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By Gary Klein

This article was first published in Plumbing
Systems & Design magazine by the American Society of
Plumbing Engineers. It is reprinted with updated information
by the author.

any years ago someone asked me four ques-

tions: “How long do you wait until you get hot

water at the furthest fixture in your house? How
much water do you waste while you wait? Which fixture(s) do
you wait at? What do you do while waiting?” Now, | am
enough of an engineer to know that the problem couldn’t be
that bad, so | told him to go away, | was busy on more
important problems.

Besides, | had been up in my attic, so | knew where
the plumbing ran. It looked like a rather well-plumbed
installation for a 1600-square-foot single-story house built
in 1978: the 3/4-inch copper trunk went straight up from
the water heater, then right through the outside wall of the
laundry room in the garage, over the laundry room, past the
kitchen, left down the long hallway and down the wall
between the back-to-back bathrooms. It ran a total of 70
feet, all above the insulation. The branches were 1/2-inch
diameter. | figured that there was roughly 1.8 gallons of
water in the pipe, and it would take maybe ten percent
more water than was in the pipe to get hot water at the fix-

ture. No big deal. *
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The Hot-Water Test

The questioner persisted for a year and finally, on a
weekend in March (I live in Sacramento, Calif.) | got up early
to run the test. | actually had two problem fixtures, both in
the master bathroom. | decided to run the test in the show-
er stall, which had separate valves for hot and cold water. It
took four minutes, during which | collected four gallons of
cold water before water hot enough for me to shower in
arrived at the fixture. This test allowed me to answer the first
three questions, and during the year | had figured out what
my wife and | had been doing to accommodate the situation.
Whoever got up first in the morning had time to go to the toi-
let, go to the kitchen and make coffee, come back to the
bedroom and undress before the water was hot enough for a
shower. In the evening, we would turn on the hot water at the
sink and wander around the house, straightening up, putting
things away and returning whenever we remembered to wash
up before going to bed. Too many times to admit, we would-
n't get there until the bathroom was steamed up, so | sus-
pect that much more than four minutes had elapsed. What
bothered me at the time was that more than two times the
amount of water in the pipe went down the drain before | got
hot water at the shower. | started asking everyone | talked
with all over the country the same questions. A disturbing
pattern emerged: it didn’t seem to matter where people were
from, but if they lived in a house built since the mid-1970s
they had a similar problem and they told similar stories about
their behavior. And the newer the house, the bigger the prob-
lem. | began to wonder what had changed to cause this prob-
lem, and | began to investigate possible solutions. | discov-
ered the following: The good news is that the plumbing code
is being implemented. The bad news is that the plumbing
code is being implemented.

The Plumbing Code
and the Modern Home

The mathematics behind the plumbing code we use
today was developed in the 1930s by Roy B. Hunter. The cal-
culations are based on fixture units and distance in the fol-
lowing relationship: the greater the number of fixture units
and the greater the distance, the larger the diameter of pipe
that is needed in order to minimize the effect of pressure
drop and maintain proper flow. This is excellent engineering,
| just wish it was followed in residential ductwork!

| also found out that half of the houses in the United
States were built before 1970 and half of them since. The
vast majority of the homes built before 1970 are in the north
and east, and most have basements where the water heater
is located. Since 1970, most of the home construction has
taken place in the south and west. Since virtually none of
these homes have basements, the water heater is generally
in the garage.

In 1970 the median home was 1600 square feet and
had one, maybe 1-1/2 bathrooms, a kitchen, and maybe a
dishwasher, washing machine, and laundry sink. The full bath-
room had a tub-shower combo and a single sink. This meant

January/February 2005 19



Hot Water
Distribution
Research A

By Gary Klein - K.

Starting in the
January/February 2005
issue of Official, we ran a
series of three articles on hot
water distribution systems.
(The other two articles appeared in the
March/April 2005 and the May/June 2005 issues.)
In the following article, which is a follow-up to the earlier
series, we will document the results of research that was con-
ducted to better understand the energy and water issues
related to the flow of hot water in hot water piping found in
typical residential applications. What we found is rather aston-
ishing: we may want to consider changes to both plumbing
and energy codes to take account of what we have learned.

Background

he California Energy Commission funded a project to

study the performance of hot water distribution pip-

ing. That research was conducted by Dr. Carl Hiller,
RE., president of Applied Energy Technology.*

The purpose of the research was to compare the
performance of hot water flowing through insulated and unin-
sulated pipes of various diameters. Before we began the
tests we developed a matrix of test conditions that was quite
large. We decided to start with 1/2- and 3/4-inch nominal
diameter piping since our observation was that these two
sizes were the most commonly used in single-family resi-
dences, both in California and around the country. These pipe
diameters are also commonly found in multi-family, commer-
cial and industrial applications and what we learned is applic-
able to these situations, too. The tests were to be conduct-
ed in air, with the temperature surrounding the pipes in the
65-70°F range.

We also decided to test copper and PEX-
Aluminum-PEX (PEX-AI-PEX): copper because of its histori-
cally wide-spread use, and PEX-AI-PEX, because it was in
common use in California at the time we began the tests.
Since that time, we have seen a rapid shift to PEX piping that

(*Hiller, Dr. Carl, PE., 2005. Hot Water Distribution System Research — Phase 1,
California Energy Commission, Sacramento, California, November 2005, CEC 500-
2005-161. The full report can be found at: http://www.energy.ca .gov/pier/final_pro-
ject_reports/CEC-500-2005-161.html)

does not have an aluminum layer. The reasons for
the change in plumbing practice appear to be due
to a shortage of PEX-AI-PEX piping beginning in
early 2004 and widespread use of manifold (home
run) plumbing systems in single-family homes.
Looking back, it would prob-
ably have made
better sense
to test PEX
instead of
PEX-AI-PEX; so
much for 20/20
hindsight!

What Is a Hot
Water Event?

Before going into the research

results, | would like to define a hot
water event. This is shown in Figure
1. Each hot water event has three
phases: delivery, use and cool down.
When a fixture is opened, hot water
leaves the water heater and heads
through the hot water piping toward the fixture. Ideally, we
want this delivery time to be as short as possible. In prac-
tice there are probably two parts to the delivery phase. The
first part is technical or structural and depends on: the
plumbing system configuration; the location of the pipes;
the volume of the water in the pipes between the water
heater and the fixture; whether the piping is insulated; the
fixture flow rate; the temperature of the water in the pipes
compared to the temperature in the water heater, etc.

The second part is behavioral and depends on when
the occupant decides the water is hot enough to use and
“get in.” As discussed in the first series, the behavioral
waste can be significantly greater than the structural waste.
The delivery phase may be short at some fixtures and long
at others. It may be short or long at the same fixture,
depending on when hot water was last needed somewhere
else on the same line that serves the fixture. Some people
hover near the fixture, checking to see when the water is hot
enough, while others know from experience that it takes a
long time, so they leave, returning when they are good and
ready! From the occupant’s point of view, this may appear
to be totally random and hard to “learn,” in which case |
suspect their behavior defaults to the worst case condition
at all fixtures.

In the articles that appeared in 2005, we showed
how it is possible to deliver hot water, wasting no more than
one cup. At flow rates between 0.5 and 2.5 gpm, this means
the water will be delivered in 7.5 down to 1.5 seconds, which
is pretty darned fast.
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The use phase needs to be whatever length it takes
to perform the task for which hot water is desired. The cool
down phase begins the moment the fixture is turned off. If the
time until the next hot water event is short enough, the water
in the pipes all the way back to the water heater will be hot
enough to use. If it is too long, water coming from the water
heater will be run down the drain until water hot enough to
use arrives at the fixture.

At the fixture, hot water is generally mixed with cold
water to reach the desired useful hot water temperature. The
thermostat on the water heater needs to be set high enough
to overcome the heat losses in the piping system and still
provide water that is hot enough to be mixed at the farthest
fixture with the highest desired useful hot water temperature.
For purposes of our experiments, we selected 105°F as the
nominal useful hot water temperature.

From our research, we have learned about all three
phases of this process.
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Figure 1. Hot Water Event Schematic

The Test Rig

We set up a test rig to measure the performance.
This is shown schematically in Figure 2 and in pictures in
Figures 3 and 4.

Calculations and observations helped us decide to
test roughly 120 foot-long sections of pipe. Since our lab was
only 40 feet long, we needed to create a serpentine piping
layout. When we used hard copper pipe, the long legs were
nominally 20 feet long (the pipe is actually a bit longer) and
the short legs were roughly 18 inches long. Temperature sen-
sors were located at the beginning and end of the serpentine
shape and at the center of each short leg.

We thought these two layouts, one for hard pipe and
one for flexible pipe, were essentially identical. It turns out
that they weren’t identical and we learned a great deal from
this mistake.
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Figure 2. Serpentine Test Rig Schematic
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Figure 3. Test Rig for Uninsulated (Top) and Insulated
(Bottom) Copper Piping
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Figure 4. Test Rig for Uninsulated PEX-Al-PEX




The Delivery Phase

We learned three things from our research about the
delivery phase:

During the delivery phase, hot water acts differently
than cold water.

Low flow rates (< 1 gpm) waste much more water
than high flow rates (> 4 gpm).
e At typical fixture flow rates (1-3 gpm), sharp (stan-

dard) 90-degree elbows increase turbulence, heat
loss and water waste.

Perhaps one of the most surprising things that we
learned is that it is possible for significantly more water to
come out of the pipe before hot water gets from the water
heater to the fixture than is actually in the pipe. During the
tests, our researcher found that the temperature sensor on
the first turn was getting hot sooner than was theoretically
possible assuming perfect plug flow. The difference in time
was significant — otherwise he probably wouldn’t have noticed
it. To figure out what was going on, he used his hands to feel
the pipe and found that there was a thin stream of hot water
riding on top of the cold water that was running many feet
ahead of the plug of hot water coming from the water heater.
After some time, mixing would occur, but until that happened,
there was a much greater surface area of hot water touching
both the cold water and the relatively cold pipe than would
normally have been expected.

Hot Slides Up Over Cold

Volume Out of Pipe Before Hot: 1.5 2tol

Flow Rate: Less Than 1 GPM Distance: 20 Feet or More

Long Bullet Volume Out of Pipe Before Hot: 1.1 -1.5to 1

Flow Rate: 1-3 GPM Distance: 20 Feet or More

Plug Flow Volume Out of Pipe Before Hot: 1.01 -1.1to1

Flow Rate: More Than 5 GPM Distance: Less Than 1 Foot

Figure 5. Delivery Phase Schematics (drawings not to scale)

This is depicted in the top portion of Figure 5. At the
beginning of a hot water event, the cold water is much more
viscous than the hot water. The length of the thin stream of
hot water could be more than 20 feet long and would go
around the elbows. The volume of water that would come out
of the pipe (or past a given temperature sensor) before hot
water arrived could be twice the volume that was in the pipe.

We found this condition most prevalent at flow rates
less than 1 gpm. These flow rates are typical of commercial

lavatory sinks, low flow showers and the hot water portion of
the flow in a single lever sink when the valve is opened
halfway between hot and cold.

As the flow rate increased into the range typical of
many sinks and showers (1-3 gpm), the thin stream gave way
to a more normal mixing front, which we have depicted as a
long bullet. The length of the bullet was several feet ahead of
the hot water plug. The extra volume of water that came out
of the pipe before hot water arrived was generally 10 to 50
percent more than the volume of water in the pipe. The waste
was larger for a given flow rate in the hard-piped test rig that
had standard elbows than it was in the flexible pipe test rig
that used wide-radius bends in the pipe itself to make the
180-degree turns.

At higher flow rates, typical of those found in garden
or Jacuzzi tubs, some laundry sinks, washing machines and
dishwashers, we saw what looked like plug flow — the ideal-
ized type of flow | heard described in engineering school. In
these cases, the length of the much shorter bullet was only a
very short distance ahead of the hot water plug. The extra vol-
ume of water that came out of the pipe before hot water
arrived was generally much less than ten percent more than
the volume of water in the pipe. We found this condition
some of the time at high flow rates in the hard-pipe test rig
with hard elbows. We found it much more often and at lower
flow rates in the flexible test rig with wide-radius bends.

If you recall from the first article in the series, | had
delivery problems when | measured my house. Looking back, |
had installed a low flow showerhead (1 gpm) specifically to
save water. However, both the low flow rate and the elbows in
the copper piping created conditions that wasted a significant
amount of water before the hot water arrived (more than twice
what was in the pipe). This was certainly an unintended conse-
quence of my attempt to save water! The extra water that came
out had to be heated by the water heater and so my energy
consumption was increased during the delivery phase. As we
will see in the next section, the low flow rate fixture also frus-
trated my attempt to save energy during the use phase, too.

The Use Phase

We learned four things about the use phase:

Uninsulated PEX-AI-PEX piping has a greater tem-
perature drop at a given flow rate than does copper
piping of the same nominal diameter. Insulating the
pipes minimized the difference.

The temperature drop at a given flow rate is less in
1/2-inch piping than in 3/4-inch piping.

The temperature drop over a given distance is
greater at low flow rates than at high flow rates.
There is a significant difference in the rate of change
of the temperature drop at flow rates below 1 gpm.
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Insulation decreases the temperature drop at a
given flow rate.

Figure 6 shows the comparison between nominal
3/4-inch PEX-AI-PEX and 3/4-inch copper piping over a length
of 100 feet. The figure is based on steady state flow rates
with the hot water entering the pipe at 135°F and the ambi-
ent air temperature surrounding the pipe at 67.5°F. The water
in the uninsulated PEX-AI-PEX pipe lost more temperature at
the same flow rate than did the water in the copper pipe. We
suspect that this additional heat loss is due to a combination
of two effects: the nominal 3/4-inch PEX-AI-PEX pipe has a
larger surface area than the nominal 3/4-inch copper pipe —
once it is hot there is more surface area to lose heat; and
because the PEX-AI-PEX has a larger internal diameter than
the copper piping, the face velocity of the water in the PEX-
Al-PEX is slower and the rate of heat loss is greater than it is
in copper. Once the pipes were insulated, the difference in
temperature drop essentially disappeared.
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Figure 6. Comparison of Nominal 3/4-Inch PEX-AI-PEX and
3/4-Inch Copper Piping

We did not have enough funding to run tests on 1/2-
inch PEX-AI-PEX. Based on the fact that uninsulated copper
performed better than PEX-AI-PEX and, with insulation, the
performance was very similar, we think we can use the per-
formance of copper pipe at 1/2- and 3/4-inch, with and with-
out insulation, as a reasonable first order proxy to better
understand what generally happens in hot water piping.

Figure 7 compares the performance of nominal 1/2-
and 3/4-inch diameter copper piping, both insulated and
uninsulated. As in the prior figure, the graph is based on
steady state flow rates with the hot water entering the pipe at
135°F and the ambient air temperature surrounding the pipe
at 67.5°F over a length of 100 feet.

At a given flow rate, the temperature drop in 1/2-
inch nominal piping is less than in 3/4-inch nominal piping.
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This is due to the increased face velocity of the water, which
reduces the heat loss rate. While from a thermal perspective
it is beneficial to use the smallest pipe diameter possible, fric-
tional losses increase exponentially with increased face veloc-
ity and result in increased pressure drop over a given length.
We did not measure pressure drop during the tests. Future
tests should do this so as to better understand its impacts.
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Figure 7. Comparison of Nominal 1/2- and 3/4-Inch Copper
Piping

The temperature drop over a given distance is greater
at low flow rates than at high flow rates. At 2.5 gpm, the high-
est flow rate allowed for showerheads, the temperature drop
in uninsulated copper piping is between 2°F and 2.5°F. At 1
gpm, the temperature drop in uninsulated pipe climbs to
between 4.5°F and 5.5°F At 5 gpm, the temperature drop
goes down to roughly 1°F, and the difference between 1/2-
and 3/4-inch diameter goes away.

There is a significant difference in the rate of change
of the temperature drop at flow rates below 1 gpm. At 0.5
gpm, the temperature drop almost doubles. The curve will get
even steeper if the flow rate is reduced still further and, for a
given length at some low flow rate, hot water will never reach
the fixture. The same thing would happen if length was
increased while flow rate was held constant, or if the piping
was located in a higher heat loss environment, say in damp
soil under a slab or between buildings in a campus situation.

Insulation reduces the heat loss overall and, for a
given flow rate, the temperature drop is cut roughly in half.
Insulation also reduces the difference in temperature drop
between 1/2- and 3/4-inch diameter piping.



The Cool Down Phase

We learned three things about the cool down phase:

If the time between hot water events is long
enough, the pipes cool down to below the useful

hot water temperature for the next hot water event.

9 Larger diameter pipes cool down more slowly than
smaller diameter pipes.
Insulation extends the time it takes for the pipes to
cool down to a given temperature.

The first point seems obvious, since if you wait long
enough, the temperature of the water in the pipes will even-
tually reach equilibrium with the ambient temperature sur-
rounding the pipes. The real question is: how long does it take
to cool down to a non-useful hot water temperature? This
depends upon the starting temperature of the water in the
pipes, the diameter of the pipes, the amount of pipe insula-
tion, the environmental conditions in which the pipes are

located, and the temperature of water needed for the next
hot water event.

Figure 8 compares how long it took for the water in
3/4-inch diameter copper pipes to cool down from a given
starting temperature to 105°F. The ambient temperature sur-
rounding the pipes was between 65°F and 70°F and the pipes
were located in air. Without insulation, it took between 5 and
22 minutes for the temperature to reach 105°F. The hotter
the water began, the longer it took.
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Figure 8. Time Required for 3/4-Inch Diameter Pipes to Cool
Down to 105°F With and Without Pipe Insulation

When 1/2-inch wall thickness and 3/4-inch wall
thickness insulation were added, it took significantly longer
for the water to cool down to 105°F. Use of the 3/4-inch thick
insulation (>R-4) roughly tripled the cool down time. The 1/2-
inch wall thickness insulation did almost as well.

Figure 9 compares how long it took for the water in
1/2-inch diameter copper pipes to cool down from a given
starting temperature to 105°F. As with the tests on 3/4-inch
diameter pipe, the ambient temperature surrounding the pipes
was between 65°F and 70°F and the pipes were located in air.
Without insulation, it took between 5 and 20 minutes for the
temperature to reach 105°F, almost exactly the same as for
the uninsulated 3/4-inch piping. Use of the 3/4-inch thick
insulation (>R-4) roughly doubled the cool down time. The
1/2-inch wall thickness insulation did almost as well.
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Figure 9. Time Required for 1/2-Inch Diameter Pipes to Cool
Down to 105°F With and Without Pipe Insulation

Although the time it took the water in the uninsulat-
ed pipes to cool down was very similar for the 1/2-inch and
3/4-inch diameter pipes, when insulation was added, the
water in the 3/4-inch pipes took roughly 1.5 times as long to
reach the same temperature as the 1/2-inch pipes.

If the pipes were located in a colder environment,
such as in a crawl space or an attic, used at night or early in
the morning, or throughout much of the winter, they would
have cooled down much more quickly. If the pipes were in a
high heat loss environment, such as in the damp soil under a
concrete slab, they would cool off even faster. If the ambient
temperature were higher, such as in an attic in the middle of
a summer afternoon, the pipes would take much longer to
cool down. (On the other hand, the water in the cold water
pipes might be too hot to use!)

In future articles in this series, we will apply the
lessons learned to improving the performance of hot water
distribution systems. We will also look at possible changes
that might be made in plumbing and energy codes to take
advantage of what we have learned and identify some addi-
tional research that should be done. Finally, we will look at
the implications of making these improvements on the over-
all connection between water and energy use.
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California Retains

the 2001 California
Plumbing and Mechanical
Codes for the

Immediate Future.

California Building Standards Commission
adopted the 2006 UPC and UMC as the
basis for the next set of California Codes.
The current 2001 editions will remain in
effect for approximately 2 more years.

Wait No More!

The 2001 CMC and CPC
will remain in effect until
2008-2009.

'A www.iapmo.org
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Figure 1. Radial, Manifold, Parallel Pipe Plumbing (Central Core).

that there were five to seven hot water fixtures in the median
home. The distance to the farthest fixture was less than 30
plumbing feet even in a two-story house (piping ran over two
rooms and up a couple of feet; or over one room, up one floor,
and over a few feet). Since there were so few fixtures, the typ-
ical trunk line served only one or two fixtures. This meant that
1/2-inch-diameter lines were the norm. (See Figure 1.)
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Figure 2. Single Trunk and Branch Plumbing
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Figure 3. Multiple Trunk and Branch Plumbing

Today the median home is 2400 square feet. There
are 2-1/2 or three full bathrooms. The master bath has two
sinks, a large tub, and a separate shower; the second bath
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has two sinks and a tub-shower combo; the third bath has
one sink and, if applicable, a tub-shower combo. There is a
kitchen sink, a dishwasher, and a washing machine.
Sometimes there is an extra sink in the island, and some-
times a laundry sink, and a wet bar. In total, this means that
there are 11 to 14 hot water fixtures in the current median
home. Since houses are generally stretched out from the dri-
veway to the back yard on long, skinny lots, the distance to
the furthest fixture has increased to over 60 feet. There is
generally one main trunk, often with one large branch. This
means that there is a one inch trunk line in and out of the
water heater, which reduces to 3/4 inch after the large
branch. The individual fixtures are served by 1/2-inch branch-
es. (See Figure 2.) An alternative pattern, with two trunk lines
is shown in Figure 3.

In short, there are twice as many fixtures in the cur-
rent median home as there were in 1970. The distance to the
farthest fixture has more than doubled. And there are a lot
more fixtures served by the trunk line. In consequence and in
accordance with the plumbing code, the diameter of the trunk
line has increased from 1/2 to 3/4 inch for much of its length
and to 1 inch for a significant portion. This means that the
cross-sectional area of the pipe has increased by a factor of
2.25 t0 4.0, so let’s say an average of 3.0.

All other things being equal, this means there is an
equivalent decrease in the face velocity of the water in the
pipe. In addition, because the distance to the farthest fixture
has more than doubled, the time it takes hot water to reach
the farthest fixture has increased by another factor of two for
a total increase of six times longer. Unfortunately, all things
did not remain equal.

Enter the energy crises of the 1970s. In response,
what is now the Department of Energy quickly figured out the
major residential energy end-uses and identified ways to
reduce the energy consumption associated with those end-
uses. Water heating was near the top of the list and two
major initiatives were implemented in the late 1970s and
early 1980s: water-heater efficiency standards and later, fix-
ture-flow-rate standards. The fixture flow rate standards are of
interest here.

Regulating fixture flow rates reduced typical flows
from 5 to 8 gallons per minute down to less than 2.5 gallons
per minute for most fixtures today. Eventually, these standards
impacted dishwashers and washing machines. In addition,
water utilities have taken additional steps to reduce water con-
sumption by promoting more-water saving fixtures. They also
have reduced supply pressures, both to reduce leaks in their
aging systems and pump costs and to effectively increase sup-
ply for the ever-growing population in their service areas.

The result is that the time it takes hot water to get to
the farthest fixtures has increased by roughly another factor
of three. In short, it now takes 18 times as long for the hot
water to arrive. For example, if it used to take 5 seconds to
get hot water, it now takes 90 seconds. The wait is no longer
perceived of as trivial.

Now | know that this number is not perfect. However,
it is robust. Remember that the test pressure for fixtures is 80



pounds per square inch (psi). Since the pressure at most cus-
tomers’ homes is between 45 and 60 psi, the actual flow rate
is less than the rated flow rate. While this may be good for
saving energy, it means that the typical flow rate is even lower
than the nominal amount.

In addition, since basements generally cost more to
build than a slab-ongrade, many builders don’t offer homes
with basements. We have found out that about half the
plumbers install the trunk lines under the slab. They dig
trenches between the water heater and the appropriate fix-
ture or wall locations and install the pipes before the slab is
poured. The pipes are almost never insulated. This installation
practice increases the time still more.

Now as | recall, when we asked our thermodynamics
professor to define an infinite heat sink, he pointed to the
slab beneath our feet. And if | remember correctly, he also
said that it took about ten diameters to make the heat sink
infinite. Since most residential plumbing is less than one inch
in diameter, we are talking about uninsulated copper trunk
lines being surrounded by ten inches of earth or concrete. (So
here is another experiment for the ambitious: figure out the
fixture flow rate at which hot water never arrives at the fixture
farthest from the water heater.)

| will concede the difficulties in pinning this problem
down, but it is certainly a solid factor of ten. And when some-
thing changes by a factor of ten, it is worthy of our attention.

Energy, Consumption, and Cost

We have determined that waiting for hot water to
arrive is a problem worthy of study, but just how big a prob-
lem is it? How much energy and water are we talking about?
How many homes does it impact? What can be done to
reduce the waste in existing homes and new construction?
Does this problem manifest itself differently in multi-family
homes than in single-family homes? What solutions have been
identified?

Table 1 shows the energy and water consumption
and costs associated with a home using 64 gallons of hot
water a day—the amount of hot water assumed when rating
water heaters in accordance with the Department of Energy
test method. It is almost certain that this daily estimate of hot
water consumption is inaccurate, but it gives us a place to
start. In addition, the prices for energy are probably low. The
relative efficiencies of natural-gas and electric-tank water
heaters are high but reasonable. The energy going into the
water assumes a 90°F rise in water temperature. The num-
bers shown in the table are probably conservative.

Table 2 presents a range to estimate the amount of
water that is wasted while waiting for hot water to arrive. To
the author’s knowledge, no studies have been done that
accurately characterize this loss. However, the range is simi-
lar to the losses that were found in residential ductwork, so it
seems like a reasonable place to begin. For convenience,
water supply and sewer costs have been combined for a total
of $0.01 per gallon. All costs have been rounded off; the data
are not that precise.

Natural Gas | Electricity
Gallons Per Day &0
Gallons Per Year 21,900
Energy into Water 16.4 Million Bru
Efficiency 0.6 0.9
Cost per Unit | S0.5200eom [ S0.087 KW
Cost per Year 5250 5465

Table 1. Estimate of Annual Hot Water and Energy Use

Annual Water Waste and Cost
Cost
Water Waste |(Water and Sewer)
S Gallons Per Day (8%) | 1825 gallons L9
10 Gallons Per Day (17%) | 3650 gallons 318
20Gallons Per Day (33%) 7300 gallons 535
Annual Energy Cost
Natural Gas Electricity
5 Gallons Per Day 321 $39
10 Gallons Per Day 542 5 TR
20 Gallons Per L‘.-ay'- 582 5156

Table 2. Range of Annual Water and Energy Waste

It is fairly easy to see how homes can waste ten gal-
lons per day waiting for hot water to arrive. Let’s say that you
wait an average of one minute only ten times per day. If the
flow rate is one gpm, this is ten gallons per day. If the flow
rate was 2 gpm and you waited an average of 30 seconds
each of 10 times, you still waste the same amount. In homes
with some of the more common plumbing problems, losses
of 20 gallons per day are certainly plausible.

These are national averages. Let’s see the distribu-
tion of the problem in homes across the country.
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Source: U.S. Census web site (www.census.gov),

Source: U.S. Census, National Association of Home Builders
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Figure 4. US Census Districts
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Figure 5. Estimate of homes with significant waits for hot water.
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Table 3. Estimate of Homes with Significant Waits for Hot Water

Figure 4 shows the US census districts. Table 3 pre-
sents an estimate of the percentage of homes built in each
census district between 1980 and 2000 that are likely to
have a wait that is cost-justified to solve. The table also
shows the National Association of Home Builders’ projection
of the number homes that will be built each year between
2000 and 2010, by census district, and an estimate of the
number of homes that will have significant waits for hot
water. Figure 5 shows the same data in graphical form. The
estimates are conservative.

Several ideas have been proposed and tried in pur-
suit of solving this problem. Part Il of this article will address
some of those ideas. 8

Gary Klein has been intimately involved
in energy efficiency and renewable
energy since 1973. One fourth of his
career was spent in Lesotho, the rest in
the USA. Currently, he helps administer
the public Interest Energy Research
(PIER) Program at the California Energy Commission. He also
is the chair of the recently formed Task Force on Residential
Hot-Water-Distribution Systems. He can be contacted at
Gklein@energy.state.ca.us.

Source: U.S. Census, National Association of Home Builders
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This article was first published in Plumbing
Systems & Design magazine by the American Society of
Plumbing Engineers. It is reprinted with updated information
by the author.

n Part 1 of this article (see January/February 2005 —

Official, pp. 19-22) we determined that waiting for hot

water to arrive was a problem worthy of study, that it
impacts a large number of homes, and that the related ener-
gy and water waste are significant. In this article we exam-
ine what people want from their hot water systems and,
within this context, three possible solutions to reduce the
waste and wait in existing homes and new construction.

What People Want

Several ideas have been proposed and tried in pur-
suit of solving this problem. As | learned about these ideas,
| started asking people what they wanted from their hot
water systems in order to provide me with a measure of
determining how well each option met their desires. What |
found was that people wanted many things—such as an
endless shower, the ability to control the temperature, and
an end to the “shower dance”—none of which included
water or energy savings. Table 1 presents the results of sev-

=
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eral thousand informal surveys of what people want from
their hot water systems. What people want generally falls
into two categories, safety and convenience.

+  Safery

Blot oo hiol

Blat too okl

Mo harmetul Bacteria or particulates
+  Convenience

Adpustable temperatuse and flow

Blever rum ot

Chliet

Hot weater immee diately

Table 1. What People Want From Their Hot Water Systems

Safety. Under safety, “not too hot” generally refers
to the prevention of scalding young children when they draw
a bath. It also refers to the uncomfortable experience of hav-
ing to immediately dance around the shower to avoid getting
burned after someone flushes a toilet.

“Not too cold” means that it must be hot enough for
the task at hand, which is often a problem in homes with
plumbing that runs below the slab. | have found many peo-
ple who have turned up the temperature of their water
heater in order to get hot water at distant fixtures more
quickly. Turning up the temperature doesn’t bring hot water
more quickly, although it can help to overcome the problem
of heat loss in the pipes. However, turning up the tempera-
ture increases the likelihood and severity of scalding, and
increases the stand-by losses of the water heater, which
means energy costs go up.

“No harmful bacteria or particulates” usually refers
to hard water. However, in recent years we have seen con-
cerns over Legionella, a.k.a. Legionnaire’s disease. The
most-often proposed solution for these problems is to raise
the temperature of the water heater to kill the bacteria,
although it increases the possibility of scalding and will cost
more energy to do so.

Convenience. Under convenience, people want to
be able to “adjust both temperature and flow.” While this is
possible at sinks and tubs, it no longer seems common in
the single-lever fixtures installed for showers and tub-show-
er combination faucets.

It is annoying to run out of hot water while taking a
shower. The strategies to “never run out” include turning up
the temperature of the water heater, getting a larger water
heater, limiting the time teenagers spend in the shower, and
scheduling hot water use to accommodate the limitations of
the water heater. Turning up the temperature of the water
heater can help increase capacity by providing a higher start-
ing point to mix with cold water at the fixtures. However, it
does so at the expense of increased stand-by losses.
Installing a larger tank-type water heater, if there is space,
gives you additional hot water too, again at the expense of
increased standby losses. A better alternative is to select a
tank-type water heater with a larger-than-standard burner or
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element without increasing tank size. This keeps stand-by
losses low while providing an increased recovery rate, but
may require increasing the fuel capacities, e.g. gas pipe size
or electrical breaker size.

Water heaters with essentially no tank and very large
burners or elements look like tankless water heaters. As with
all water heaters, tankless water heaters must be matched
properly to the intended application. It is likely that some
combination of a relatively small tank and a relatively larger
burner or element will prove to be optimal, but that discus-
sion is for another article.

Concerning “quiet,” most of us remember pipes that
tick as they warm up and knock when the faucet is shut off.
Water hammer seems to have been solved, although you
can still hear the pipes tick as the hot water arrives. Some
people can hear the flow of water in recirculation systems
particularly in the middle of the night (on evenings when they
can’t sleep), hence part of the need for timers to turn off the
pump. This problem can also be reduced with careful selec-
tion of pipe materials, insulation and routing locations.

Reliability. Under reliability, people want their hot
water system to work, “first time, every time” essentially for-
ever, and without any maintenance. Unfortunately, while the
basic hot water system is very reliable, water quality varies
quite a bit and often interacts in ways to reduce the longevi-
ty of the water heater and sometimes the fixtures. Two of the
most common problems are hard water and sediment, which
result in deposits in both the water heater and in the fixtures.
The proper selection of an anode rod and regular cleaning of
the tank and checking the rate of decay of the anode rod can
greatly improve the longevity of the typical tank water heater.
However, this falls under the category of maintenance, which
most people don’'t want to do!

Several Solutions?

There are several techniques to get “hot water right
now,” and this article will cover three of them: multiple water
heaters, heat trace, and manifold systems.

Multiple Water Heaters. Installing one or more
additional water heaters at the problem locations is often the
first solution that people think of to get hot water to each fix-
ture quickly. If done to reduce the time waiting for hot water
to arrive, installing more than one water heater should result
in a house with more than one central core plumbing sys-
tem, which is defined by short, small-diameter runs to each
fixture. (See January/February 2005 Official, Figure 1, page
20.) If you don’t end up with short, small-diameter runs,
installing multiple water heaters won’t reduce the wait. This
is difficult and expensive to do in retrofit applications. In new
construction, most builders and buyers don’t want to give up
the space or include the extra cost in the price of their
homes.

Several factors need to be considered. First, there is
the cost of running gas pipe or electrical wire to the addi-
tional water heater(s). This is almost always more expensive
than the cost of running the equivalent length of hot water

pipe. Second, there is the cost of installing the additional
flue(s) if the water heater is gas-fired. Third, there is the cost
of the additional water heater. Fourth, there is value of the
space needed for the water heater. Assuming a tank-type
heater, you need about 10 square feet of space. At sales
prices of $100 to $200 per square foot, the value of the
space inside the house is worth $1,000-$2,000. | suppose
you could install the water heater in the attic, but have you
ever tried to get a new one through the attic hatch? Fifth,
there is the additional energy consumption of the additional
water heater(s). Tankless water heaters don’t have the
stand-by losses that tank-type water heaters do, so they are
a better alternative for energy reasons. They also take up
much less space. Finally, there are the future costs of main-
taining multiple water heaters.

Heat Trace. Installing heat trace on the pipes is
another method that has been used to reduce the time to get
hot water to fixtures. Heat trace is a thermostatically controlled
resistance heater that is installed between the pipes and the
pipe insulation. It is used to maintain the temperature of the
water in pipes that have already been heated to the desired
temperature. Assuming the heat trace draws 5 watts per foot,
that there is only 100 feet of pipe to keep warm (very conser-
vative), and it operates half the time or 12 hours per day, it will
cost more than $190 per year to keep the pipes warm.
Although heat trace will eliminate the time to get hot water if
it has been installed all the way from the water heater to every
fixture, it does so at a cost that far exceeds the cost of heat-
ing the water that currently runs down the drain.

Manifold Systems

Another alternative is to install manifold systems
(also called parallel pipe or home run systems) with a dedi-
cated line that goes from the manifold directly to each fixture.
As with multiple water heaters, this is generally difficult and
expensive to retrofit. We will consider them from the per-
spective of new construction.

Ikaster Tul
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Figure 1. Radial, Manifold, Parallel Pipe Plumbing (Distributed)

You can site-fabricate a manifold or you can pur-
chase one that looks similar to an electrical circuit breaker
box and is located near the water heater. Figure 1 shows a
schematic of a manifold system in a 2400-square-foot, 2-
story house with 12 hot water fixtures. There is a 1-inch pipe
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Source: Gary Klein, based on gallons per foot from standard pipe tables

Table 2. Time for Water to Travel 50 Feet

Type of Pipe

Time in Seconds at 1 GPM
TR

38

Fitngin Seconds at 2 GPM

Time in Seconds at 3 GPM
Vg [ L3 T

T

[ i

75 ;

80 13 w0 40 3 RN
................................. 63

56
Type of Pipe | Time in Seconds at 4 GPM Time in Seconds at 5 GPM Time in Seconds at 10 GPN

WY lae T R P AL S e WY A I

B copper 5 8 3 14 24 ! 3 fi 17
¥ opper 6 i 0 3 FIE 1 4 § | B
“W" copper i 10 16 ! 4 3 14
PV M & 7 M & 3 6 1
PEX 4 ! ! i i g

connecting the water heater to the manifold. This distance
should be as short as possible, but given construction limita-
tions, there is often ten or more plumbing feet between the
water heater and the manifold. The drawing shows the use of
1/2-inch pipe to the master tub and to the split for the
kitchen sink and dishwasher. There are 3/8-inch lines to all
other fixtures. There are four 80-foot lengths of pipe to the
farthest bathroom, in this case the master bath.

With these systems, the least wait and water and
energy waste occurs when 3/8-inch-diameter pipe is used.
While fixture flow rates, distance, applications and code
restrictions sometimes make it possible to combine the lines
serving more than one fixture—such as the kitchen sink and
the dishwasher or the pair of sinks in a bathroom—doing so
generally requires the use of 1/2-inch-diameter lines, thus
increasing the wait and the water and energy waste.

Just how long you wait depends on the distance, pipe
diameter, and fixture flow rate. Table 2 shows the time it
takes for water to travel 50 feet in several diameters of pipe
at representative residential fixture flow rates, assuming there
are no pipe heat losses to overcome. The cells in red show
the cases when the wait is longer than 15 seconds.

Compared to the time it takes hot water to arrive in
3/8-inch-diameter pipe at a given flow rate, it takes roughly
1.5 times as long in 1/2-inch-diameter pipe, three times as
long in 3/4-inch-diameter pipe, and six times as long in 1-
inch diameter pipe. If the pipe length is 25 feet, the time
would be cut in half; if it is 100 feet, the time would double.

Regardless of the pipe length, if the wait is only 15
seconds, the waste of water waiting for hot water to arrive is
one quart at 1 gpm, one-half gallon at 2 gpm, three-fourths
gallon at 3 gpm, 1 gallon at 4 gpm, 1-1/4 gallons at 5 gpm,
and 2-1/2 gallons at 10 gpm. If the wait is 30 seconds the
amount of water waste doubles; if it is 1 minute, it doubles
again. And there are all too many houses where the wait is
longer than 2 minutes, which doubles the waste once again!

Some waste occurs at each fixture, every time it is
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turned on, until water of the desired temperature arrives. As
pointed out in the first article, when all daily uses are
accounted for, the total waste can be quite large. The actu-
al wait and waste for 50-foot pipe runs are longer than those
shown in the table due to three other factors:

(1) The human factor. If people have to wait, they
often leave, returning when they are done with
the intervening task. It is rare that they arrive
just when the hot water arrives. Consequently,
the waste and wait are often much larger and
longer than we might calculate based on technical
parameters alone.

There are heat losses to consider. It takes energy
to heat the pipe, which means that more water
than is in the pipe must come out of the pipe
before hot water arrives. It turns out that the
amount of extra water is relatively large, often
two to four times as much water as is in the pipe.

(3) The volume of water between the water heater
and the manifold, and the volume of water in
the manifold itself, also must be accounted for.

Let’s assume that there is a 1-inch-diameter pipe
between the water heater and the manifold, and a 1-inch
diameter manifold. The 1-inch pipe contains six times as
much water per foot as the 3/8-inch pipe. So, assuming there
is only eight feet of 1-inch pipe from the water heater to the
far end of the manifold, and 48 feet of 3/8-inch pipe from the
manifold to the fixture, this would double the time for the hot
water to arrive. It would also double the water and energy
waste. Figure 2 shows the relationship between the water
heater and the manifold that was installed in a house in San
Ramon, California, in early 2004. There are two runs to the
kitchen of 100 feet and there are four runs to the master
bath of 80 feet. The line serving the kitchen sink and dish-
washer and the two lines serving the shower and the separate
tub in the master bath are 1/2 inch diameter, which increas-
es the wait and waste.
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For this example, we will assume that both systems
use PEX piping. Table 4 shows the results of these calcula-
tions. The trunk and branch case contains 1.5 gallons in the
main line and 0.09 gallons to each fixture. The manifold
case contains 0.31 gallons in the 1-inch “trunk line”
between the water heater and the manifold and 0.41 gallons
in each of the 3/8-inch lines and 0.75 gallons in each of the
1/2-inch lines. There is more water in the pipes in the man-
ifold system than in the trunk and branch system.

Let’s look at a morning get-ready-for-work routine
where the uses are close together. The first person gets up
and takes a shower, then goes to the sink where he/she uses
more hot water. The second person gets into the shower
before the trunk line has cooled down (while the first person
is at the sink) and when done, uses hot water at the other
sink. The master bath is not used during this example. We

L 3 E will assume that the flow rate is 2 gpm for the sinks and the

o B ' ‘! shower.
r I i 'k In the trunk and branch case, 1.59 gallons comes
out of the pipe before hot water arrives for the first use.
Figure 2. Manifold system in home in San Ramon, CA Since the first person started using the sink very shortly after
leaving the shower, the tempera-
Type of Pipe 3/8" jIrs 3/4" 1" ture of the water in the main trunk
gal/ft | ft/gal | gal/ft | ft/gal | gal/ft | ft/gal | gal/ft | ft/gal | line hasn't cooled down very much,
“K"copper | 0.0066 | 152 | 0.0113 88 0.0226 44 0.0404 25 so when he/she turns on the sink, it
“L" copper 00079 | 127 | 001 83 0.0251 0 (004280 B is only necessary to warm up the
“M" copper | 0.0083 121 (.0132 76 0.0268 37 0.0454 22 last 10 feet of 1/2-inch pipe. This
PVC WA | N/A | 00098 | 103 |00209 48 | 00346 29 | means that only 0.09 gallons runs
PEX 0.0052 | 193 | 0.0094 106 | 0.0187 | 53 | 0.0309 32 | down the drain before the water is

Table 3. Gallons Per Foot and Feet Per Gallon

Manifold systems are generally presented as water
and energy savers compared to standard trunk and branch
plumbing systems. However, let’'s consider the master bath
in the San Ramon house with four hot water fixtures: Two
sinks, a master tub, and a separate shower. In an idealized
standard trunk and branch case, there would be 80 feet of
3/4-inch pipe between the water heater and the master
bathroom and 10 feet of 1/2-inch branch line to each fixture.
In a similarly idealized manifold case, there would be 10 feet
from the water heater to the far end of the manifold and four
80-foot runs to the fixtures, one to each sink at 3/8-inch and
the two to the master shower and the master tub at 1/2
inch. Table 3 presents the amount of water contained in dif-
ferent diameters and types of pipe.

Trunk and Branch ffanfeld
Pt | Deerete] Gaflors | Feet | Damster ] Gafang
Tt i) W in 150 [ Tis 0.5t
Sler ik i g iy Wil | 041
Tt Sk I LEin i1 i WEl | DAl
2rd Sink It Blin | dw i Yol | 041
faster Tub Ii} Brin_| i A Wt | 078
kel 47 Tutal 2

Table 4. Amount of Water Contained in Two Systems Serving
a Master Bath

hot. In the meantime, the second
person is using the shower, which means that the trunk and
two branches are hot. When the second person goes to
his/her sink, only the last branch needs to be heated, so only
another 0.09 gallons runs down the drain.

In the manifold case, 1.06 gallons runs down the
drain for the first shower. Once that person gets out, the
temperature of the pipe begins to cool down. In fact, the
long 1/2-inch branch line cools down more rapidly than the
long 3/4-inch trunk line used in the previous example. This
is due primarily to the smaller volume of water contained in
the pipe; less mass means less ability to store heat. After
several minutes, the 1-inch trunk line between the water
heater and the manifold is still reasonably hot; however, the
3/8-inch pipe has cooled down to the point where the water
temperature is unacceptable. This means that the second
person will need to run 0.41 gallons down the drain before
he/she gets hot water.

Meanwhile, the first person has moved over to
his/her sink. The 1-inch line between the water heater and
the manifold is still hot, but the 3/8-inch line to the first sink
is cold so another 0.41 gallons of water will need to run
down the drain before the hot water arrives. When the sec-
ond person goes to his/her sink, the waste and wait is
repeated once again.

Table 5 presents the water waste and wait for these
two examples. Both the waste of water and the delay to get
hot water is slightly less for the trunk and branch system
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when the uses are close-enough together so that the trunk
line remains hot enough to use. It also shows the impact of
taking a bath after using the other fixtures. The trunk and
branch system’s performance gets relatively better because
there is a lot of water in the 1/2-inch pipe serving the mas-
ter tub.

Manifold systems help reduce the wait and the
waste part of the time, but they aren’t always better. Part 3
of this article will cover recirculation systems, whether or not
to insulate hot water pipes, and discuss ways to deliver hot
water to every fixture—wasting no more than one cup while
waiting for the hot water to arrive. ¥

Gary Klein has been intimately involved
in energy efficiency and renewable
energy since 1973. One fourth of his
career was spent in Lesotho, the rest in
the USA. Currently, he is an Energy

Trunk and Branch Manifold
Gallons | Seconds | Gallons | Seconds
15t Shower | 1.5% 48 1,06 37
15t Sink Q.04 3 .41 12
2nd Shower | 0,05 3 75 23
2nd Sink .05 i 41 12
Total 1.86 57 2.64 749
Master Tub | 0.09 3 075 23
Total 1.5 G 339 102

Table 5. Amount of Water Contained in Two Systems Serving
a Master Bath

Trunk and Branch Manifold

Gallons_| Seconds | Gallons | Seconds
TstShower | 155 48 1.06 32
15t Sink 1.5% 48 0.72 12
2nd Shower | 1.5% 43 1.06 12
2nd Sink 1.5% 48 0.72 Py,
Total 636 | 192 .95 108
Master Tub 1% 42 1.0e i2
Total 145 240 4.02 140}

Table 6. Waste and Wait When the Water in Pipes Has
Cooled Down

Table 6 shows how the two idealized systems per-
form when the pipes have cooled down completely before
the next use. In this “cold start” example, the manifold sys-
tem has approximately 54 percent less waste and wait than
the trunk and branch system, before considering the use of
the master tub. When the tub is added, the percent the
manifold system is better declines to just under 50 percent.

As discussed earlier in this article, the actual waste
and wait will be longer than in these idealized cases. Since
smaller-diameter pipes cool down more quickly than larger-
diameter pipes, pipe heat losses will impact manifold sys-
tems more severely because they are designed to have only
a few feet of large-diameter trunk piping and many feet of
small-diameter branches. In short, manifold systems cool
down more quickly than trunk and branch systems.

24 Official

Specialist at the California Energy
Commission and is the chair of the recently formed Task
Force on Residential Hot-Water-Distribution Systems. He can
be contacted at Gklein@energy.state.ca.us

Advertisers’ Index

Products and Services Page

ASSE . . 50
2005 NFPA Conference and Expo . ............. 56
CRT Laboratories . . ........couiiiiinenn .. 63
Cavanaugh Consulting . .. ................... 66
IAPMO Publications and Services

2005 Oregon Amendments tothe UPC . .......... 2
IAPMO R&T — Easy Listing .. ..........ccoouu... 5
IAPMO 2003 UPC/UMC ... ... .. ..., 25
IAPMO R&T — Free Services . ...........cu.... 27
IAPMO R&T — MH/RV Listing Services . .......... 27
IAPMO R&T — Look forthe Mark . .............. 28
IAPMO R&T — Serving the Canadian Market ....... 30

IAPMO R&T — UPC The Only Mark You Need . ... ... 30

IAPMO R&T —ISO Program . . ............c..... 31
IAPMO 2003 UPC/UMC ITM . . . . oo e 32
IAPMO Educational Programs . ................ 34
IAPMO Publications . ......... ... ... ...... 44
IAPMO Seminars . . ... ...uuuenneuneennnnn. 46
IAPMO Special Seminars . .......... ..., 48

IAPMO Testing and Services - One Stop Testing ... .55

2005 IAPMO Conference . .............co..... 68
IAPMO Publications Available Online ............ 68
IAPMO Posts Jobs Online .. .................. 73
2005 IAPMO Conference .. ............covon.. 80



Hot-Water
Distribution
Systems - g

By Gary Klein

This article was first published in Plumbing
Systems & Design magazine by the American Society of
Plumbing Engineers. It is reprinted with updated information
by the author.

n Part 1 (see January/February Official, page 19), we

described the magnitude of the energy and water

waste associated with waiting for hot water to arrive.
In Part 2 (see March/April Official, page 20), we discussed
three ways to reduce that waste and wait. In this article,
we will discuss the fourth method: recirculation systems
and how to deliver hot water to every fixture, wasting no
more than one cup.

Recirculation Systems

In major remodels or in new construction it is possi-
ble to install a recirculation system, although it is not done
very often in single-family residential applications. Table 1
shows six types of recirculation systems.
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Table 1. Types of Recirculation Systems

Thermosyphon (24 hours per day, gravity)

Continuous Pump (24 hours per day)

Timer-Controlled Pump (16 hours per day)

Temperature-Controlled Pump (12 hours per day)

Time and Temperature-Controlled Pump (8 hours per day)

Demand-Controlled Pump (10 minutes per day)

Source: Gary Klein

All but the demand-controlled pump are what | call a
full-loop recirculation system. A full-loop recirculation system
(Figure 1) is characterized by fixtures located most of the way
around the loop and the distance between the last fixture and
the water heater is relatively short. Return lines, even in larg-
er commercial installations are generally 1/2 inch diameter. It
is necessary to heat the entire loop in these systems,
because the controls and associated sensors are located at
the pump.

Figure 1. Full-Loop Recirculation Systems
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Source: Gary Klein

Thermosyphon

Thermosyphon-based recirculation systems use the
temperature difference between the hot and cold water and
the height of the building to drive the water around the loop.
They work because heat is lost from the time the water leaves
the water heater until it returns at some colder temperature
to the water heater. It takes energy to reheat the water; how
much depends on the heat loss and the flow rate. Pipe insu-
lation is often neglected, which means that there is signifi-
cant heat loss as the water moves around the loop. Assuming
that there is only a 5° F temperature drop as the water moves
around the loop and that the water is flowing at 1 gpm, the
energy cost to keep the loop warm 24 hours per day would
be $336 per year with natural gas ($619 with electricity).
(See the note in Table 2 for the prices.) This is significantly
more than the cost of heating the water that is actually used
in the home.



The costs to operate recirculation systems are pro-
portional to both flow rate and temperature drop. If the tem-
perature drop is larger-say 10° F-the costs to operate the
loop would double. If the flow rate is lower—say 0.25 gpm-the
costs would drop in half. The cost estimates in this article are
based on a conservative combination of flow rate and tem-
perature drop.

Continuous-Pump

A continuous-pump 24-hour recirculation system is
thermally very much like a thermosyphon system, with the
addition of a small pump. Assuming a 40-watt pump, this will
add $30 per year to the cost.

Timer-Controlled Pump

Installing a timer to control the hours of operation of
the pump has the effect of reducing the costs in proportion
to reduced hours of operation. Assuming the timer is set for
16 hours per day, roughly the waking hours, the cost would
be $244 per year.

Temperature-Controlled Pump

Another method of controlling the pump is to install
an aquastat, which is a method of temperature control simi-
lar to that used in an automobile radiator. The aquastats that
are often used in single family applications are set to open
when the temperature drops to 95° F and to close when the
temperature rises to 115° F—a 20° F bandwidth. Assuming
that the minimum desired hot water temperature is 105° F,
the temperature in the recirculation line is colder than desired
at least half the time. A better choice from a water tempera-
ture perspective would be to use an aquastat with a minimum
set point of more than 105° F. However, with a bandwidth of
20° F, the lowest water heater setting must be above 125° F,
otherwise the pump will never shut off. An aquastat can be
installed without a timer. For purposes of this article, we will
assume that the pump will run half the time, or 12 hours per
day, for an annual cost of $183.

Time- and Temperature
Controlled Pump

Sometimes both a timer and an aquastat are used
together. Assuming a 16-hour time clock, the aquastat will
allow the pump to come on roughly half that time, or eight
hours per day. This brings the annual cost down to $122,
which is still more than the energy cost associated with the
wasted water.

Demand-Controlled Pump

Demand control is the last method of operating a
recirculation system. This system uses one or more con-
sumer-activated devices (button, remote, flow switch, door
switch, motion sensor)—located, where convenient, near the
hot water fixtures—to tell the pump to come on. A thermo-sen-

sor, looking for a small (5-10° F) rise in temperature above
the ambient pipe temperature, tells the pump to shut off.
There are two ways to install the pump and the thermo-sen-
sor in what | am calling a half-loop recirculation system. (See
Figures 2 and 3.)

A half-loop system differs from a full-loop system
in two ways: (1) all of the fixtures are on the “supply” por-
tion of the loop, and the distance from the last fixture to
the water heater is large (one-third to one-half the loop
length); and (2) the thermo-sensor is located just after the
last fixture.

Locating the thermo-sensor just after the last fixture
means that it is not necessary to heat half the loop, which
reduces the heat loss from the pipes. In general, the return
line should be no smaller than 3/4 inch. This is to accommo-
date the higher velocity found in demand pumps, since they
are intended to “prime the line” quickly and then shut off.

Both of these features reduce the cost of operating
the half-loop system to less than $15 per year in either con-
figuration.

Figure 2. Half-Loop Recirculation System: Pump Separated

from the Thermo-Sensor
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Figure 3. Half-Loop Recirculation System: Pump Located
with the Thermo-Sensor
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Table 2 compares the operating costs of each alter-
native discussed in this series to the costs of standard distri-
bution systems. Standard distribution systems cost $116 for
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Table 2. Relative Costs of Operating Standard and Alternative Distribution Systems

Standard Distribution System Water and Natural Gas Electricity
Wastewater
Total Annual Cost for Hot Water Including Waste $116 $250 $465
Annual Cost Associated with the Wasted Water ($36) ($84) ($156)
Annual Cost Associated with Intended Water Use $80 $166 $309
Additional Energy Costs to Operate Recirculation System
Thermosyphon (24 hours per day, gravity, 5F temperature drop) $336 $619
Continuous Pump (24 hours per day, 5F temperature drop) $366 $649
Timer-Controlled Pump (16 hours per day, 5F temperature drop) $244 $433
Temperature-Controlled Pump (12 hours per day, 5F temperature drop) $183 $325
Timer and Temperature-Controlled Pump (8 hours per day, 5F temperature drop) $122 $216
Demand-Controlled Pump (10 minutes per day) $15 $27
Additional Costs Associated with Residual Wasted Water
Manifold Systems (approximately 25% reduction) $27 $63 $117
Heat Trace (approximately 90% reduction) $4 $284 $284
All 6 Recirculation alternatives (approximately 80% reduction) $7 $17 $31

Notes: Water and wastewater costs are $0.05 per gallon combined. Natural gas costs are $0.92 per therm. Electricity costs are $0.087
per KWh. Heat trace is only operated with electricity. The costs are the same whether the water heating fuel is natural gas or electricity.

Source: Gary Klein

the water and wastewater and $250 for the natural gas to
heat the water, for a total of $366 per year. We have
assumed that in the standard system, 20 gallons are wast-
ed every day waiting for the hot water to arrive at the fixtures.
This means the “intended” hot water use is less than the
total that was heated or brought into the house. For the
standard system this lower number is a combined cost of
$246 per year.

It is necessary to add the costs to operate each
alternative to the costs associated with the “intended” hot
water use to get the new total cost for reducing the waste
of water and providing convenience. As discussed in Part 2,
manifold systems are only better than standard distribution
some of the time. Assuming that the average reduction in
the waste and wait while waiting for the hot water to arrive
is about 25 percent, the annual cost to operate manifold
systems is $336 ($246 plus $27 for water and wastewater
plus $63 for natural gas). This is less than the cost of oper-
ating a standard distribution system, but it is still relatively
wasteful of hot water.

Heat trace can be installed on all trunk and branch-
lines and has the greatest potential to reduce waste and
wait. However, it requires more electricity to operate than is
associated with wasted water. Assuming that there is only
100 feet of hot water piping, which is very conservative, the
annual cost to operate heat trace is $534 ($246 plus $4
plus $284).

Recirculation systems have the potential to reduce
the waste and wait the same amount as heat trace. However,
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the branchlines still have water in them that must be run out
of the pipe before hot water arrives, so we have assumed that
there is more residual waste. The operating costs, assuming
natural gas water heating, range from $636 ($246 plus
$366 plus $7 plus $17) for the continuous pump down to
$285 ($246 plus $15 plus $7 plus $17) for the demand-
controlled pump.

Among all the alternatives we have examined, only
manifold systems and demand-controlled recirculation sys-
tems cost less to operate than it costs to run water down
the drain waiting for the hot water to arrive. Of these,
demand recirculation systems are the most efficient,
increasing convenience, minimizing the waste of water and
consuming less energy for a combined savings of $81
($366 - $285) per year compared to current practice. A
reasonable marginal cost to install a demand-controlled
recirculation in single-family new construction is roughly
$500 including insulation for the circulation loop and the
branchlines, the additional plug and the sensor and activa-
tion mechanisms. This makes it a very sensible investment,
particularly when included in the mortgage where the
monthly operational savings are greater than the increase in
the monthly mortgage costs.

Hot Water, Wasting Less
Than One Cup

The key to delivering hot water to a fixture while wast-
ing less than one cup waiting for it to arrive is that there can-
not be more than one cup of water in the branchline between
the fixture and the source of hot water (see Table 3).



Table 3. Number of Feet Containing One Cup of Water

Feet per Cup
Type of Pipe 3/8" 1/2" 3/4" 1"
"K" Copper 9.48 5.52 2.76 1.55
"L" Copper 7.92 5.16 2.49 1.46
"M" Copper 7.57 4.73 2.33 1.38
CPVC N/A 6.41 3.00 1.81
PEX 12.09 6.62 3.34 2.02

Source: Gary Klein

In fact, because it takes energy to heat the pipe,
there must be less than one cup in the branchline. For short
branchlines, a good estimate is to assume that 1.5 to 2 times
the volume of water that is in the pipe must come out of the
pipe before hot water gets from the source of hot water to the
fixture. Practically speaking, this means that 1/2 inch copper
branchlines need to be less than 3 feet long and 3/8 inch
branchlines need to be less than 5 feet long. If you use PEX,
the length increases slightly to 4 and 8 feet respectively.
These are tight but buildable constraints whenever it is possi-
ble to plumb up from the floor below, for example, in single-
story houses over a basement or between the first and sec-
ond floor of a two-story house. It is still possible to get close
to this when plumbing from above, but unless the circulation
loop is brought down into the wall, it is more practical to
expect the waste will be closer to 2 cups.

The source of hot water can either be a water heater
or a circulation loop. The analysis presented in this series has
shown that the most energy-efficient and cost-effective alter-
native is a circulation loop with a demand-controlled pump,
so it makes sense to combine the demand-controlled circu-
lation system with small volume branchlines.

To provide the best system for your customers, the cir-
culation loop and the branchlines to each fixture need to be
insulated. The major benefit of insulation is that the hot water
lines will stay hot longer between uses. Selecting the R
value so that the temperature stays above 105° F for 45-60
minutes will generally cover the delay between uses during the
morning and evening peak periods. The effective pipe length of
the circulation loop should be kept to a minimum. This reduces
the pressure loss in the loop and minimizes the time it takes for
the demand-controlled pump to prime the loop with hot water.

If the waste is limited to one cup, at a flow rate of one
gpm, it will take less than four seconds for the hot water to
arrive. At two gpm it will take less than two seconds. Even if
the waste is closer to two cups, the time will still be less than
eight seconds at one gpm. Given that many people wait more
than 90 seconds, this system will provide hot water at least
ten times faster, a significant improvement over current prac-
tice. At these short delays, many people will feel that their
convenience desire for “hot water immediately” (see Part 2,
page 20 in Official, March/April 2005) will have been met.

The data presented in Table 2 assumed that all recir-
culation systems reduced the waste of water by 80%.
Assuming that the typical waste per event is 0.5 to 1 gallon,
this translates into a residual waste of 1.6 to 3.2 cups per
event. Limiting the waste of water to one cup increases the
efficiency to an average of 90%, roughly halving the water
and energy costs associated with the wasted water shown in
Table 2. This reduces the operating costs by $3.50 per year
for the water and waste water and $8.50 per year for the nat-
ural gas, bringing the combined cost of operating a demand-
controlled circulation system down to $273 per year, a sav-
ings of $93 per year.

Conclusions and Observations

This series of articles has shown that there is a sig-
nificant amount of water and energy wasted while waiting for
hot water to arrive. The focus has been on the costs to the
consumer. There are additional savings that will accrue to the
water and wastewater utilities, including reductions in energy
consumption and chemical use due to the reduced through-
put of water.

A circulation system with a demand-controlled pump
has been shown to use the least energy, waste the least
water and do so the most cost-effectively of all alternatives
examined. If designed and installed correctly, in new con-
struction it is possible to reduce the waste and wait by more
than 90 percent compared to standard practice. It is also
possible to retrofit demand-controlled circulation systems.
The savings will still be significant, particularly in homes with
single trunk and branch systems.

Demand-controlled circulation systems are also rela-
tively resource efficient during construction. In Part 2, we dis-
cussed a manifold system installed in a 3000-square-foot
home in San Ramon, California. There were more than 900
linear feet of hot water pipe in the house. The same home
with a demand-controlled circulation system would use fewer
than 300 linear feet.

Although single-family homes were used for the
examples in this series, the same principles apply to multi-
family and commercial buildings. As we learn more about
how they perform in these installations, we will share our
findings. R
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