The water temperature in the tank is measured with a probe 
that senses the temperature in the water heater at the center of 6 equal vertically divided volumes.  
The outlet water temperature is also measured and this together with the gallons of water drawn 
determines the hot water energy output. 
 
The current test procedure stipulates that if heat traps, piping insulation, or pressure relief valve 
insulation are supplied with the water heater, they shall be installed for testing.  The size and 
configuration of inlet and outlet plumbing is specified in the test procedure. 
 
The test procedure efficiency metric is the EF.  The EF is the ratio of the energy supplied as hot 
water to the heat content of the fuel used by the water heater.  Selected parameters of the DOE test 
procedure are shown in Table 1. 
 
 
 
 

                                                 
1 Condensing operation starts to occur when the temperature of the combustion products is below the dewpoint and the 
water vapor condenses out as a liquid.  For water heaters this happens at recovery efficiencies of approximately 82%.  
The efficiency at which condensing takes place is a function of several parameters including: excess combustion air, 
barometric pressure, ambient air temperature, water temperature, and ambient relative humidity. 
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Table 1:  Key simulation parameters (part of DOE test procedure) 
Parameter Value 
Inlet water temperature 58°F 
Ambient temperature 70°F 
Relative humidity 50% 
Nominal Maximum Mean Tank Temperature 135°F 
Total time of simulated use test 24 hours 
Number of Draws 6 
Total Draw 64.3 gallons 
 
Rulemaking in 2001 
The U.S. Department of Energy issued a final rule on January 17, 2001, setting new energy 
efficiency levels for water heaters.5  These new efficiency levels became effective on January 20, 
2004.  The required minimum efficiency is a function of the rated storage volume as specified by 
the manufacturer.  For storage type gas-fired water heaters the minimum EF is: 
 

EF = 0.67-(0.0019 x Rated Storage Volume in gallons) 
 
For a 40 gallon water heater, an EF of 0.594 or higher is required.  Prior to the latest efficiency 
rulemaking, a 40 gallon water heater was required to have a minimum EF of 0.544.  
 
LBNL used the TANK simulation program to model design options and combinations of design 
options that increase the efficiency of a water heater as part of the rulemaking analysis for the 
Department.  
 
 
ANALYSIS AND RESULTS 
In this study we started with the baseline model from the DOE Water Heater Rulemaking and 
added the design options from the rulemaking to get a water heater that meets the current 
minimum efficiency standard.  The energy flows in the simulated water heater operated under the 
DOE EF test procedure are reported. 
 
Changes since the DOE Water Heater Rulemaking Analysis 
 
Insulation Blowing Agents 
Regulations limiting ozone depleting blowing agents have become effective since the residential 
water heater standard rulemaking analysis was completed in 2001.  Because the blowing agent that 
was used in water heater jacket insulation, HCFC-141b, is now banned, other blowing agents had 
to be considered.  There was a possibility that using a different blowing agent would affect the 
qualities of the insulation.  Analyses detailed in the Technical Support Document showed that for 
all three likely alternative blowing agents, the EF were within 1% of each other for water heaters 
with the same thickness of insulation,.  For this reason, no change was made to the assumed R-
value of the insulation in a currently conforming water heater.  



 6

Flammable Vapor Ignition Resistant Certification (FVIR) 
New safety regulations include requirements to incorporate flammable vapor ignition resistant 
(FVIR) technology.  Water heaters are now designed to prevent flammable vapors in the 
immediate vicinity of the water heater from igniting.  This design feature includes a flame arrestor 
and a thermal cutoff switch.  The arrestor screen could potentially collect lint and reduce air flow 
and thereby affecting airflow and draft.6  This is not a feature that is directly modeled in TANK. 
No changes based on this feature were incorporated in the simulations discussed in this report.  
Parameters potentially effected by a FVIR include excess air and draft (i.e., greater resistance to air 
flow through the burner and flue).  
 
Emission Considerations 
In addition to meeting efficiency and safety requirements, water heaters in California’s South 
Coast Air Quality Management District (SCAQMD) must comply with emissions regulations.  
Manufacturers must pay a mitigation fee for every water heater in sold in the district that does not 
meet the regulation.  The requirements are detailed in Rule 1121.  Nitrous oxide (NOx) emissions 
from each water heater must be no greater than 10 nanograms per joule output.7  Similar rules have 
been adopted by the air quality district in the Houston area. 
 
Baseline Model for Simulation 
The assumed baseline water heater has a 40,000 Btu/hr main burner and a continuous burning pilot 
with an input of 400 Btu/hr.  The water heater jacket consists of one inch of polyurethane 
insulation.  The baseline water heater for the  DOE Rulemaking had an energy factor of 0.548 and 
a recovery efficiency of 75 %. 
 
Assumed Design Options for 2001 Water Heater Rulemaking 
Design options added to the baseline water heater to achieve the new efficiency standard (from the 
baseline) were heat traps plus flue baffles ( to provide a 78% recovery efficiency (RE)) plus 2 
inches of jacket insulation. 
 
Table 2 shows the EF and RE of the baseline and modified water heaters.  Run number 4, provided 
the EF needed for a water heater that would meet the current efficiency standard requirements. 
 
Table 2:  Modifications to the baseline and their effect 
Run # Modifications Energy 

Factor 
(EF) 

Recovery 
Efficiency 
(RE) 

1 Baseline 0.548 75% 
2 Added 1 inch of insulation to sides and top (from 1inch) 0.577 75.7% 
3 Added plastic heat traps to inlet and outlet pipes 0.587 75.6% 
4  Increased flue baffle effectiveness (Changed HX from 

1.896 to 2.980) 
0.603 78.0% 

 
Model of Water Heater Meeting Current Efficiency Requirements 
Important input parameters that describe the water heater being simulated are shown in Table 3.  
The burner firing rate includes the both main burner and the pilot. 
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Table 3:  Important input parameters* 
Parameter Value 
Tank volume 38 gallons 
Pipe insulation None 
Burner firing rate 40,000 Btu/hr 
Pilot input rate 400 Btu/hr 
Heat Traps Yes - plastic 
*See Appendix B for all the input parameters. 
 
Energy Flows 
All the energy in the simulation model ends up as either useful hot water, heat stored or heat lost.  
Heat can be lost through the fittings and the jacket by conduction, convection and radiation and by 
hot combustion gases flowing up the flue.  In addition, the uninsulated flue conducts heat from the 
water during standby hours which then moves up the flue by convection.  The pilot energy 
consumption during standby is included in the energy input.  Figure 1 shows the percentage of heat 
flow by each mechanism.  The number of hours listed by each flow is how long it happens during 
the test. 
 
 

 
Figure 2:  Energy Flows 
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The data in Figure 2 is from a simulation model run that had a lower water temperature at the end 
of the test than at the beginning of the test.  To correct for this, the test procedure subtracts the 
stored energy from the delivered hot water energy of 66% to provide the true net supplied 
efficiency of 61%. 
 
Table 4 shows details of the energy flows in Figure 2.  The losses are provided in Btu’s as well as 
percentages of the total heat flows.  The largest amount of input energy goes into heating the 
water.  The next two largest heat flows are up the flue while in standby mode with only the pilot 
light on (17%) and while the burner is on and heating the water (15%).  The standby mode 
represents the portion of the pilot light input that does not heat the water, i.e., is lost up the flue, as 
well as the heat transfer from the hot water in the tank through the uninsulated flue.  
 
The heat losses through the 2 inches of insulation jacket are relatively small at 4%.  Another 3% of 
total heat is lost through the fittings.  The negative values for “storage” indicate that during this 
simulation some of the energy supplied to the delivered hot water was due to a drop in temperature 
(from the start of the test) of the water in the tank, , the metal of the tank holding the water and the 
metal jacket protecting the tank insulation . 
 
Table 4:   Distribution of Energy 

 Energy  
Energy Flow Parameter BTU’s Percent Time  (hours) 

Burner 52,552 85% 1.3Input 
Pilot 9,600 15% 24
Delivered hot water 41,095 66% 0.36
Stack loss on standby 10,404 17% 22.7
Stack loss while firing 9,479 15% 1.3
Jacket loss 2,771 4.5% 24
Bottom skirt loss 998 1.6% 24
Fitting losses 411 0.7% 24

Output 

Inlet pipe (line) losses 307 0.5% 24
Water in tank -2,971  
Inner and bottom vessel metal -64  
Outer and top vessel metal   -55  

Temperature 
change 

Jacket metal -35  
 
Figure 3 shows the percent heat losses (not including the delivered hot water), and not adjusting 
for the change in temperature of water in the tank of the metal tank and jacket. 
 
Table 5 shows the TANK simulation results.  Key results include an EF of 0.60, a recovery 
efficiency of 78.0% and a steady state efficiency of 81.6%.  The efficiency is near the limit of what 
can be achieved without the water vapor in the flue gases condensing. 
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Table 5:  Results of 24 Hour Simulated Use Test 
Parameter Value 
Energy Factor 0.60
Recovery Efficiency 78.0%
Steady-state Efficiency 81.6%
Energy Consumption  
Gas  (BTU) 62125
Electric (Watt-hr) 0
Hourly Standby Loss  (BTU) 607.4
UA  (BTU/hr*F) 10.472

 
The steady state efficiency is known as the flue loss efficiency, i.e., the ratio of heat energy not 
going up the flue to the energy entering the water heater.  It does not include other losses.  This is a 
pseudo-steady-state condition reached after about five minutes of burner on time.8 
 
The UA value in Table 5 is the standby heat loss coefficient as defined in the DOE test procedure.  
This value includes the recovery efficiency.  It is a calculation of energy needed to recover from 
heat lost during the standby period.9   
 
 

 
Figure 3: Percent Heat Losses from Tank 
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In actual operation water heaters operate at different water temperatures, ambient temperatures and 
humidity than specified in the test procedure.   Other differences between laboratory and field 
conditions can be: the amount of hot water drawn; the number, length and timing of the draws; the 
height, diameter and configuration of the vent system; and the amount of excess air.   
 
For a storage tank water heater, the greater the hot water use, the greater the efficiency2.  For 
example, if no hot water draws occurred, the water heater would still use energy to stay warm in 
standby mode.  The output energy would be zero and the input energy is a finite number (pilot 
light and recovery of heat loss during standby) thus the efficiency would be zero. 
 
Figure 4 shows how the average water temperature drops during the initial six water draws and 
how the flue temperature rises as the burner fires to reheat the water in the tank after a draw.  After 
approximately 5.5 hours into the test, the flue outlet temperature tracks the water temperature but 
stays several degrees higher. 
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Figure 4:  Water Heater Flue and Water Temperatures 

 
What can be done to increase efficiency? 

                                                 
2 The efficiency is the ratio of the output energy (supplied via hot water)  and the input energy (heat content of the fuel 
used). 
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Reduce Standby losses up the flue 
Standby losses occur up the flue when the burner is not firing.  From the TANK simulated model a 
water heater meeting current minimum efficiency requirements, and having a continuously burning 
pilot, the stack standby loss is 10,404 Btu per day and the pilot energy consumption is 9,112 Btu.  
This indicates the stack standby loss is slightly greater than the energy use of the pilot light.  
Standby heat loss up the flue could be reduced by: 

• adding a flue damper, 
• adding an induced draft blower that restricts flue gas flow when off, or 
• using a side-arm water heater design. 

 
Flue dampers close off the outlet to the flue when the burner is not firing.  This prevents flue gases 
from convecting up the flue.  They are commonly found on larger water heaters.  After market flue 
dampers may pose warranty issues.   
 
An alternate method to using a flue damper is to restrict flue gases during off cycles by using a 
induced draft blower.  Induced draft blowers are located at the flue exit and are designed to pull 
combustion products through the flue and force them through the vent.  Not all induced draft 
blowers adequately reduce off-cycle losses, however, they could be specifically designed to reduce 
off-cycle losses by restricting air flow when the burner is not on.  An additional benefit of a 
induced draft blower is to provide for a more controlled draft  They also allow for lower flue 
temperatures such as can be found in condensing water heaters, because venting is not buoyancy 
induced.  In addition, excess air requirements can be reduced by negating the need to design for 
variations in buoyancy due to factors external to the water heater.   
 
The flue of a side arm water heater does not run through the tank but rather is attached external to 
the water heater insulation.  Because the heat from the combustion chamber is transferred to the 
water tank indirectly, heat from the water is not lost up the flue during standby mode when the 
burner is not firing.  It is important not to reduce possible efficiency advantages of a side arm 
design, by allowing the heat from a continuously burning pilot to be lost up the flue. 
 
Reduce other standby losses 
Standby losses could also be reduced by: 

• adding additional insulation to the water heater jacket, 
• insulating fittings, 
• reducing losses through the pipes by improving heat traps and by adding insulation to 

attached piping. 
 
Increase Recovery Efficiency 
Recovery efficiency is the efficiency to heat the water in the tank after a water draw.  Increasing 
efficiency when the burner is firing without modifications to the vent and the flue can lead to 
excessive condensation.  Condensation in the vent and flue become an issue when combustion 
efficiencies exceed approximately 82%.  Condensation, while tolerated by the water heater for 
short durations, will corrode the flue over time until it leaks. The vent system can also become 
corroded. 
 



 12

Another method of increasing recovery efficiency is to decrease excess air.  Excess air is the 
combustion air mixed with the fuel beyond what is required for combustion.  In this model the 
excess air is set at 32%.  While less excess air would increase the combustion efficiency, some 
excess air is necessary due to variability of the stack effect and restrictions to combustion air 
supply.  Manufacturers must set excess air with a safety factor because field conditions will differ 
from test conditions in a laboratory.  Some excess air is also necessary because of imperfect 
mixing of fuel and air.  If the amount of excess air is not adequate, the combustion products will 
produce carbon monoxide.  Other regulated emissions such as NOx can also be effected.  Radiant 
burners may increase combustion efficiencies and reduce emissions. 
 
Pilot Lights 
Other efficiency measures include: 

• low input pilot lights, and 
• intermittent pilot lights or direct ignition. 
 

Typical pilot lights have an input of approximately 400 Btu/hr.  Lower input pilot lights are not 
recommended due to reliability reasons.10 If energy from the pilot light is not used to heat water, 
eliminating the pilot light will increase efficiency. Intermittent and direct ignition designs typically 
require an external electrical power source.  Energy from self-generated power by thermo-electric 
or water driven turbine designs are a possibility. 
 
 
CONCLUSIONS 
Reducing heat losses up the flue during standby mode has the  greatest potential for increasing 
water heater efficiency.  Reducing jacket and fitting losses, while possibly less complicated to 
achieve, offer only a modest potential for increases in efficiency. 
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Appendix A: Main Input Menu 
 
 SCREEN C: TANK VERSION 2.0 MAIN INPUT MENU 
                          CURRENT INPUT FILE 
 Input Screen Choices: 
1. WATER HEATER SPECIFICATIONS .. [ ] 
2. COMBUSTION CHAMBER SPECS ..... [ ] 
3. FLUE SPECIFICATIONS .......... [ ] 
4. SUPPLY AND DRAW PIPE SPECS ... [ ] 
5. HEAT XFER SPECS FOR FITTINGS . [ ] 
6. MATERIAL PROPERTIES .......... [ ] 
7. OPERATING CONDITIONS ......... [ ] 
8. TEST CONDITIONS & ELEC. INPUT. [ ] 
9. SUPPLY/DRAW INFORMATION ...... [ ] 
10. SIMULATION CONTROL PARAMETERS  [ ] 
11. GRAPHICAL DISPLAY CONTROL .... [ ] 
12. OUTPUT FILES CONTROL ... ..... [ ] 
13. RUN SIMULATION/EXIT TANK ..... [*] 
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Appendix B: Input Screens 
 
SCREEN D1: WATER HEATER SPECIFICATIONS               
1. Tank Type: Standard Center Flue=1    1 
                       Submerged Combustion=2 
2. Tank Volume (gallons)                 38.00  
3. Internal Tank Diameter (in)           15.84 
4. Pressure Vessel Wall Thickness (in)  0.0800 
5. Outer Jacket Shell Thickness (in)    0.0190 
6. Side Insulation Thickness (in)        1.981 
7. Top Insulation Thickness (in)         1.981 
 
 
SCREEN E1: STANDARD COMBUSTION CHAMBER SPECIFICATIONS 
           
1. Combustion Chamber Height (in)                8.500 
2. Comb. Chamber Inner Wall Thickness (in)      0.040 
3. Distance Between Burner and Center Flue Entrance (in)    4.000 
4. Addtl. Weight in Comb. Chamber (lb)          1.000 
5. Heat Transfer Area Multiplier for Dome-shaped Combustion Chamber   1.150 
 
 
SCREEN F1: FLUE SPECIFICATIONS FOR STANDARD COMBUSTION CHAMBER 
SYSTEMS 
1. Number of Flues 1 
2. Internal Flue Diameter (in)  3.840 
3. Flue Wall Thickness (in)   0.0800 
4. Flue Baffle Thickness (in)  0.0625 
5. Avg. Flue Baffle HX Multiplier  2.980   
  
NOTE: If you change the Average flue baffle HX multiplier, the same value will be used at each 
level of the flue.  To specify a different HX multiplier at each level, use the table at the right.    
 
6. Flue Baffle HX  Multipliers   
Level  HX Multiplier      
Top =  1 2.980         
           2 2.980         

3          2.980         
4          2.980         
5          2.980         
6          2.980         

    7          2.980 
8          2.980 

Bottom = 9      0.000        
0 indicates no baffle present     
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SCREEN G: WATER SUPPLY AND DRAW PIPE SPECIFICATIONS  
1. Pipe Inside Diameter (in)              0.785     
2. Pipe Wall Thickness (in)               0.045     
3. Vert. Supply Pipe Height (in)          24.000    
4. Vert. Supp. Pipe Insul. Thk. (in)        0       
5. Addtl. Supply Pipe Length (in)         36.000    
6. Addtl. Supp. Pipe Insul. Thk. (in)     0.000     
7. Vert. Draw Pipe Height (in)            24.000    
8. Vert. Draw Pipe Insul. Thk. (in)       0.000     
9. Addtl. Draw Pipe Length (in)           36.000    
10. Addtl. Draw Pipe Insul. Thk. (in)      0.000     
11. Supply Pipe Heat Trap (0,1,-1)*       -1         
12. Draw Pipe Heat Trap (0,1,-1)*         -1         
                
                 *  0 = No heat trap 
                    1 = Metal heat trap 
                   -1 = Plastic heat trap 
 
 
SCREEN H: HEAT TRANSFER SPECIFICATIONS FOR FITTINGS  
 
Fitting Exposed Area R Fitting Emissivity 
 (in2) (hr*ft2*F/Btu)│  
Pressure Relief Valve      18.000 0.100 0.400 
Drain 9.000 0.100 0.400 
Thermostat 9.000 0.100 0.400 
Cathodic Protection Tubes 0.000 0.100 0.400 
 
 
 
SCREEN I1: PROPERTIES OF TANK MATERIALS 
 
Material Surface 

Roughness 
Emissivity Conductivity Density Specific 

Heat 
 (ft)  (Btu/h-ft-F) (lbm/ft3) Btu/lbm-F 
Tank & Flue 0.000500 0.950    30.0000 480.00   0.1000 
Flue Baffle       - 0.950    0.0000 480.00   0.1000 
Jacket Shell      - 0.920    30.0000 480.00   0.1000 
Supply/Draw 
Pipes 

- 0.380    196.0000   

Pipe Insulation   - 0.900    - - 0.0200 
Jacket 
Insulation 

- - 0.0155 2.00   0.3800 

Skirt 
Insulation 

- - 0.0300 4.00   0.2300 
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  SCREEN J: OPERATING CONDITIONS 
 1. Firing Rate (Btu/hr)            40000.00 
 2. Pilot Input Rate (Btu/hr)       400.00   
 3. Excess Air (%)                  32.00    
 4. Off-cycle Pressure Loss Coeff.  14.0119 
 5. Thermostat Set Point (F)       128.50 
 6. Thermostat Dead Band (F)        20.00 
 7. Volume to Thermostat (gal)       4.05 
 8. Burner On Delay for EIDs (sec)    0.0 
 9. Supply Water Temperature (F)    58.00 
 10. Initial Water Temperature (F)  118.00 
 11. Ambient Temperature (F)         70.00  
 12. Relative Humidity (%)           50.00 
 13. Atmospheric Pressure (atm)      1.000 
 14. Higher Heating Value (Btu/SCF) 1028.0 
 15. Specific Gravity               0.58000 
 
SCREEN K: TEST CONDITIONS & ELECTRIC INPUTS                   
1. Nominal Maximum Mean Tank Temp. (F)   135.00  
2. Nominal Ambient Temperature (F)   67.50  
3. Nominal Supply Temperature (F)     58.00  
4. Total Time of Simulated Use Test (hr) (24 std)    24.00  
5. Number of Draws in Simulated Use Test  (6 std)   6   
6. Water Temp. Drop in Rating Tests (F)    25.00  
7. On-Cycle Power Consumption (W)         0.00  
8. Off-Cycle Power Consumption (W)        0.00  
9. Startup Energy Cons. (W-Hr)     0.0000  
10. Additional Elec. Engy. (W-Hr)   0.0000  
11. Elec.Conversion to Source Btus 1.000   
 
 
SCREEN L: WATER SUPPLY/DRAW INFORMATION  
Level:            Supply Rate      │           Draw Rate  Draw   Length               
                    (gal/min)    (%)   │        (gal/min)  (gal)  of Draw  Time Between 
Top=1          0.000    0.000      Precond   3.000   10.00    3:20   Start of Draws 
  2                 0.000    0.000    │Draw No.                (min:sec)  (hr:min:sec) 
  3                 0.000    0.000    │    1     3.000   10.75    3:35      1:  0:  0   
  4                 0.000    0.000    │    2     3.000   10.75    3:35      1:  0:  0   
  5                 0.000    0.000    │    3     3.000   10.75    3:35      1:  0:  0   
  6                 0.000    0.000    │    4     3.000   10.75    3:35      1:  0:  0   
  7                 0.000    0.000    │    5     3.000   10.75    3:35      1:  0:  0   
  8                 0.000    0.000    │    6     3.000   10.50    3:30   ▒▒▒▒▒▒ 
Bottom = 9   3.000  100.000  
Total Supply 3.000 100.000                      
Actual Supply Rates are Percent of Current Draw Rate   
Total Draw   64.25 gallons   
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Appendix C: Program Control Selection 
 
SCREEN M: SIMULATION CONTROL PARAMETERS 
                  
1. Select a Control Option (0-5): 0        

0:Simulated Use Test                  
            1:First Hour Rating Test              
            2:Find flue loss coefficient          
            3:Thermostat calibration              
            4:Average Hour Rating Test            
            5:Simulated Use Test with Specified   
                 Recovery Efficiency,% =          
                                                             
                  2. Simul.Test Precond Opts (0-1): 0        
                      0: 3 draws before test starts          
                      1: One heatup cycle                    
                 3. Select a Display Option (0-2): 0        
                     0: Minimal display (highest speed)     
                     1: Detailed on-screen temps. (text)    
                     2: Graphical temperature display       
                  
SCREEN N: GRAPHICAL DISPLAY CONTROL                
 1. Display Water Temperatures? (0-No/1-Yes) 1                   
 2. Use Manual or Automatic Ranging for Water Temp. Display? 

(0-Manual/1-Autoranging) 0      
            Manual Range for Water Temperatures: Lo  58.0  Hi 140.0                                  
  3. Display Flue Temperatures? (0-No/1-Yes)  0                    
  4. Use Manual or Automatic Ranging for Flue Temp. Display? 

(0-Manual/1-Autoranging)  0      
   Manual Range for Flue Temperatures:  Lo  70.0  Hi  600.0 
        
 
 SCREEN P: OUTPUT FILES CONTROL                     
      Generate Output Files (for possible plotting)?    (0-No/1-Yes) 
      0. Flow Rates:  Average and Outlet Temperatures .......  1      
      1. Zone 1 Jacket Wall Temperatures ....................  0      
      2. Zone 2 Pressure Vessel Wall Temperatures ...........  0      
      3. Zone 3 Wall and Water Temperatures .................  0      
      4. Zone 4 Wall and Water Temperatures .................  0      
      5. Zone 5 Center Flue Wall Temperatures ...............  0      
      6. Zone 6 Flue Baffle Temperatures ....................  0      
      7. Zone 7 Flue Gas Temperatures .......................  0      
      8. Pipe and Fitting Surface Temperatures ..............  0      
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Appendix D:  Output   (Modified Baseline Water Heater) 
 
ENERGY BALANCE  
  
Gas input energy (BTU) 62,152
  
Jacket loss (BTU) 2,771
Bottom skirt loss (BTU) 998
Supply line losses  (BTU) 307
Fitting losses  (BTU) 411
  
Supply water heating  (BTU) 41,095
  
Jacket metal storage  (BTU) -35
Outer and top vessel metal storage  (BTU) -55
Inner and bottom vessel metal storage  
(BTU) -64
Water node storage  (BTU) -2,971
  
Stack loss while firing  (BTU) 9,479
Stack loss on standby  (BTU) 10,404
  
24 HOUR SIMULATED USE TEST 
SUMMARY  
Energy Factor 0.6029
Recovery Efficiency 0.7797
Steady-state Efficiency 81.57%
Energy Consumption  
Gas  (BTU) 62125
Electric (Watt-hr) 0
Hourly Standby Loss  (BTU) 607.4
UA  (BTU/hr*F) 10.472
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Appendix E:  Glossary 
 
Recovery efficiency – energy used to heat water in a storage water tank 
 
Standby energy – energy lost while no water draws occur, excluding the energy to reheat the water 
after a water draw 
 
Combustion efficiency - is basically how close the combustion is to stoichiometric conditions.  This 
is limited by imperfect mixing, which then produces hydrocarbons, and carbon monoxide.  To 
prevent this excess air (more air than theoretically needed for complete combustion) needs to be 
used.  Because field conditions can vary from laboratory test conditions (draft may vary depending 
on stack height, ambient conditions), an additional amount of excess air must be added.  Using an 
induced draft or forced draft burner can reduce the necessity of excess air.  
 
Steady state conditions – because the water in the tank rises as heating occurs, steady state 
conditions are never reached.  The temperature of the water in the tank effects the efficiency of the 
water heater. 
 
Excess air – combustion air in excess of what is theoretically needed for complete combustion to 
occur.  This is typically measured with a combustion analyzer measuring CO2 or Oxygen. 
 
Draw pipe – this is the water heater outlet pipe which supplies hot water to the house. 
 
Supply pipe – this is the water heater inlet pipe with refills the water heater with cold water  
 
Note:  The TANK program uses the terms “supply line” and “draw line” to designate the pipes 
transporting cold water to the water heater and hot water from the water heater, respectively.  In 
this report, unless tables are directly copied from the TANK program output, we use the terms 
“inlet pipe” and “outlet pipe” for the pipes supplying water to and from the water heater.  
 
 
 
 



 

Appendix S.  Household Water Use Survey 



 



 
Household Water Use Survey Page 1 of 4 

HHoouusseehhoo ll dd   WWaa tt ee rr   UUssee   SSuurr vv ee yy    
The person who knows the most about the household’s water fixtures and water use should complete this 
questionnaire. 
Results from this survey will be used to help your water utility better plan for future water needs.  Your responses 
are confidential and will be reported in group form only. 
When you are finished, please return this questionnaire in the enclosed postage-paid envelope to: 
National Research Center, Inc.;  3005 30th Street; Boulder, CO  80301 
Thank you very much! 
 
Indoor Water Fixtures 

1. Please indicate how many of each of the following types of water-using appliances or fixtures you have 
in your home.  Please circle the appropriate number for each. 

 None One Two Three Four Five Six Seven or more 
Toilets ....................................................... 0 1 2 3 4 5 6 7+ 
Bathtub with shower............................... 0 1 2 3 4 5 6 7+ 
Bathtub only ............................................ 0 1 2 3 4 5 6 7+ 
Shower only (no bathtub) ...................... 0 1 2 3 4 5 6 7+ 
Indoor utility/garage sink...................... 0 1 2 3 4 5 6 7+  

 
 
2. Please indicate whether you have any of the following in your home.   

Please check the appropriate box for each. Yes No 
Garbage disposal .........................................................................................................................   
Top-loading clothes washing machine .....................................................................................   
Front-loading clothes washing machine...................................................................................   
Dishwashing machine ................................................................................................................   
Whirlpool bathtub with jets.......................................................................................................   
Indoor spa or hot tub with jets (if hot tub is NOT usually filled with water, indicate “no”) .......    
Evaporative/swamp cooler ........................................................................................................   
A built-in indoor water feature (like a water fountain or water pond).................................   
A “whole house” water treatment system (like a water softener or a filter system) 
which attached to water system, not just to a faucet ...............................................................   

 
 

   None One Two Three Four or more Don’t Know 
3. How many of the toilets in your home are  

ultra-low-flush toilets (1.6 gallons per flush)? ...       
4. How many of the showers in your home have  

low-flow (water conserving*) showerheads? ......       
*2.5 gallons per minute (gpm), usually stamped on the showerhead 

 
 
5. Please indicate whether you have renovated or replaced any of the following since 1995. 

Please check the appropriate box for each.  Yes No 
Plumbing pipes............................................................................................................................   
Bathroom fixtures .......................................................................................................................   
Kitchen fixtures ...........................................................................................................................   

 
6. Please indicate whether you have any of the following.  

Please check the appropriate box for each.  Yes No 
Leaking toilet (you can hear it running when not in use) ......................................................   
Dripping faucet ...........................................................................................................................   
Other leaks in the water system.................................................................................................   



 
Household Water Use Survey Page 2 of 4 

 
7. Do any of the showers in your home have 

multiple showerheads? 
 Yes 
 No  

 
8. What type is your water heater? 

(Please check all that apply.) 
 Gas 
 Electric 
 Propane 
 Solar 
 Tankless / on-demand 
 Other _________________ 
 Don’t know 

 
9. Do you have a recirculating pump for your hot 

water heater? 
 Yes  No  

 
10. Does hot water take longer to reach some places 

in your house than others? 
 No, hot water reaches all fixtures in about 
the same amount of time 

 Yes, some places take longer than  
others for hot water to  
reach  Which rooms? (Check all that apply.) 

 kitchen 
 master bathroom 
 other bathroom 
 other room ___________________ 

 
11. Thinking of the place in the house where it takes 

hot water the longest to reach, how long would 
you say you have to wait for hot water? 

 Almost no time at all 
 Not very long, we just have to let the water 
run for a few seconds 

 Pretty long, we have to let the water run a 
while before it runs hot 

 Very long, we have to let the water run a 
long time before it runs hot 

 
12. Does the wait for hot water bother you? 

 Yes, very much 
 Yes, little bit 
 No, not really 

  
Outdoor Landscape 

13. Do you water your outside landscape? 
 Yes  No  go to question #26 

 
14. Do you use a contractor for any part of your 

outdoor landscape maintenance? 
 Yes  No  go to question #16 

 
15. Is your contractor responsible for watering 

(irrigating) your outdoor landscape? 
 Yes  No 

16. During the winter months of the year (generally 
December - February), how often do you usually 
water your landscape? 

 Never 
 Twice a month or less 
 A few times per month 
 1 day a week 
 2 days a week 
 3 days a week 
 4 days a week 
 5 days a week 
 6 days a week 
 7 days a week 
 Not sure 

 
17. During the summer months of the year 

(generally June - August), how often do you 
usually water your landscape? 

 Never 
 Twice a month or less 
 A few times per month 
 1 day a week 
 2 days a week 
 3 days a week 
 4 days a week 
 5 days a week 
 6 days a week 
 7 days a week 
 Not sure 

 
18. In addition to the water purchased from your 

water utility, do you use any of the following 
sources of water for your outdoor water needs? 

 No additional sources of water used 
 Well water 
 Canal/ditch 
 Stream/river 
 Cistern (rainwater harvesting) 
 Other: _____________________________ 

 
19. Is any part of your outdoor landscape watered 

manually?  
 Yes  No  go to question #22 

 
20. In what ways is the outdoor landscape watered 

manually? (Please check all that apply.) 
 Hand-held garden hose (with or without a nozzle) 
 Garden hose with sprinkler attached 
 Soaker hose 
 Drip irrigation or bubbler system  
 In-ground sprinkler system without a timer 

 
21. About how much of your outdoor landscape is 

watered manually?  
 All of it (100%) 
 Half or more of the outdoor landscape 
 About 20% to 50% 
 About 10% to 20% 
 Less than 10% of the outdoor landscape 

 How many showerheads per shower? 
  2  3  4 or more 
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22. Do you have an in-ground watering (irrigation) 

system? 
 Yes  No  go to question #26 

 
23. Does your outdoor water system have any 

broken sprinkler heads? 
 No  Yes  Don’t know 

 
24. Does your in-ground irrigation system have an 

automatic timer? 
 Yes  No  go to question #26 

 
25. Does your automatic irrigation system have an 

override shut-off device such as a soil moisture 
sensor or rain sensor? 

 No override shut-off device 
 Yes, soil moisture sensor installed 
 Yes, rain sensor installed 
 Yes, both soil moisture sensor and rain 
sensor installed 

 Don't know 
  
Outdoor Water Fixtures 

26. Does your home have an outdoor spa or hot tub? 
 Yes  No  go to question #28 

 
27. Is the outdoor spa or hot tub usually filled? 

 Yes, all year round 
 Yes, in the winter 
 No, but it is sometimes filled 
 No, it is never filled 

 
28. Does your outdoor landscape include a water 

feature like a fountain or pond? 
  Yes   No 

  
Swimming Pools 

29. Does your home have a swimming pool? 
 No  go to question #34 
 Yes, outdoor pool only  go to question #31 
 Yes, indoor pool only 
 Yes, indoor AND outdoor pool 

 
30. What type of filling system does the INDOOR 

swimming pool have? 
(If your home ONLY has an indoor swimming pool, 
please check the appropriate box and then go to 
question #34.) 

 Manual  Automatic  
 

31. What type of filling system does the OUTDOOR 
swimming pool have? 

 Manual  Automatic  
 

32. Do you have a swimming pool cover that you 
use when the OUTDOOR pool is not in use? 

 Yes  No  go to question #34 
 

33. What months of the year do you typically use 
the pool cover? (Please check all that apply.) 

 January  July 
 February  August 
 March  September 
 April  October 
 May  November 
 June  December 

 

 
 

34. Please indicate the extent to which you agree or disagree with each of the following statements.  
Please check the appropriate box for each. 

 Strongly Somewhat Somewhat Strongly Not 
 Agree Agree Disagree Disagree Applicable 

Without looking at past bills, I know about how much  
the average (typical) household water bill was (in dollars)  
last year .......................................................................................      
Without looking at past bills, I know about how much water  
the household used in an average (typical) billing period  
last year .......................................................................................      
The cost of water is an important factor for me when  
deciding how much water to use indoors (e.g. for washing  
dishes, washing clothes, showering/bathing, etc.) .................      
The cost of water is an important factor for me when  
deciding how much water to use outdoors (e.g., for watering  
the lawn or garden, etc.). ..........................................................      
I conserve water mainly for environmental reasons...............      
I take into account the cost of wastewater (sewer) service  
when deciding how much water to use ...................................      
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These last few questions are about your house and your household. This information will only be used to group responses. 
 

35. Is your house on a septic system? 
 No  Yes 

 
36. Is your household responsible for paying the 

water bill, or is it paid by a landlord or 
homeowners' association? 

 Household pays 
 Landlord/homeowner's association 
 Don't know 

 
37. About when was your home built? 

 Before 1940  2001 
 In the 1940s  2002 
 In the 1950s  2003 
 In the 1960s  2004 
 In the 1970s  2005 
 In the 1980s  2006 
 Between 1990 and 1994 
 Between 1995 and 2000 

 
38. In what year did you  

move to this home?........... __________year 
 

39. How many bedrooms does this house have? 
 1  3  5 
 2  4  6 or more 

 
40. Do you have a garage? 

 No 
 Yes, attached to the house 
 Yes, detached from the house 

 
41. How many people, including yourself, live 

full-time at this address?  

   Adults, including yourself (age 18+) 

   Teenagers (age 13-17) 

   Older Children (age 6-12) 

   Younger Children (age 3-5) 

   Infants or Toddlers (under age 3) 
 

42. What number of adults living at this address are 
employed full-time OUTSIDE the home? 

 None (0)  2  4 
 1   3  5 or more 

 
43. Do you rent or own your residence? 

 Rent   
   About what is your monthly rent payment? 

 Less than $300 per month 
 $300 to $449 per month 
 $450 to $600 per month 
 $600 to $799 per month 
 $800 to $999 per month 
 $1,000 to $1,249 per month 
 $1,250 to $1,499 per month 
 $1,500 to $1,749 per month 
 $1,750 to $2,000 per month 
 $2,000 to $2,249 per month 
 $2,250 to $2,499 per month 
 $2,500 or more per month 

 Own   
   About what is the market value of your home? 

 $Less than $100,000  $400,000 to $449,999 
 $100,000 to $149,999  $450,000 to $499,999 
 $150,000 to $199,999  $500,000 to $599,999 
 $200,000 to $249,999  $600,000 to $699,999 
 $250,000 to $299,999  $700,000 to $799,999 
 $300,000 to $349,999  $800,000 to $899,999 
 $350,000 to $399,999  $900,000 to $999,999 

 $1,000,000 to $1,249,999 
 $1,250,000 to $1,499,999 
 $1,500,000 or more 

 
44. What is the last grade of formal education the 

primary wage earner has completed? 
 Less than High School 
 High School degree 
 Some College or Associate’s degree 
 Bachelor's degree 
 Master's degree 
 Doctoral degree 

 
45. About how much do you estimate your 

household’s total income before taxes was last 
year?  Please check the appropriate box below. 

 Less than $30,000  $120,000 to $139,999 
 $30,000 to $39,999  $140,000 to $159,999 
 $40,000 to $49,999  $160,000 to $179,999 
 $50,000 to $59,999  $180,000 to $199,999 
 $60,000 to $69,999  $200,000 to $224,999 
 $70,000 to $79,999  $225,000 to $249,999 
 $80,000 to $89,999  $250,000 to $274,999 
 $90,000 to $99,999  $275,000 to $299,999 
 $100,000 to $119,999  $300,000 or more 
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Residential
Hot Water
Distribution
System
Research
Suggests
Important Code
Changes
By G. Klein, CEC and R. Wendt, ORNL

Background

The California Energy Commission and supporting
research organizations have been investigating the
impact of the hot water distribution system’s design

on the overall energy and water performance of the system
in residential buildings. While our research and investiga-
tions are likely to lead to modifications in the Building Energy
Efficiency Standards portion of California’s Building
Standards Code (Title 24), a number of potential ways to
enhance the performance of these systems is influenced or
governed by the requirements of plumbing codes, including
the Uniform Plumbing Code (UPC).

Based on our research, the key factor in determin-
ing the performance of hot water distribution systems is to
design and build them to have the smallest volume of water
within that portion of the system between the plumbing fix-
ture and the source of hot water. The length and the inter-
nal diameter of the pipe(s) determine the volume of water
contained within the distribution system. Systems with the
least internal volume waste the least amount of energy and
water. They also typically provide hot water to the plumbing
fixture with the shortest waiting period — typically the most
important consideration to the hot water user.

Unfortunately, the current plumbing codes do not
differentiate between hot and cold potable water piping in
the design and installation of a distribution system. Without
this differentiation, current hot water distribution systems
typically become over-sized while following the guidance pro-
vided by plumbing codes. Excessive pipe size has little or no
negative water or energy conservation impact on cold water
systems but it is a big factor in reducing the performance of
hot water distribution systems.

The purpose of this article is to share with you some
of the implications of potential changes to plumbing codes
stemming from our research.

Right Sizing
“Right sizing” of hot water distribution systems

entails using the smallest diameter pipe that will provide ade-
quate flow (at the available water pressure) to meet the real
demand on the systems at an acceptable velocity. The UPC
currently dictates a maximum velocity of 5 ft/sec for copper,
and 10 ft/sec for other, hot water piping. Using the smallest
diameter pipe allowed by code has several benefits: it will
reduce the water and energy wasted down the drain while the
user waits for hot water to arrive; it will reduce the tempera-
ture drop during the hot water event; and it will minimize the
energy wasted as the water standing in the pipe between
draws cools down to ambient. However, right sizing also
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requires that an adequate flow be maintained to meet the
real demand on the system and that the velocity of the water
be within acceptable limits to avoid erosion, water hammer,
and excessive noise. These factors limit how small the diam-
eter of pipe can be used.

Velocity, Not Pressure Loss,
Usually Determines Sizing

Knowing that smaller pipe can improve perfor-
mance, we recognized that we had to consider both veloci-
ty and pressure drop due to friction losses. While is it cer-
tainly possible to install more pipe, for most single story
homes under 3000 ft2 and two story homes under 4000 ft2,
the maximum equivalent length of pipe from the hot water
source to the fixture will likely be less than 100 ft. As a point
of reference, the median size of new homes in 2006 is
approximately 2500 ft2.
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Figure 1 Example 3080 ft2

Single Story House

To illustrate this point regarding pipe length, the
3080ft2 single story house shown in Figure 1 has a maxi-
mum run from the water heater to the tub in the furthest
bathroom (lower left corner) of approximately 88 lineal feet
of pipe. This house was chosen because it portrays a very
spread out distribution system. Many new houses do not
have runs of this length.

Assuming the line runs through the attic there would
be five “tees,” two “Ls” and several couplings dependent on
the type of pipe. These fittings would add another 18 to 20
feet of equivalent length to this part of the system for a total
length of 106 to 108 feet.

Since PEX tubing has become a dominant system in
California for single-family homes, we will use it in the fol-
lowing example. In order to achieve a flow of 4 GPM to the
tub/shower at a velocity under 10 ft/sec a 1/2-inch tube is
the minimum size that can be used. The friction loss for this
segment — assuming the 1/2-inch is used throughout —
would be 20.8 psi X 1.08 (the added length) = 22.5 psi. This
is no problem for most houses with their 50-60 psi pressure.
The velocity in the 1/2-inch tube would be an acceptable
7.24 ft/sec.

Rough-in plumbing for a slab-on-grade bathroom.



However, because this house has a trunk and branch
distribution system, the trunk from the water heater also
serves the kitchen and laundry, so the maximum flow should
be about 6 to 8 GPM. This segment of the system would
therefore have to be 3/4-inch tubing. Recalculating the fric-
tion loss for the 3/4- and 1/2-inch pipes together yields an
18.6 psi loss at 7 GPM.

While the overall system friction loss has declined,
the velocity on the segment to the tub remained constant at
7.24 ft/sec (see table 1).

From this example and other analyses of typical res-
idential distribution systems, we have concluded that maxi-
mum acceptable velocity will usually dictate the pipe size
rather than friction loss assuming adequate system pressure
(≥ 50 psi) to the house. When the system pressure is <35
psi, then friction loss over a given length of pipe becomes the
dominant factor in sizing. For a given diameter, a shorter pipe
length is always better.

Table 2. Copper plumbing pipe sizes and hot water velocities
Flow Rate, GPM

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 7
Velocity, ft/sec

Nominal
Sizes, Inch

OD,
Inch

ID,
Inch

* Pipe size not available. Note: Red marked numbers are over the recommended maximum hot water velocity of 5 ft/sec.

1/4 (K) 0.375 0.305 2.20 4.40 6.59 8.79 11.00 13.20 15.40 17.60 19.80 22.00 24.20 26.40 30.80
1/4 (L) 0.315 2.07 4.13 6.19 8.25 10.31 12.38 14.44 16.50 18.56 20.63 22.69 24.75 28.87
1/4 (M) * * – – – – – – – – – – – – –
3/8 (K) 0.500 0.402 1.27 2.53 3.79 5.06 6.33 7.59 8.86 10.12 11.39 12.65 13.92 15.18 17.71
3/8 (L) – 0.430 1.11 2.21 3.32 4.42 5.53 6.63 7.74 8.84 9.95 11.06 12.16 13.27 15.48
3/8 (M) 0.450 1.01 2.02 3.27 4.04 5.04 6.05 7.06 8.07 9.08 10.09 11.10 12.11 14.13
1/2 (K) 0.625 0.527 0.74 1.47 2.21 2.94 3.68 4.41 5.15 5.88 6.62 7.35 8.09 8.82 10.29
1/2 (L) – 0.545 0.69 1.37 2.06 2.75 3.44 4.12 4.81 5.50 6.18 6.87 7.56 8.25 9.62
1/2 (M) – 0.569 0.63 1.26 1.89 2.52 3.15 3.78 4.41 5.04 5.67 6.30 6.94 7.57 8.83
5/8 (K) 0.750 0.652 0.48 0.96 1.44 1.92 2.40 2.88 3.36 3.84 4.32 4.80 5.28 5.76 6.72
5/8 (L) – 0.666 0.46 0.92 1.38 1.84 2.30 2.76 3.22 3.68 4.14 4.60 5.06 5.52 6.44
5/8 (M) * * – – – – – – – – – – – – –
3/4 (K) 0.875 0.745 0.37 0.73 1.10 1.46 1.83 2.19 2.56 2.92 3.29 3.65 4.02 4.38 5.11
3/4 (L) – 0.785 0.33 0.66 0.99 1.32 1.64 1.97 2.30 2.63 2.96 3.29 3.62 3.95 4.60
3/4 (M) – 0.811 0.31 0.62 0.92 1.23 1.54 1.85 2.16 2.46 2.77 3.08 3.39 3.70 4.31
1 (K) 1.125 0.995 0.21 0.41 0.61 0.82 1.03 1.23 1.44 1.64 1.85 2.05 2.26 2.46 2.87
1 (L) – 1.025 0.20 0.39 0.58 0.77 0.97 1.16 1.35 1.55 1.74 1.93 2.12 2.34 2.73
1 (M) – 1.055 0.18 0.36 0.55 0.73 0.91 1.09 1.28 1.46 1.64 1.82 2.01 2.19 2.55

Table 3. CPVC (CTS SDR 11 and Sch. 40) plumbing pipe sizes and hot water velocities
Flow Rate, GPM

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 7
Velocity, ft/sec

Nominal
Sizes, Inch

OD,
Inch

ID,
Inch

* Pipe size not available. Note: Red marked numbers are over the code permitted maximum hot water velocity of 10 ft/sec.

1/4 (CTS) * * – – – – – – – – – – – – –
3/8 (CTS) * * – – – – – – – – – – – – –
1/2 (CTS) 0.625 0.469 0.93 1.86 2.79 3.71 4.64 5.57 6.50 7.43 8.36 9.29 10.22 11.14 13.00
3/4 (CTS) 0.875 0.695 0.42 0.85 1.27 1.69 2.11 2.54 2.96 3.38 3.81 4.23 4.65 5.07 5.92
1 (CTS) 1.125 0.901 0.25 0.50 0.75 1.01 1.26 1.51 1.76 2.01 2.26 2.52 2.77 3.02 3.52

1/4 (Sch.40) 0.540 0.344 1.73 3.45 5.18 6.91 8.63 10.36 12.08 13.81 15.54 17.26 18.99 20.72 24.17
3/8 (Sch.40) 0.675 0.473 0.92 1.83 2.74 3.65 4.57 5.48 6.39 7.30 8.22 9.13 10.04 10.96 12.78
1/2 (Sch.40) 0.840 0.602 0.56 1.13 1.69 2.25 2.82 3.38 3.95 4.51 5.07 5.64 6.20 6.76 7.89
3/4 (Sch.40) 1.050 0.804 0.32 0.63 0.95 1.26 1.58 1.90 2.21 2.53 2.84 3.16 3.48 3.79 4.42
1 (Sch.40) 1.315 1.029 0.19 0.39 0.58 0.77 0.96 1.16 1.35 1.54 1.74 1.93 2.12 2.32 2.70

Table 1. Friction Loss (psi per 100 ft of tubing)
and Velocity (ft/sec) vs. Flow Rate

(GPM)PEX Tubing (CTS)
3/8̋ 1/2̋ 3/4̋ 1̋

FLoss Velocity FLoss Velocity FLoss Velocity FLoss Velocity

1 7.0 3.33 1.6 1.81 0.3 0.96 0.1 0.55
2 25.4 6.67 5.8 3.62 1.1 1.81 0.3 1.10
3 53.9 10.00 12.2 5.43 2.3 2.72 0.7 1.65
4 91.8 13.34 20.8 7.24 3.9 3.63 1.1 2.19
5 -- -- 31.4 9.05 5.9 4.54 1.7 2.74
6 -- -- 44.0 10.86 8.2 5.44 2.4 3.29
7 -- -- 58.6 12.67 10.9 6.35 3.2 3.84

Source: http://www.ppfahome.org/pdf/PEX_Installation_Hand
book_2006.pdf (page 13). Note: Red marked numbers are
over the code permitted maximum hot water velocity of
10 ft/sec.

Flow
Rate

Nom
Size
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Tables 2-4, developed by ORNL, provide the velocity
of water in various sized pipes of copper, CPVC, and PEX for
a range of flow rates. Schedule 40 CPVC, which is not typi-
cally used in residential construction, was included because
the more common CTS pipe does not include 3/8-inch and
1/4-inch sizes.

What About Water Hammer,
Erosion, and Noise?

By now, some of you are ready to tell us that
higher velocities will result in water hammer, erosion, and
excessive noise. So let’s look at how big of an issue these
will be.

Water hammer is an audible thump that may
result when quick closing valves generate excessive surge
pressures that are poorly absorbed by the system. Surge
pressure is a sudden spike (actually a series of diminishing
spikes) in pressure produced by the abrupt change in veloci-
ty of the fluid in the line. The impact of the surge pressure
depends on the velocity of the water, the wall thickness, and
flexibility of the pipe material. Note that excessive surge pres-
sures can occur in a system without audible water hammer.
The Jukowski equation was used to determine the maximum
surge pressure in pipes (see Table 5 below). This equation is
the main equation referenced in the plumbing profession for
water hammer.

As can be seen, higher water velocities increase the
surge pressures. In addition, at a given velocity, the surge
pressure for copper is roughly four times that of PEX and two
and a half times that of CPVC for the same diameter pipe.
Due to their flexibility, plastic pipes reduce the effect of surge
pressure spikes and the resultant water hammer better than
metallic pipes.

In an effort to control water hammer, engineering
rules of thumb concerning surge pressure came into exis-
tence for metallic pipes and generally limited velocities to 4
ft/sec with use with quickly operating valves and 8 ft/sec
depending on application, which is why these two values are
commonly still used. With the increased use of plastic piping,
it would be better to choose velocity limitations based on the
characteristics of the piping system.

As the velocity of water in pipes increases, internal
erosion and excessive noise can occur. At velocities over
5 ft/sec with hot water, cavitation based erosion has been
determined to eat away at copper pipes, particularly
in elbows or joints that were not properly reamed. The veloci-
ty of hot water in copper pipes is therefore limited to 5 ft/sec
in plumbing codes to avoid these phenomena. Over 140˚F,
the recommended velocity for copper pipe drops to 2-3 ft/sec.

In the research discussed in the last article
(September/October 2006) we reported that wide radius
elbows were better from a water and energy performance
viewpoint than standard elbows. The impact of higher veloci-
ties in straight runs and around long radius turns should be
investigated to determine if increased velocities could be
accommodated with an improved system geometry that
reduces water turbulence and cavitation.

Plumbing codes allow water velocities up to 10 ft/sec
with plastic pipe. Efforts are under way to determine maxi-
mum velocities for CPVC and PEX, but this may take some
time. A limiting concern is that a surge pressure (Table 5) of
150 psi, which occurs with rapid shut off valves, may be get-
ting into a danger zone of some fixtures.

Continuous noise during use in piping systems, like
erosion, can be related to cavitation that is created by the
velocity of the water and the geometry of the piping system.
Higher water velocities coupled with abrupt changes in direc-
tion in the system (elbows and tees) can induce cavitation
that creates turbulence, vibration and generates noise. Rigid

Table 5. Maximum Calculated Surge
Pressure in PSI

(This pressure is added to line pressure to determine total pressure)

Table 4. PEX (CTS SDR 9) plumbing pipe sizes and hot water velocities
Flow Rate, GPM

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 7
Velocity, ft/sec

Nominal
Sizes, Inch

OD,
Inch

ID,
Inch

Note: Red marked numbers are over the code permitted maximum hot water velocity of 10 ft/sec.

1/4 0.375 0.250 3.27 6.54 9.81 13.07 16.34 19.61 22.88 26.15 29.42 32.68 35.95 39.22 45.76
3/8 0.500 0.350 1.67 3.34 5.00 6.67 8.34 10.00 11.67 13.34 15.01 16.68 18.34 20.01 23.35
1/2 0.625 0.475 0.91 1.81 2.72 3.62 4.53 5.43 6.34 7.24 8.15 9.05 9.96 10.86 12.67
3/4 0.875 0.681 0.44 0.88 1.32 1.76 2.20 2.64 3.08 3.52 3.96 4.40 4.85 5.28 6.17
1 1.125 0.862 0.27 0.55 0.82 1.10 1.37 1.65 1.92 2.20 2.47 2.75 3.02 3.30 3.85

Velocity PEX ¾˝ CPVC ¾˝ Copper ¾˝
ft/s SDR 9 SDR 11 L
1 13 22 55
2 27 44 109
3 40 66 164
4 53 88 218
5 67 110 273
6 80 132 327
7 93 154 382
8 107 176 436
9 120 198 491
10 133 220 546
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pipes would be expected to amplify and transmit the vibration
as noise, while less rigid piping would be expected to dampen
both the vibration and the noise. The use of wide radius bends
rather than sharp elbows would also be expected to reduce
cavitation and its associated vibration and noise. These factors
and their impact on system noise should be investigated.

Proposed Code Changes
Our review of the Uniform Plumbing Code (UPC) iden-

tified several areas that could be changed in order to reduce
the water and energy wasted in hot water distribution systems
as well as the waiting period for hot water to arrive at the fix-
ture. Some of these changes would apply to all occupancies,
while others would apply to single-family housing and multi-
family housing with individual water heaters for each unit and
could save significant resources. We have submitted a pro-
posed change to the 2009 revision cycle.

The first change we recommend is to distinguish
between hot and cold (potable) water distribution systems.
This differentiation makes it easier to propose changes that
are needed to improve the energy and water conservation
performance of a hot water system without needlessly
impacting the cold water system (since many are not applic-
able to cold-water distribution). We would define hot water
distribution systems as that portion of the potable water dis-
tribution system between the hot water source and a plumb-
ing fixture using hot water.

Having separated hot from cold, we propose that the
use of the alternative design method found in Appendix L
become the standard method of design for single-family hous-

ing and multi-family housing with individual water heaters for
each unit. This method includes a diversity factor for multiple
bathrooms which impacts the Water Service Fixture Units
(WFSUs) used in determining the required pipe size of the dis-
tribution system (see UPC Table L-1). This change is very
important because it more accurately reflects real water use in
residential systems and can result in a potential reduction in
pipe size which reduces energy and water waste.

Table L-1 should also be modified to provide the
same diversity factor for both cold and hot water systems.
Right now the proportional decline in hot water WSFUs due to
the diversity factor is much less than for cold water since the
cold water piping also serves the toilet and has more WSFUs.

Based on our research and testing, we have also
found significant energy and water waste associated with
uninsulated hot water pipes, which cool down to an
unusable hot water temperature in a very short time. This is
particularly significant in pipes buried in or below floor slabs.
Insulation increases the time the pipes can stay
hot enough to use between hot water events. We propose
adding a requirement that all hot water piping be insulated.
In addition, we would propose, for instances where it cannot
be avoided, buried pipes (both hot and cold) be installed
in a waterproof conduit or sleeve so that they can be
removed, repaired and replaced.

We could propose a number of additional changes
such as requiring two handle faucets and providing guidance
on system layout, but we feel that deferring these items to
future UPC revision cycles would permit the impact and
implementation of the initial revisions to be assessed and
refinements made, if required, before going further. In addi-
tion, we feel that a number of topics (discussed earlier) war-
rant further scientific investigation. The knowledge gained
from these investigations could also guide the selection and
implementation of the potential changes in the future.

Impact of Proposed Changes on Pipe Size
To illustrate the impact on hot water pipe size and

entrained water, we will use a median new home of about
2500 ft2 with 2.5 bathrooms on a common trunk line, Figure
2. The distance from the water heater to the first bathroom
grouping is 20 ft, to the second grouping an additional 15 ft,
and to the third grouping 20 ft. The total system length from
water heater to furthest bathroom grouping is 55 ft. The
results are shown in Table 6.

A-20ft.
B-15ft.

Half Bath

Water
Heater

Bath 2Bath 1

C-20ft.

Figure 2. Conceptual layout of 2.5 baths on a common trunk line.
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Hot and cold potable supply piping (left) and 1/2 inch return
lines (center) for a slab-on-grade house.



The volume of water entrained in the hot water trunk
line would drop from 1.61 gallons (from Table 6.4 sizing) to
0.56 gallons (from Table L-1 revised sizing), or 65%. The
water wasted waiting for hot water would also drop by 65% as
would the energy used to heat the wasted water. The waiting
time for hot water to arrive would also drop dramatically. With
the revised sizing, CPVC and PEX piping could carry flows of
about 5 GPM while copper could carry flows of 3-3.5 GPM
without exceeding velocity limits.

Flows above these levels are possible with multiple
bathrooms but unlikely. In order to exceed these flow rates
there would have to be multiple showers or tub filling occur-
ring simultaneously. This is unlikely because average house-
hold size is approximately 2.8 people, each of whom is likely
to have somewhat differing schedules. In addition, the capac-
ity of the water heater will also tend to limit simultaneous use.

If simultaneous use did occur it would be for a very
limited period of time. Two concurrent 15-minute showers
would deplete the hot water available and thereby suspend
usage. During this period the velocity in copper would exceed
the 5 ft/sec velocity. However, this episode constitutes only
1% of the day and is unlikely to recur day after day.
Intermittent short-term usage that exceeds the velocity limits
is not thought to impact issues such as potential erosion. This
thought should be confirmed with testing.

Future Directions
During our research and the preparation

of this article, it has become clear to us that there
is a need for close collaboration between energy
and plumbing researchers to investigate and
address any outstanding issues or concerns that
may arise from the code modification process.
Through this collaboration and the increased
knowledge it will provide, we are confident that
meaningful improvements can be made to the UPC
or other applicable codes and standards. These
changes will assure appropriate levels of service
from hot water distributions systems while mini-
mizing energy and water waste.
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Table 6. Change in Hot Water Trunk Size
with Proposed Change to UPC

(Pipe sizes from UPC Table 6-5 for 30-45 psi)

Table 6-4
(Note 1: Both hot

and cold the same)

Table 6-4
(Note 3: Hot only,

and at 3/4 of
fixture total)

Table L-1
(As written)

Table L-1
(Revised, Hot and

Cold same diversity
factor)

Example 2.5 bath house
Half Bath Bath 1 Bath 2

Lavatory 1.0 1.0 1.0
Toilet 2.5 2.5 2.5
Tub/Shower --- 4.0 4.0
Total WSFU 3.5 7.5 7.5
Combined WSFUs 18.5 11.0 7.5
Pipe size A=1̋ B=3/4̋ C=3/4̋

Lavatory 0.75 0.75 0.75
Toilet --- --- ---
Tub/Shower --- 3.0 3.0
Total WSFU 0.75 3.75 3.75
Combined WSFUs 8.25 7.50 3.75
Pipe size A=3/4̋ B=3/4̋ C=1/2̋

Bath Groups 2.5 2.0 1.0
Combined WSFUs 8.0 7.0 5.0
Pipe size A=3/4̋ B=3/4̋ C=1/2̋

Bath Groups 2.5 2.0 1.0
Combined WSFUs 3.55 3.45 2.5
Pipe size A=1/2̋ B=1/2̋ C=1/2̋

Method of calculating trunk pipe size
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Task 4.4 Assess Potential Sensing and Monitoring Technologies  
 
Introduction 
 
Oak Ridge National Laboratory (ORNL) in collaboration with the California Energy Commission 
(CEC) and others is developing plans to monitor the usage of hot water in a large number of single 
family residential units to determine the amount and pattern of hot water consumption.  Studies by 
ORNL and others have shown that hot water use patterns have a major (if not dominant) impact on 
how a specific hot water distribution system (HWDS) will perform.  Yet at the same time there is 
little documented information on how people actually use these systems.  This situation has forced a 
“best guess” approach to defining the use patterns—leading to a lack of confidence in requested code 
changes and recommended design standards. The data obtained from a large scale sampling could be 
utilized to substantiate the potential energy code (Title 24) and plumbing code (Uniform Plumbing 
Code) changes.  The data could also be used in HWDS optimization simulation studies that could lead 
to best practices recommendations for system configuration.  
 
This task consists of two interrelated subtasks.  These include a literature review of previous HWDS 
studies to glean what can be learned from previous experience (4.4.1), and an assessment of available 
sensing and monitoring technologies available to meet the requirements of a planned large field 
monitoring effort (4.4.2). 
 
 
 

4.4.1 Literature Review of Previous HWDS Studies 
 
Abstract 
 
Since hot water use is the second largest part of residential energy consumption in the United States, 
following space heating energy use, a better understanding of different hot water end-uses is 
important.  More accurate information on existing systems (fixtures, pipe sizes and length, materials, 
locations and heater placement) and their performance would facilitate appropriate future design of 
the systems.  Regarding hot water use, there are two main events in which unwanted heat/water loss 
occur: discarding of cooled-off previously heated water and requesting of hot water but turning the 
fixture off before it arrives.   In the latter case, there is not any hot water loss, only a loss of energy 
and heat that is caused by replenishing the tank and by some of the piping that has been filled with hot 
water.  Another loss occurs when the water heater set point temperature is increased to compensate 
for losses in the HWDS.  Data that is needed by designers to properly design the systems include hot 
water usage patterns (delivery time and general and peak water use) (Klein 2005).  
 
Background  
 
Current knowledge of residential hot water use is limited by accuracy and scope (consistency, 
occupancy characteristics, etc.) of previous studies.  Perlman and Mills (1985) observed that most 
published results have limited demographic data, household statistics (family size, appliances, 
fixtures, etc.) and water consumption patterns (average daily, monthly, or annual total hot water 
usage).  The available information is considered insufficient and more comprehensive studies are 
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needed to properly define hot water systems.  Aguiler et al. (2005) assessed that most of the 
measured/metered research on energy consumption associated with water heating involved electric 
heaters.  Additionally, they observed the following:  
- The flow rate, demographics, installed appliances, and climate influence the volume of domestic 

hot water consumed 
- Hot water consumption patterns vary according to climate, season and demographics (household 

composition, income, and cultural background) 
- Hot water energy expenditure are affected by the fuel used, inflow and set temperatures, water 

heater and appliances types and efficiency, and any water or heat losses.  
Moreover, Hiller (2005b) noted that very little has been done to characterize different hot water 
distribution system piping configurations that would enable quantification of time, water, and energy 
waste.  More recent studies have used smaller sample sizes that are not representative of hot water 
users.  Also, more extensive evaluations can be done with existing models, but actual data (laboratory 
and/or field) are needed to validate their results by assessing them under different flow conditions.  
 
Aguilar et al. (2005) looked at some models that determined the hot water usage.  The EPRI model 
uses 16 equations to estimate hot water demand at specific times of the day using multiple regression 
analysis.  It does this by estimating the amount of hot water consumed (gallons per hour – gph) at 
eight separate time periods during a day, while treating weekdays and weekend days separately.  It 
incorporates features to account for seasonal and household differences.  Conversely, the Residential 
End-Use Model (REUM) computes the total hot water energy demand by summing three 
classifications of hot water energy demands: major appliances, personal use and base load (standby 
losses of the water heater).  Data from various sources are used to determine the three hot water use 
classifications; metered data are used to determine the personal use.  As noted, both models are 
estimates that rely on equations and limited metered data.  Thus, better data collection will not only 
improve the available knowledge of hot water systems but will increase the accuracy in which they 
are modeled.   
 
Introduction 
 
Even though there have been estimates of total water loss based on published results, the actual 
measurement and analysis of domestic hot water consumption are limited to two different monitoring 
or data collection techniques: flow trace signature analysis method and the temperature-based event 
inference method (Lutz 2005). A third method is to measure flow, or at least monitor the presence of 
flow at each end-use point.  The upcoming LBNL DWR HWDS field monitoring program will use 
this technique.  The flow trace signature analysis method analyzes the flow patterns—flow trace 
signature indicated by a meter measuring total flow or hot water flow to individual draws based on 
the unique flow trace signature (amount and flowrate) that occurs as water is drawn at different end 
uses.  Alternatively, the method can be coupled by combining the flow measurements taken by the 
water meter to that of selected temperature measurements made at major piping branches.  The 
method was first noted by Benedykt Dziegielewski in 1993 (Mayer 2003).  This method is less 
obtrusive and easy to install, but it requires test runs to accurately characterize flow rates and 
significant analysis time or customized software/analysts.  The other method (temperature-based 
inference) identifies the end-use by tracking the temperature rise of hot water by taking temperature 
measurements as close as possible to each specific end use and coupling it with flow measurements at 
the hot water tank outlet.  The second method has been shown to be more accurate at identifying end-
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uses, but introduces cost and complexity to field studies by requiring more intensive and potentially 
intrusive monitoring.   
 
Hot Water Usage Studies Assessments 
  
Several reviews of existing studies of hot water usage have been done.  Paul et al. (1994) conducted 
hot water usage studies that involved metering of the total hot water or hot water energy use in order 
to evaluate the energy use of electric resistance and gas water heaters, and to estimate the national 
average hot water usage for typical households.  Their study concluded that there were no discernible 
difference in hot water usage for households using either electric or gas water heaters, and the 
national average of hot water usage was 53 gpd based on regression analyses of the studies’ data.  In 
each of these studies the end uses were not measured, but a meter measured the total water use or the 
energy used by the water heater in each home.  The specific types of water meters in the studies were 
not identified, but the average hot water use in each study along with demographics is carried out and 
is presented in Table 1.  The instrumentation limitation restricts the usefulness of the hot water data.  
These studies varied in the number of metered households from 10 to 221 (23 single-family studies) 
throughout the country by various organizations, but most studies are done with fewer than 20 
households.  
 
Similarly, Becker and Stogsdill (1990) extracted data from five hot water studies to create a hot water 
usage database.  The studies (Gilbert in 1985 – 110 homes; Perlman & Mill in 1985 – 55 homes; Hirst 
et al. in 1987 – 142 homes; Merrigan in 1988 – 98 homes; and Ciz & Milligan during 1985-86 – 5 
apartment buildings) all measured seasonal and hourly hot water usage patterns.  Specifically, the 
studies measured the flow rate (gpm) and seasonal average consumption. The instrumentation 
included gas meter, flow meter, hot water energy meter (determined water heating load (kWh)) and 
temperature sensors.  The locations of the instrumentation are not specified for any of the reviewed 
works. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Table 1 Single Family Hot Water Usage Studies (1979-1990) [Paul et al. (1994)] 
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In Aguilar et al. (2005) assessment of existing data on hot water use, they cited a study done by 
Goldner in 1994 of 30 multi-family buildings in New York that found distinct seasonal variation in 
domestic hot water consumption.  Hot water consumption was observed to increase 10% from 
summer to fall, and an additional 13% during the winter and then decreased 1% in the spring.  Also, 
weekend hot water consumption was roughly 7.5 % (55 gpd) greater than during a weekday (51 gpd).  
It was concluded by Barr (Aguilar 2005) that homeowners are more likely to be energy savers than 
renters, and the senior population are more likely to employ energy conservation strategies.  As a 
result, homeowners’ hot water use should be less than that of renters, and seniors use lesser than that 
of all non-senior hot water users.  Goldner’s results implied that he metered the hot water 
consumption from the outlet of the water heater only without any monitoring of the temperatures and 
end usages.  
 
DeOreo and Mayer (2004) looked at water studies that measured the total water use at various 
fixtures, as shown in Table 2.  This table shows a comparison of results from a variety of different 
residential end uses.  The first three studies used different approaches for measuring and estimating 
water end use volume, and the other 8 studies, completed from 1994—2003, all were done using flow 
trace signature analysis approach and specific software (Trace Wizard).   The approaches that were 
used in the first three studies are not detailed.  Of the eight done using the flow trace method, three 
studies (Seattle – 2000, EBMUD – 2002 and Tampa – 2003) coupled the method with a home audit of 
the fixtures’ flow prior to employing the method, which made the approach more expensive and time 
consuming.  The combination of the audit and flow trace method is considered to make the 
interpretive technique more precise.  By comparing other studies to their Residential End Uses of 
Water Study (REUWS), shown in column 7 of Table 2, DeOreo and Mayer (2004) attempted to 
address the issue of reproducibility, and based on the results in Table 2, they consider that the flow 
trace method is comparable to other testing methods.   Some problems using TraceWizard have 
occurred.  It sometimes counts the “tail” & “head” of a draw as a separate draw.  This can result in an 
artificially high count of draws and misallocation of pieces of draws. 
 
 
 
 

Table 2 Comparison of Indoor gal per capita per day water use studies DeOreo and Mayer (2004) 
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Flow Trace Analysis Hot Water Usage Studies  
 
Several studies have identified end uses of hot water draws in single-family residences using the flow 
trace signature analysis method.  Lowenstein and Hiller’s (1998) study consisted of 17 field test sites 
in which they used a Hall-effect sensor in conjunction to the water meter to provide a high-resolution 
hot water usage reading in year-one of the study.   In year-two, thermocouples were added to three 
homes’ hot water lines at strategic locations on the hot water distribution piping.  Adding 
thermocouples assisted in assessing the aggregated of hot water use into its constituent end-uses, yet 
they concluded that additional temperature sensors should be used to reduce the uncertainty and 
significant errors present in the disaggregation analysis.  Additionally, total unambiguous data results 
were impossible because of the two important limitations of the approach: its inability to properly 
identify constituents during simultaneous flow and to distinguish between hot water draws that have 
the same average flow rate and total flow volume.  They estimated that between 4% - 15% of hot 
water draws simultaneously occurred.  
 
In several reports by Henze et al. (2002) and Tiller et al. (2004), they found similar difficulty in 
disaggregation of hot water use, for flow rates and duration overlapping of the sinks and shower made 
differentiation between the end uses sometimes impossible.  Additionally, they found that due to the 
method’s inability to detect and misallocation of end uses, it provided an overall accuracy of 90.6% 
for one test site.  This accuracy was determined from the method’s misclassification of 9.4% of the 
total flow and 18.4% of the hot water draw events.  They employed the method, without any hot water 
temperature measurements, in 4 test sites, and misclassified 12.5% of the hot water draw events.   
 
Mayer et al. (2000, 2003) states there are two key steps involved in obtaining good signature traces: 
prior to actual data collection, operate each fixture to get a sample flow with the flow logger and 
permit no less than 30 seconds between each fixtures’ operation to allow for unambiguous water use 
events.   By taking these steps, the flow information should be more accurate for each fixture and 
would make it easier to designate during the disaggregation of flow events.  In the 37 test sites in their 
study, they hand measured the maximum flow of each fixture using a calibrated pitcher, which 
provided a method to calibrate the logger flow rates.  In-house audits of the fixtures were performed, 
but they noted that it was not absolutely required to perform the disaggregation.  In their estimation, 
water use signatures are essentially consistent; therefore, an experienced water use analyst can 
usually classify various fixtures in houses without any predetermining fixture audit.  By following the 
above steps and combining them with the in-house audit and hand measured flow rate, the analysis 
process was simplified.   
 
Since the objective of this study was to evaluate any potential water savings, data was collected for a 
total of four weeks (two-weeks each for baseline and after water saving fixtures retrofit).  Of the 37 
homes in the study, 10 had additional water meters and flow recorder installed on the hot water 
heaters so that hot water usage could be monitored alongside the overall household water usage.  The 
hot water meter data were disaggregated as before and the results showed that 40 percent of the total 
indoor water use consisted of hot water, but the temperatures at the end use fixtures were not 
monitored. Therefore, the wait time of water waste was not computed, and no comparison of the 
water usage designation based on the whole house water meter and hot water meter was presented.  In 
the study, the trace analysis disaggregation process employs a processing technology (Trace 
Wizard—a 32-bit software package developed specifically for the purpose of analyzing flow trace 
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data) that utilizes a pattern recognition algorithm.  The software uses specific parameters (volume, 
duration, peak flow rate, and mode flow rate) from each study site.  Mayer et al. (2003) noted that the 
logger is not truly measuring flows, but instead counts the number of magnetic pulses created as the 
water flows through the meter.  The logger that is strapped to the meter was the Meter-Master 100EL 
(by F.S. Brainard Company).  Several studies, many shown in Table 2, have been done employing 
this method: Mayer et al. (1999) using 1188 homes in 12 cities; DeOreo et al. (1996) using 228 homes 
in 6 neighborhoods in Colorado (home age: 1970s - 1980s); and DeOreo and Mayer (2000) used 37 
homes—also, reported in Mayer et al. (2000).  

 
De La Piedra (2002) did a two phase analysis on 74 residential sites that was equipped with demand 
recirculation systems.  Phase I involved analysis of water use data for pre- and post-demand 
recirculation retrofit installation.  Phase II included a more concentrated monitoring system for 9 of 
the 74 sites.  Phase I used the water meter that was already at each test site to monitor the total water 
use. The monitoring was done for a period of two years, one each for pre- and post-recirculation 
system installation.  Phase II, the more intensive system, used flow trace analysis method to evaluate 
water usage.  Check valves enabled the flow meters to register total recirculated water and separate 
hot and cold water consumption. Also in these 9 homes, the flow meters were combined with two 
thermocouples to measure the energy use for a period of twelve days.  The study results revealed no 
statically significant water savings pre- and post-fixture retrofit installation for both phases. Yet, the 
wait time for hot water was shown to be substantial reduced due to the demand recirculation system 
installation.  The study did not provide any hot water end use data, but it does state that average daily 
maximum temperature was lower during the study period. 
 
Temperature-Based Event Inference Hot Water Usage Studies 
   
The latest temperature-based event inference method studies were published in a paper by Henze et al. 
(2002) and two papers by Tiller et al. (2003, 2004).  Hot water draws were designated to specific end 
uses (e.g., dishwasher, sinks, showers, etc.) based on the change in pipe temperature at that end use as 
hot water was drawn.  A type T thermocouple, temperature sensor, was attached to the pipe at each 
end use that measured the temperature every second, and two types of flow meters (ultrasonic and in-
line paddle wheel) installed on or in the hot water line leaving the water heater were used.  The 
Ultrasonic meter was installed in three of the four residences and the paddle wheel in the fourth.  The 
paddle wheel was a much less expensive flow meter and was found to provide very satisfactory 
results, yet it is more invasive (it must be placed in the hot water line).  The rise in the pipe 
temperature, revealed by the end use temperature sensors, provided an indication of the location hot 
water was being drawn in the pipe network.  Base on a month-long study of one residence that used 
the ultrasonic meter, the temperature-based inference method was able to correctly allocate 97.1% of 
the observed hot water draw events to specific end uses, which correlates to a 2.9% misclassification 
rate of the total flow draw events.  
 
Several other studies were performed but most did not monitor the hot water end use, as illustrated by 
the following: 
• Abrams and Shedd (1996) evaluated 13 single-family homes and a 14-unit apartment.  Their 

objectives were to determine the thermal and utility load as well as the hot water usage.  They 
measured the cold inlet water temperate and total volumetric (positive displacement, pulse-initiate 
flow meter) hot water use.  Also, Abrams (1998) monitored 12 homes having electric resistance 
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water heaters.  The energy use, efficiency and hot water use were evaluated and the same 
measurements as in the 1996 study were taken.   

• In a two home study by Johnson and Clark (2005), they looked at the kWh and natural gas 
consumed by existing water heaters (gas and electric) and compared their use to electric on-
demand water heating systems.   The energy savings and comparison of the existing heaters to that 
of electric on-demand systems were examined.  To do this, the water (gpm) and gas (cfm) used 
were metered along with the entering cold and delivered hot water temperatures, but not any end 
use temperatures were measured. 

• The hot water usage pattern of sample data from two sites of a larger study was evaluated by 
Merrigan (1988).  The larger study consisted of 74 Florida homes (using electric resistance, heat 
pump, solar and desuperheater water heater) and 24 North Carolina homes (solar water heater).  
Each of the homes was instrumented with a kWh meter, hot water energy meters (consisting of a 
cold water flow meter and temperature sensors in and out of the heater), and a 15-minute interval 
recorder.  Merrigan (1988) determines the 15-minute average use of electricity, hot water use and 
hot water energy.  The results take into account seasonal effect and family size as the annual, daily 
and hourly average hot water use is computed.  

• Perlman and Milligan (1988) looked at 5 multi-residential buildings to assess the thermal 
performance and delivery capability of central hot water systems and their hot water usage 
patterns.  They obtained the desired results by measuring in 15-minute averages of: the gas 
volume (gas meter), hot water volume (water meter) and the water temperature (sensors installed 
on broiler).   

• A comparative database on hot water use patterns in residential and commercial buildings was 
done by Becker et al. (1991).  The survey summarizes existing hot water use data for various 
building types and compared it to ASHRAE’s values for those categories.  The database includes 
existing data on hot water use patterns (hourly, daily and seasonal distinction), demographic and 
climatic factors.  No actual experimental study was performed, but suggestions were made as to 
the appropriateness of ASHRAE’s values for various building categories.  

• Data from a number of homes in Canada is presented by Perlman and Mills (1985): 5 homes in 
Toronto (studied for two years – 1981-83, solar assisted water heaters); 50 homes in Ontario area 
(studied for a year – 1982-83, solar assisted water heaters); and 4 homes in Toronto (studied for a 
year – 1984, heat pump water heaters).   Demographic information was obtained through surveys.  
This publication used existing data to determined the hot water usage pattern and looks at the 
average hourly, daily and monthly profiles.  The paper objective was to develop a residential hot 
water consumption pattern based on actual measured data.  No information on any measuring 
instrumentation is given. 

• Colliver et al. (1988) use laboratory and field sites to determine the electrical load, outlet 
temperatures (standard and modified heater) and hot water draw pattern.  To accomplish this, a 
kWh meter, a thermocouple and a flow meter were used.  In laboratory studies, a fixed draw were 
determined by a pint calibrated tipping bucket.  A subdivision having homes that was built from 
1976 – 1978 was studied.   The study objective was to reduce the electric element size by using a 
time clock control to reduce the electrical use and demand required to produce hot water. 

• Ally et al. (2002) instrumented 5 single-family homes in Palo Alto, California in order to measure 
the water and energy saved by reducing water flow down the drain while waiting for hot water to 
arrive at the faucet and the hot water line losses.  Each home was equipped with a demand 
recirculation system and an instrumentation panel (three water meters – cold, hot and recirculation 
flow rate; Btu meters – registering the water energy content and the enthalpy of the water). 
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• Energy (space cooling, heating, water heating and other electricity use and demand) end-use data 
was collected for a large number of residences in Central Florida in order to better estimate the 
impact of a load control program and obtain improved appliance energy load profiles.  Parker 
(2003) reports that all energy use was metered but the specific type of metering device was not 
indicated. 

• Hiller et al. (2002) did a comparison of a hot water recirculation loop and a point-of-use 
water heater in a high school.  The systems were monitored for a year, and the measurement 
included: hot and cold water temperatures; air temperature; water flow rate at each branch and the 
central gas water heater; gas consumption; and the kWh of the recirculation loop.  The endeavor 
sought to record the energy consumption and heat loss of a gas water heater to that of an electric 
resistance point-of-use water heating system.  A detailed description of the instrumentation was 
not given.  Hiller (1998) did another field test of 14 single-family homes and 2 apartment 
buildings for a period of 2½ years.  The goal of the report was to develop a method in which hot 
water consumption data could be presented in a simple summary format that would be useful for 
hot water system sizing and selection.  The entering cold water, tank-top, exiting draw and room 
air temperatures were measured in conjunction to the hot water and heater energy consumptions.  
Further, Hiller et al. (2004) used identical measurement instrumentation to collect data in a school 
cafeteria in Tennessee. The objectives were to determine the hot water use, recirculation-loop heat 
loss, and the annual energy use of various water heating system designs and control strategies. 
None of the studies measured specific end use data. 

 
Laboratory Hot Water Usage Studies 
 
Various laboratory tests have been done that looked at hot water temperatures along the length of the 
pipe and at the heater exit. 
• Schultz and Goldschmidt (1981, 1983) performed two hot water studies.  The 1981 study was of a 

residential electric water heater that was monitored using a watt-hour meter and 13 surface and 8 
in-tank thermocouples.  The study focused only on the efficiency of electric water heaters. Where 
as, the 1983 study, modeled and evaluated the hot water distribution system.  Measurements of the 
temperature along the piping and the hot water flow rate (by collecting water in a drum for a 2-
minute period) were obtained.  Coupling the model with the test data produced a semi-empirical 
temperature history along a distribution line after start-up.  Also, the distribution efficiency and 
characteristics of the hot water distribution line during start-up and shutdown of flow were 
determined. 

• In Hiller (2006a, 2000b), two publications, the flow rate (positive displacement meter) and the 
temperatures (immersion thermocouples) are collected from a horizontal piping apparatuses (86 
and 100 feet length) in still air.  One study, measured the time spent waiting for hot water to arrive 
at fixtures and the amount of water wasted while waiting.  The other looked at the distribution 
system heat loss information to estimate energy loss effects caused by the heat loss from the 
piping. This data and additional material on the hot water distribution apparatuses can be seen in 
Hiller (2005b).  Additionally, Hiller (2005a) did tests on a variety of hot water distribution system 
piping configurations and compared the piping heat loss to the stand by losses of several common 
water heaters using different flow rates, hot water inlet, ambient air and initial pipe temperatures 
which were allowed to fluctuate independently.  Energy, flow, and temperature data were 
collected.  
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Conclusions and Recommendations 
 
Past studies have by-and-large had a relatively narrow focus that considered specific issues/topics 
such as demographics (number of occupants, age, renter/owner), seasonal variation or type of water 
heater.  Temperature-based event studies are more accurate (97.1%) but were not broad based with a 
very limited sampling of homes.  The flow trace signature analysis studies are less accurate (90.6%) 
but have been larger in scope with significantly more houses evaluated.  The Residential End-Use 
Model (REUM) is based on very limited field data which raises questions of its validity.   
 
Given the limits on current knowledge we conclude that data obtained from a large-scale, accurate 
(temperature-based) sampling is needed to substantiate the potential energy code (Title 24) and 
plumbing code (Uniform Plumbing Code) changes.  The data is also needed in HWDS optimization 
simulation studies that could lead to best practices recommendations for system configuration.    
 
The large-scale sampling would be measured in hundreds, if not thousands, of housing units in order 
to cover the full spectrum of variation that is likely to occur among houses and households.  Based on 
the duration of the flow trace signature analysis studies we feel that a two week sampling of an 
individual home is adequate.  The overall study would extend for 12-24 months in order to collect 
seasonal variations and permit a large number of homes to be monitored with a limited number of 
sampling devices. 
 
Given the magnitude of this monitoring effort, the systems must be easy to install, minimally 
invasive, robust in the home environment, accurate and of reasonable cost.  The Assessment of 
Available Sensing and Monitoring Technologies which follows will evaluate the currently available 
technologies to address these criteria. 
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4.4.2. Assessment of Available Sensing and Monitoring Technologies  

 
Background 
 
A large-scale monitoring of single family home hot water use patterns is envisioned in order to cover 
the full spectrum of potential variation that is likely to occur.  This field monitoring effort is also 
designed to better understand the rate and the time it takes for hot water to arrive at an end point in the 
home. The monitoring systems must be easy to install, minimally invasive, robust in the home 
environment, accurate, and of reasonable cost.  
 
To obtain useful information on sensing and monitoring technologies, a list of available potential 
products have been developed that identify when the water has been turned on and the temperature of 
the water (to identify the arrival of hot water).  Because the equipment will be placed in private homes 
it is very important that the equipment be easy to install/remove as well as not damage the home or 
degrade the integrity of the water system.  
 
Flow Meter 
 
The water use of the households’ occupants will be measured using a flow meter.  The following 
considerations were taken into account when identifying a flow meter to use: 

 Fits a ½” or ¾” distribution pipe 
 Measures low flow rate of about half a gallon per minute 
 Clamps-on    
 Is inexpensive  
 Provides historical data 
 Goal: provides 2 weeks of unattended operation 

 
There were numerous flow meters that we compared, see Appendix, Table A6.  However, the only 
one that fit the majority of our specifications was the Series TFXD flow meter by Dynasonics.  For 
ease of installation, this unit is a clamp-on flow meter and is capable of measuring ½” and ¾” pipes.  
It also has a 0.05 gallon per minute accuracy for ½” pipe and 0.1 gallon per minute accuracy for ¾” 
pipe, resulting in a sensitivity of about 0.005 and 0.01, respectively. The unit does not operate off of 
batteries and will have to be plugged into a wall outlet, which may disqualify some of the volunteers 
from participating in the monitoring due to the unavailability of a power outlet.  The TFXD model 
does have the option of adding a 200,000 event data logger or several other optional outputs.  The 
disadvantage of adding this particular event data logger is that it will continuously record the data.  In 
this case, the data will have to be obtained every 2.3 days, if taken at 1 second intervals.  The price of 
the TFXD flow meter (model # DTFXD1-A1NA-N2) is $2,720.  This unit contains no display, 
115VAC power supply, 4-20mA output and either a transducer for ½” pipe or for ¾” pipe.  The 
transducer can be attached to any copper or ANSI pipe. 
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Data Logger 
 
Instead of using the data logger that would normally be purchased with the Series TFXD flow meter 
another alternative would be to use an independent data logger (see Appendix, Table A5).  This 
approach would allow the data to only be recorded when flow is detected.  We have identified a 
possible data logger that could do just that from Onset called Tattletale TFX-11v2 Data 
Logger/Controller Engine.  It would require software code that would only store the data when the 
flow is greater than zero at 1 second intervals using the flow meter’s 4-20mA output.  The on board 
Flash EEPROM will hold 2M worth of data, which includes the program as well.  This should 
definitely meet the goal of unattended operation for 2 weeks.  The board will be powered by a 9V 
battery, which is readily accessible.  Since the current being drawn is minimal, the battery should also 
last 2 weeks.  This board does not come as a turnkey product so a housing box will need to be 
purchased to encase it in, preferable a water tight box given the circumstances.  An IP65 enclosure is 
designed to protect against dust and moisture and will cost about $30. The TFX-11v2 can be 
purchased for $275, if 1-9 units are ordered, or for $245, if 10+ or more units are ordered.  They do 
have a development kit available as well, which comes with the software and all instruction manuals 
for $195.  The manufacture also recommended purchasing their PR-11v2 prototype I/O interface 
board for $65 each.   
  
Temperature Sensors 
 
The temperature of the water will be measured using temperature sensors attached to the outside of 
the pipes (see Appendix, Tables A4).  The collection of this data can be accomplished in two ways: 1) 
wireless sensors or 2) data logger.  Table A1-A3 shows potential wireless sensor networks that could 
be used for this application.  The idea is that each end point would contain an external temperature 
sensor that is connected to the wireless unit.  The information obtained from the sensor would then be 
sent to a base station connected to the internet or a PC.  A product that was identified as a possibility 
for this type of system is Microstrain’s Agile-Link Wireless Data Acquisition System and 2.4 GHz 
TC-Link Wireless Thermocouple system.  The thermocouple would be strapped to the exposed pipes 
and connected to the TC-Link.  It could then transmit the data at a maximum rate of 5 samples/second 
to the base station.  The lithium battery that is supplied in the TC-Link would last about 3 months at 
that rate.  Once the base station receives the data it will need to be connected to a PC that contains 
software able to interpret the data.  The TC-Link can be placed in convenient locations and will still 
be able to deliver the data just as accurately.  For shower installations only, an IP65 enclosure could 
be purchased for $245, which is just the cost for the enclosure.  
 
The other option would be to use the same data logger that would be used with the flow meter and just 
attach an external temperature sensor.  The code that would be developed for this case would consist 
of having the data recorded once the temperature reaches a predetermined point.  The recording of the 
temperature can then be recorded until the temperature is less than that value or it can just record the 
time and date it reached that value to allow for more data to be logged.   
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Any type of temperature sensor could be added to the system.  A potential contender is a thermistor 
probe from Onset that can be mounted to the pipe using clips and brackets.  It has a temperature range 
of -40°F to 212°F, which should be sufficient. 
System Price 
 
Three scenarios have been identified as pricing models for the field trial: 1) a small condo –1 bath 1 
bedroom; 2) a typical house – 3 bath 4 bedrooms; 3) a large house – 5 bath 5 bedrooms.  The products 
that will be included in the pricing are the data loggers by Onset (Tattletale TFX-11v2 Data 
Logger/Controller Engine), the flow meter by Dynasonics (Series TFXD), and the thermistor probe by 
Onset (TMC-HD).  The end-points for each scenario and the pricing are below: 
 

 

Flow Meter 
+ Data 
logger 

Temperature 
sensor 

Data 
logger Supplies 

Small 1 bath 1 bed Condo $2,585    $400 
Shower  $26  $310   
Lavatory  $26  $310   
Clothes washer  $26  $310   
Dish washer  $26  $310   
Sink  $26  $310   
Total 5 end-use points     
     
TOTAL    $4,665  
     
Typical 3 bath 4 bed House $2,585    $960 
3 Showers  $78  $930   
5 Lavatories  $130 $1,550  
Clothes washer  $26  $310   
Laundry tray  $26  $310   
Dish washer  $26  $310   
Sink  $26  $310   
Total 12 end-use points     
     
TOTAL    $7,577  
     
Large 5 bath 5 bed House $2,585    $1,440 
5 Showers  $130 $1,550  
8 Lavatories  $208 $2,480  
Clothes washer  $26  $310   
Laundry tray  $26  $310   
Dish washer  $26  $310   
Sink  $26  $310   
Bar sink  $26  $310   
Total 18 end-use points     
     
TOTAL    $10,073 
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The initial investment of $200 for the development kit, which includes the software for the data 
loggers, and investment time needed to develop the software code were not included in the pricing 
models.   
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APPENDIX 
 

 

 
 

MicroStrain www.microstrain.com 
Agile-Link Wireless Data Acquisition System 

Specifications for Agile-Link wireless strain sensing nodes used with 1000 ohm foil strain gauges 
Sample rates 1700 samples/sec with one active channel 
Phase delay 1.5, 3.5, & 5.5 milliseconds for 1, 4 and 8 active channels 
Operating temperature -20 to +85 deg C 
Temperature coefficient offset 0.007%/deg C (tested from +20 to +50 deg C) 
Temperature coefficient span 0.004%/deg C (tested from +20 to +50 deg C) 

Table A1  2.4 GHz TC-Link Wireless Thermocouple System 
Thermocouple (TC) Inputs Supported Software selectable: J,K,R,S,T,E, single input channel 

Standard Thermocouple Measurement Range 

- J - 0 to 760 degrees C 
- K - 0 to 1370 degrees C.  
- R - 0 to 1000 degrees C. 
- S - 0 to 1750 degrees C. 
- T -160 to 400 degrees C. 
- E -100 to 1000 degrees C. 

Temperature Measurement Resolution  0.2 degrees C. 

Temperature Measurement Accuracy ± 0.2% full scale or +/- 2 degrees C. 
 typical (does not include errors due to TC wire or transducer) 

Cold Junction Compensation Range -20 to +85 degrees C 
Thermocouple Connector  Type 1 standard mini connector for flat pin TC inputs 
Operating Modes Mode 1: transmit data at programmable rate 
 Analog to Digital (A/D) Converter Successive approximation type, 12 bits resolution 
Linearized TC Transmit Rate Programmable from 1 sample/minute to 5 samples/second  

Radio Frequency (RF) Transceiver Carrier 2.4 GHz, direct sequence spread spectrum,  
license free worldwide (2.450 to 2.490 GHz -16 channels)  

RF Output Power  0dBm (1 mW) 
Range of RF Link Up to 70m line of sight 
RF Data Packet Standard IEEE 802.15.4, open communication architecture 
USB Programming and Download 115,200 baud 

Internal Li-Ion Battery Rechargeable 3.6 volt lithium ion, 200 mAh capacity.  
Customer may also supply external power from 3.1 to 9 volts 

Power Consumption 175 microamps 

Operating Temperature 

-20 to +60 degrees C with standard internal battery and enclosure, 
extended temperature range optional with custom battery and 
enclosure. 
 -40 to +85 degrees C for electronics only 

Dimensions 60 x 40 mm x 20 mm 
Weight 48 grams 
Dimensions (PCB only) 60 mm x 35 mm x 15 mm 
Case  ABS plastic 
Lead Time 1 week 
Price $470.25  
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Programmable full scale range 1000 to 5000 microstrain 
Resolution +/-2.5 microstrain (w/ anti-aliasing filter bandwidth 0-500 Hz) 
RF communications band 902-928 MHz  
Number of distinct RF communications channels 26 
Serial communications rate 76.8 kbaud 
Wireless communications range 150 meters line of sight 
Multi-channel outputs Digital (RS-232 or USB) & Analog (0-5 volts FS) 
Sensor Specifications SG-Link™, G-Link™, V-Link™ 
Lead Time 1 week 
Price $795  
 
 
Table A2 Wireless Temperature and Unique ID Transmitter 

PointSix www.pointsix.com 
Wireless Temperature and Unique ID Transmitter 

Transmission Rate 10-17 seconds random 
Shelf life with battery installed 5 Years in quiescent mode (10 years with optional battery) 
Dimensions (enclosure) 1.5 W X 2.1 H X .6 D (inches) 
Weight 1.0 oz 
Storage Temperature  -30° to 85° C 
Operating Temperature  -30° to 85° C (-40 to 85 C with optional battery) 
Battery life with transmissions (CR2032) 2-5 years with CR2032 and tx period of 10-17 seconds 
Battery life with transmissions (optional 
battery)  3-7 years with optional battery and tx period of 10-17 seconds  

Battery CR2032 3 Volt Lithium or optional 3.6 volt Lithium 
FCC Certified FCC ID: M5ZWOW 
Lead Time None - if less than 25 is ordered 

Price $139.95 (1-24), $132.95 (25-99), $125.95 (100-299), $118.96 
(300+) 
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Table A3  Wireless Sensor Pod 

Company Accsense 
URL www.accsenseinc.com 
Model A1-02 (Temperature Wireless Sensor Pod) 
Temperature Range  -40 to +70 ºC 
Temperature Accuracy at 25°C ±0.3°C 
Temperature Accuracy over Full Range ±1.4%FS 
Measurement Resolution 0.01°C 
Physical size 3.5 in x 3.25 in x 2 in. 
Wight less than 1 lb. 
Resolution 1 second 
Accuracy ±10 seconds 
Power supply 5V DC 
Recording every 30 seconds to once a day 
Pods per gateway 16 
External Sensors 4 to 20mA Current Input 
Range 0 to 20mA 
Measurement Resolution 0.058mA 
Accuracy ±0.29%FS 
Loop Impedence 120 Ohms 
Price: Temperature Pod $535  
Gateway $795  

 
 
 
 
Table A4  Thermistors 

Company Proliphix (www.proliphix.com) 
Sensing Element Thermistor (thermal resistor) 
Accuracy +/- .36oF (0.2oC) 
Temp Range -30oF to 140oF (34 to 60oC) 
Temp Response NTC -Thermistor 
Thermistor Stability 0.24oF (0.13oC) over 5 years 
Connection 25ft (7.37m) 24 AWG pigtails 
Mounting Directly to wall or pipe using standard clips and brackets 
Probe 304 Stainless Steel 
Model PTS-R3SC 
Price $38.99 from www.smarthome.com 

Company Onset (www.onsetcomp.com) 
Sensing Element Thermistor (thermal resistor) 
Accuracy ±0.5° at 20°C (±0.9° at 68°F) 
Temp Range -40° to 100°C (-40° to 212°F) in air 
Temp Response 3 minutes typical to 90% in air moving 1 m/sec (2.2 mph) 
Thermistor Stability < 0.1°C (0.2°F ) per year 
Connection  
Mounting Directly to wall or pipe using standard clips and brackets 
Probe Stainless-steel sensor tip 
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Model TMC-HD 
Price $30 for 1, $28 for 10+, $26 for 100+ 

 
 
Table A5  Data Logger 
Company Onset 
URL www.onsetcomp.com 
Size (inches) 1.2 x 2.75 x 0.5" 
Weight (ounces) 0.6 
Processors 68HC11 & PIC 16F873A 

1 hardware, RS-232 or TTL levels (max 38.4K baud), 
UARTS 1 software, RS-232 or TTL levels (max 19.2K baud) 
Capacity (RAM) 128K 
Capacity (Flash EEPROM) 2MB (program & data) 
Analog channels 11 @ 12-bit, 8 @ 8-bit 
Analog input voltage range 0-5V (Accepts external ref.) 
Maximum sampling rate (Hz) 3200 12-bit / 6400 8-bit 
Digital lines 16 I/O, plus 8 input only 
Minimum current <50 µA typical 
Peak current 150 mA 
Power supply range 5.5 to 18.5V 
Real-time clock (RTC) Hardware 
Programming languages TFBASIC, Assembly 
Operating Temp -40°C to +85°C 
Relative Humidity 0 to 95% (non-condensing) 
Prototype Board Interface 2mm pin and socket 
Price $275, $245 for 10+ 

TFX-11v2 Development Kit (PR-11v2, 
CABLE-PC-3.5 CABLE-TFX-11, MAN-
TFX-11, case, batteries & TFBASIC) $195  

5" x 3" Prototype I/O interface board for 
TFX11v2 (not stackable) $65  
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Table A6  FLOW METERS 
Company General Electric  General Electric  EESIFLO Controlotron Dynasonics Dynasonics 

URL www.gesensing.com www.gesensing.com www.eesiflo.com www.controlotron.com www.dynasonics.com www.dynasonics.com 
Name Ultrasonic Liquid Flow 

Transmitter 

Panametrics Portable 
Ultrasonic Liquid 

Flowmeter 

Clamp on  Ultrasonic Flowmeter 
for Liquids System 1020 Series TFXL Ultrasonic 

Clamp-On Flow Meter 

Series TFXD Fixed 
Location Transit Time 

Flow Meter 
Model AquaTrans UTX878 TransPort PT878 EESIFLO EASZ-11FP 1020 TFXL DTFXD1-A1NA-N2 

Clamp On Yes Yes Yes Yes Yes Yes 

Features 

• Loop Powered 
• Low power 
consumption 
• Simple meter and 
transducer installation 
and setup 
• Velocity, volumetic and 
totalized flow 
• Economical non-
intrusive flow 
measurement 

• Small, lightweight and 
easy to use 
• Non-intrusive flow 
measurement 
• Velocity, volumetric and 
energy flow rates 
• Totalized flow and trend 
data 
• Alphanumeric and 
graphic formats 
• Multiple-language user 
interface 
• Rechargeable battery pack 
• Submersible package 
• 32 site locations 
• Optional thickness gauge 
• Optional energy 
measurement 
• Logs over 100,000 flow 
data points 

• Works under direct sunlight 
• Shock Proof and Drop Proof 
• Rail Mounting 
• Lockable and Fully Transportable 
• Crush Proof and Water Resistant 
• Heavy Duty - Suitable for harsher 
and dirtier environments 
• Longer battery life (15 hours) 
Over 100 hours with back up 
power set 
• Internal Datalogger 
• Dual Beam Capable 
• Watertight Steel sensors and 
cables 
• Able to measure in two modes 
(Transit Time or Doppler) 
• Resistant to bubbles and solids up 
to 40% in most applications 
• Fast circuitry and intelligent 
algorithms 
• Capable of measurements on all 
types of pipe sizes and materials 
• Reynolds Compensation 
• Suitable for measurements of all 
types of liquids irregardless of 
viscosity 

  • Non-invasive clamp-
on transducers  
• Accurate 
measurements through 
the laminar, transition 
and turbulent system 
flow regions. 
• Low power 
consumption.  
• The measurement 
range of the TFX 
system includes zero 
flow.  Reading 
accuracy and 
reliability, especially at 
low flow rates, are 
improved versus 
mechanical, DP and 
vortex shedding flow 
meter performance. 
• TFX has a flow 
measuring range that 
exceeds 4000:1.  
• User configurable rate 
and totalizer units. 

• Field replaceable I/O 
module options. 

• An integral optical 
interface and optional 
Windows® software.  
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Pipe Materials All Metals and most 
plastics 

All Metals and most 
plastics 

  Carbon steel, stainless 
steel, copper, and plastic 

Copper, ANSI 

Flow Accuracy 
(Velocity) 

• Pipe ID �≥ 6" 
(150mm); ±1% to 2% of 
reading typical 
• Pipe ID ≤ 6" (150mm); 
±2% to 5% of reading 
typical 

• Pipe ID �> 6" (150mm); 
±1% to 2% of reading 
typical 
• Pipe ID < 6" (150mm); 
±2% to 5% of reading 
typical 

 ± 1.0% of rate, or better ±1% of reading at rates 
above 1 FPS [0.3 MPS] 
±0.01 FPS [.003 MPS] 
of reading at rates lower 
than 1 FPS [0.3 MPS] 

±0.5% of reading at rates 
> 1 FPS [0.3 MPS] for 
field calibrated systems 
±1% of reading at rates > 
1 FPS [0.3 MPS] 
uncalibrated 

Pipe Diameter 
Size     1/2" and higher 2 inch and higher pipe 

Pipe Wall 
Thickness       

Repeatability ±0.1% to 0.3% of reading ±0.1% to 0.3% of reading    ±0.01% of reading 

Range 
(Bidirectional) 

40ft/s to -40ft/s (12.2m/s 
to -12.2m/s) 

40ft/s to -40ft/s (12.2m/s to 
-12.2m/s) 

10 -1000mm ± 40 f/s,(± 12 m/s) 
including zero flow, bi-
directional 

  

Rangeability 
(Overall) 

400:1 400:1    4000:1 

Dimensions 
 (h x w x d) 

8.8" x 8.2" x 3.6" 
(220mm x 210mm x 
90mm) 

9.4" x 5.5" x 1.5" (238mm 
x 138mm x 38mm) 

15 “ L x 8 ½ “ W x 10 ½ “ D 4.06 x 7.77 x 4.30 2.5 x 3 x 6 inches [63 x 
75 x 150 mm] 

7.00 x 5.75 x 3.88 inches 
[178 x 146 x 99 mm] 

Weight 3.9lbs. 3lbs  4 lbs   

Display 128 x 64 pixel LCD 
graphic display 

240 x 200 pixel backlit 
LCD graphic display 

Backlit display and user friendly 
keypad 

2 x16 Character LCD 2 line x 8 character LCD 2 line x 8 character LCD, 
back lit. 

Keypad 6 button external keypad 25-key rubberized tactile 
membrane keypad 

 5 Key Keypad   

Power Supply 

15 to 30 VDC loop power 
(customer supplied) 

  Rechargeable battery 
(Approximately 15 hours usage) 

 Mains adaptor provided for 
battery charging 110/220 VAC 

90-240 VAC @ 12 VA or 
9-36 VDC @ 12 Watt 

11-30 VDC @ 0.25A  (Std) 10-28 VDC @ 
0.25 VA max. 

 115/230 VAC 50/60 Hz 
± 15% @ 5 VA max. 

Power 
Consumption 

700mW maximum     2.5W 

Memory FLASH memory, field 
upgradable 

FLASH memory, field 
upgradable 

    

Operating 
Temperature 

–4°F to 140°F (–20°C to 
60°C) 

–4°F to 131°F (–20°C to 
55°C) 

    

Storage –4°F to 158°F (–20°C to –40°F to 158°F (–40°C to   0 to +185 °F [-20 to +85 -40 ° to +185 °F [-40 ° to 
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Temperature 70°C) 70°C) °C] +85 °C], 0-95% relative 
humidity, non-condensing 

Standard 
Inputs/Output 

One 4 to 20 mA on power 
loop 

• One 0/4 to 20mA current 
output 
• One user-selectable pulse 
(solid state, 5 V maximum) 
or frequency (5 V square 
wave, 100 to 10,000 Hz) 
•Two 4 to 20 mA analog 
inputs with switchable 
power 
supply for loop-powered 
temperature transmitters 

  Isolated 4 to 20 mA, 
Programmable 

 Additional Isolated 4 to 
20 mA, Programmable 
(Optional) 

 0 to 5 kHz Pulse Rate, 
Digital Isolated 

 4-20mA Output 
(standard output) 

 12-bit for all outputs 
 5V maximum 
 900 Ohms maximum 
 Can share ground 

common with power 
supply — isolated 
from piping system 

 4-20mA Output  
 200K-event data logger 
 Rate pulse 
 Dual Relay 
 RS232C 
 RS485 

Digital 
Interface 

RS232 Infrared communication 
port for printer or PC 
interface 

RS 232 capable RS-232 Serial Port   

Temperature 
Range 

–40°F to 194°F (–40°C to 
90°C) 

–40°F to 300°F (–40°C to 
150°C) 

-10 to 60 °C    

Mounting 

Stainless steel strap  Stainless steel chain or 
strap, welded or 
magnetic 

 clamping fixtures 

Stainless Steel  NEMA 3 [Type 3] ABS 
or polycarbonate, 
CPVC, Ultem®, brass 
or SS hardware 

NEMA 4X [IP-66], 
polycarbonate, SS, brass 
and plated steel. 

Transducer 
Cable 

Integral transducer cable 
up to 100 ft (33 m) with 
transducers 

     

Internal Battery 
 Rechargeable battery: 9 to 

11 hours of continuous 
operation 

    

Battery Charger 
Input 

 100 to 250 VAC, 50/60 Hz, 
0.38A 

    

Data Logging 

 • Memory capacity to log 
over 100,000 flow data 
points 
• Keypad programmable for 
log units, update times, and 
start and stop time 

98,000 values 1 Megabyte, Provides 
Both Site & Datalogger 
Storage 

 200,000 event, 16-bit, 
integral DB-9 RS232C 
connection, 
can be removed and 
installed without 
disconnecting system 
power 
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Display 
Features 

 • Graphic display shows 
flow in numerical or 
graphic 
format 
• Displays logged data 
• Extensive diagnostic 
parameters 
• Supports multiple 
languages: Dutch, English, 
French, 
German, Italian, Japanese, 
Portuguese, Russian, 
Spanish, Swedish and 
others 

    

Energy 
Measurement 

  Calculates energy flow 
rate and totalized 
energy. 

 Requires optional dual-
RTD, loop-powered 
transmitter. 

    

Temperature 
Transducers 

 Loop-powered, three-wire 
platinum RTDs; clamp-on 
and 
wetted (thermo-well) types 
are available 

    

Software 

  PanaView PC-Interface 
Software 

 The TransPort PT878 
communicates with a PC 
through 

 the infrared interface and 
Windows® operating 
systems. 

 Consult the manual for 
details on sites, logs and 
other 

 Operation with a PC. 

EESILOGGER software   Ultralink 
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Printer 

 • Infrared, portable, thermal 
printer with rechargeable 
battery and 120 to 240 
VAC power 
supply/recharger 
• Weight 13 oz (370 g), size 
6.3 in x 6.5 in x 2.3 in 
(160 x mm 164.2 mm x 59 
mm), print width 4 in  (104 
mm) 
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Objective 
 
The test objective was to determine the response time lag between a thermocouple in the 
fluid stream versus a thermocouple taped to the outside wall of a typical household water 
pipe at different pipe sizes and water flow rates. Piping was purchase from a local home 
improvement store typical of piping used in domestic household water systems.  The pipe 
materials were copper, CPVC and PEX in sizes ½ inch and ¾ inch. Six test pieces (Photo 
1) were made from the sample pipes with all having thermocouples affixed at the same 
location in respect to each other.  An ungrounded, sheathed, 1/16 inch, stainless steel 
thermocouple was inserted midway into the water steam while an ungrounded, stick-on 
30 gage thermocouple (Photo 2) was affixed to the outside of the pipe wall 2 inches 
upstream of the immersed thermocouple.  (Note:  In our experience, using grounded 
thermocouples when making water measurements is unwise, as there is a high likelihood 
of stray electric currents from the surroundings distorting the measurements.)  Heated 
135°F water (Drawing 1) was pumped though the horizontal test sections at ½, 1 and 2 
gallons per minute (GPM). The tests took place in an environmental chamber with the 
ambient air temperature controlled at 70°F.  During each test measurements were 
recorded and plotted in 2 second intervals for a period of 180 seconds.  The plots include 
a short period of the steady-state, pre-test conditions for informational purposes. 
 
 

 
 

Photo 1. 



 
 

Photo 2. 
 
 
 
 
 
 
 
 

Drawing 1. 
 

 

Test Section 

Environmental Chamber
18 KW Heater and 
Pump 

Closed Loop 135°F water 



Test Results 
 
Charts 1 thru 6 show temperature changes for three flow rates in differing pipe sizes and 
materials for thermocouples placed in the fluid stream. 
 
Figures 1 thru 18 show the results for surface mounted thermocouples and thermocouples 
placed in the fluid stream for three flow rates in differing pipe sizes and materials. 
 
 
 
 
Materials used in tests 
 
Copper pipe: USA CAMBRIDGE-LEE TYPE L Hard-drawn Straight, Sizes: ½ and ¾ 
inches. 
 
PEX pipe: Zurn Pex C-D3-NSF-PW CL-TD  ASTM F876-F877 HOT/COLD POTABLE 
WATER-SDR9-160 PSI AT 73°F-100 PSI AT 180°F-80 PSI AT 200°F, Sizes: ½ and ¾ 
inches. 
 
CPVC Pipe: CPVC 4120 SDR-11 ASTM D-2846 NSF-PW 100 PSI @ 180°F Made in 
USA. Sizes: ½ and ¾ inches. 
 
 
 
 
Instrumentation used in tests 
 
Wall-Mounted Stick-on Thermocouple: Omega Precision Fine Wire Thermocouple Part # 
SA1-T.  Omega Engineering, One Omega Drive, Stamford, CT. 06907-0047 1-800-TC-
OMEGA. 
 
Immersion Thermocouple: Omega 1/16” Stainless Steel Sheathed Thermocouple Part # 
TMQSS-062U-6.  Omega Engineering, One Omega Drive, Stamford, CT. 06907-0047 1-
800-TC-OMEGA. 
 
Water Flow Meter: Badger Model 25. Badger Meter, Inc. 4545 W. Brown Deer Road 
P.O. Box 245036 Milwaukee, WI 53224-9536.  1-800-876-3837 

 
 



Comparison of Immersion Thermocouples at Flowrates on 1/2" Copper Pipe
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Chart 1. 

 

Comparison of Immersion Thermocouples at Flowrates on 1/2" CPVC Pipe
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Chart 2. 

 



Comparison of Immersion Thermocouples at Flowrates on 1/2" PEX Pipe
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Chart 3. 

 

Comparison of Immersion Thermocouples at Flowrates on 3/4" Copper Pipe
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Chart 4. 
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Chart 5. 

 

Comparison of Immersion Thermocouples at Flowrates on 3/4" PEX Pipe
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Chart 6. 



Thermocouple Test #9- Immersion vs Wall Mounted  on 1/2" Copper Pipe, 1/2 GPM flowrate at 
Ambient 70°F
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Figure 1. 
 

 
Thermocouple Test #8- Immersion vs Wall Mounted  on 1/2" Copper Pipe, 1 GPM flowrate at 

Ambient 70°F
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Figure 2. 



Thermocouple Test #7- Immersion vs Wall Mounted  on 1/2" Copper Pipe, 2 GPM flowrate at 
Ambient 70°F
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Figure 3. 

 
 

Thermocouple Test #10- Immersion vs Wall Mounted  on 3/4" Copper Pipe, 1/2 GPM flowrate at 
Ambient 70°F
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Figure 4. 



Thermocouple Test #11- Immersion vs Wall Mounted  on 3/4" Copper Pipe, 1 GPM flowrate at 
Ambient 70°F
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Figure 5. 

 
 

Thermocouple Test #12- Immersion vs Wall Mounted  on 3/4" Copper Pipe, 2 GPM flowrate at 
Ambient 70°F
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Figure 6. 



Thermocouple Test #3- Immersion vs Wall Mounted  on 1/2" CPVC Pipe, 1/2 GPM flowrate at 
Ambient 70°F
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Figure 7. 

 
 

Thermocouple Test #2- Immersion vs Wall Mounted  on 1/2" CPVC Pipe, 1 GPM flowrate at Ambient 
70°F
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Figure 8. 



Thermocouple Test #1- Immersion vs Wall Mounted  on 1/2" CPVC Pipe, 2 GPM flowrate at Ambient 
70°F

50

60

70

80

90

100

110

120

130

140

150

0 20 40 60 80 100 120 140 160 180 200

Time (seconds)

Te
m

pe
ra

tu
re

 °
F

Immersion TC
Wall Mount TC

 
Figure 9. 

 
 

Thermocouple Test #15- Immersion vs Wall Mounted  on 3/4" CPVC Pipe, 0.5 GPM flowrate at 
Ambient 70°F
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Figure 10. 



Thermocouple Test #14- Immersion vs Wall Mounted  on 3/4" CPVC Pipe, 1 GPM flowrate at 
Ambient 70°F
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Figure 11. 

 
 

Thermocouple Test #13- Immersion vs Wall Mounted  on 3/4" CPVC Pipe, 2 GPM flowrate at 
Ambient 70°F

50

60

70

80

90

100

110

120

130

140

150

0 20 40 60 80 100 120 140 160 180 200

Time (seconds)

Te
m

pe
ra

tu
re

 °
F

Immersion TC
Wall Mount TC

 
Figure 12. 



Thermocouple Test #4- Immersion vs Wall Mounted  on 1/2" PEX Pipe, 1/2 GPM flowrate at 
Ambient 70°F
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Figure 13. 

 
Thermocouple Test #5- Immersion vs Wall Mounted  on 1/2" PEX Pipe, 1 GPM flowrate at Ambient 

70°F
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Figure 14. 



Thermocouple Test #6- Immersion vs Wall Mounted  on 1/2" PEX Pipe, 2 GPM flowrate at Ambient 
70°F
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Figure 15. 

 
 

Thermocouple Test #16- Immersion vs Wall Mounted  on 3/4" PEX Pipe, 0.5 GPM flowrate at 
Ambient 70°F
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Figure 16. 



Thermocouple Test #17- Immersion vs Wall Mounted  on 3/4" PEX Pipe, 1 GPM flowrate at Ambient 
70°F
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Figure 17. 

 
 

Thermocouple Test #18- Immersion vs Wall Mounted  on 3/4" PEX Pipe, 2 GPM flowrate at Ambient 
70°F

50

60

70

80

90

100

110

120

130

140

150

0 20 40 60 80 100 120 140 160 180 200

Time (seconds)

Te
m

pe
ra

tu
re

 °
F

Immersion TC
Wall Mount TC

 
Figure 18. 
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