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ABSTRACT: Residential buildings provide unique conditions for OPPP Occurrence From
opportunistic premise plumbing pathogen (OPPP) exposure via  Building Entry To Ta

aerosolized water droplets produced by showerheads, faucets, and
tubs. The objective of this review was to critically evaluate the existing

Water utilit
literature that assessed the impact of potentially enhancing conditions to ’ . q
OPPP occurrence associated with residential plumbing and to point out ﬁ Distribution | ﬁ ]
knowledge gaps. Comprehensive studies on the topic were found to be | system § ==l
lacking. Major knowledge gaps identified include the assessment of i ’

Building Entry/
Property line

OPPP growth in the residential plumbing, from building entry to
fixtures, and evaluation of the extent of the impact of typical residential
plumbing design (e.g,, trunk and branch and manifold), components

(e.g., valves and fixtures), water heater types and temperature setting of operation, and common pipe materials (copper, PEX, and
PVC/CPVC). In addition, impacts of the current plumbing code requirements on OPPP responses have not been assessed by any
study and a lack of guidelines for OPPP risk management in residences was identified. Finally, the research required to expand

knowledge on OPPP amplification in residences was discussed.

KEYWORDS: opportunistic premise plumbing pathogens, Legionella, residences, water quality, plumbing design, water use pattern,

water heaters, pipe material, fixtures

1. INTRODUCTION TO SINGLE- AND MULTIFAMILY
RESIDENCES

Health risks from residential plumbing were made clear in a
National Academies of Sciences, Engineering, and Medicine
(NASEM) report." This report focused on Legionella, but a
host of microbes, termed opportunistic premise plumbing
pathogens (OPPPs), are a concern. For example, OPPPs listed
as concerning by the United States (U.S.) Environmental
Protectlon Agency (EPA) Contaminant Candidate List (CCL)
5 were three bacterial species, Legionella pneumophila (L.
pneumophila), Mycobacterium avium (M. avium), and Pseudo-
monas aeruginosa (P. aeruginosa), as well as one amoebae
species, Naegleria fowleri (N. fowleri). OPPPs were defined by
Falkinham et al.” as “waterborne microorganisms that are
normal inhabitants of premise plumbing and cause infections
in individuals with predisposing conditions, such as advanced
age (>70 years), cancer, or immunodeficiency.”” Residential
water use can be conducive to the release of OPPPs via
aerosolized water droplets.” It has been estimated that 96% of
one type of OPPP disease, Legionnaires’ Disease (caused
primarily by Legionella pneumophila) may be caused by
sporadic residential exposure from sites such as showers,
tubs, and hot water faucets.”
© XXXX American Chemical Society and
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Water heating system equipment, design, and usage impact
water quality at fixtures because of their direct influence on
water temperature, water age, and disinfectant residual
concentration.”® Operations may involve trade-offs between
water quality, water conservation, and energy conservation.
While energy efficiency measures (e.g., reduced hot water set
point temperatures [48 °C or less]) and water conservation
strategies (e.g., low flow fixtures) in residences are effective in
reducing energy and water usage,” they can promote OPPP
proliferation and pose public health challenges® if they are
implemented without understanding their influence on the
system.

There are several review papers on topics related to
OPPPs,”'*1272% and each review has taken a different
approach to advancing knowledge in this field. For example,
one review identified and characterized emerging OPPPs,” and
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Figure 1. OPPP story line in residential plumbing.
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another manuscript focused on understanding how L.
pneumophila, M. avium, and P. aeruiginosa grow, survive, and
persist in drinking water systems.'”~ Wang et al.'” critically
evaluated bulk water and biofilm sampling procedures to bring
awareness to the issue by developing a standardized sampling
approach. In addition, Proctor et al.”* discussed a holistic
approach in managing different OPPPs in drinking water
systems.”* Other researchers critically reviewed how pipe
materials impact OPPP growth,'” and the most recent review
systematically reviewed OPPPs in residences and discussed
their transmission of infection and how to control for their
occurrence.”® From each review mentioned above, it is evident
that plumbing contains several different features that can select
for a certain microbial community (e.g., disinfectant residual
type and concentration, plumbing material, age of the system).
However, there is a gap in critically and holistically reviewing
the current knowledge regarding conditions that may impact
OPPP growth in both cold and hot water residential plumbing.

To date there is no specific guideline on OPPP risk
management applied to the point of entry (POE) or at the
points of use (POU) of any type of residential building. While
the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) Standard 188 provides
guidance to manage the risk of Legionellosis, its scope does not
include single-family dwellings nor does it address other
OPPPs. It cannot be assumed that single-family residences are
immune from OPPP concerns because even water provided by
a public utility that meets all regulatory requirements can
contain OPPP and potentially degrade in quality over time
after it enters plumbing and pose a health risk at the POU.*
To create better guidance, there is a critical need to identify
and characterize residential plumbing configurations (e.g.,
trunk—branch vs manifold systems), their components (e.g.,
valves and fittings), water heater types (e.g, electric vs gas,
storage vs on-demand), plumbing material (metal vs plastic),
and type of fixture (e.g., faucets, showerheads, and tub spouts).
All of the above-mentioned factors can impact the growth risk
of the OPPPs listed on the U.S. EPA CCL 5.” Because these
organisms can grow in cold and hot water systems and cause
disease, the authors believe that residential water systems may
benefit from control strategies to minimize OPPP risk. This
review aims to bring awareness to the science community,

building managers, the plumbing industry, and the public at-
large regarding the importance of studying their occurrence in
residences.

2. BASELINE WATER QUALITY IN RESIDENCES

OPPPs can be present at every location within dwellings,
including water at the POE and at cold water fixtures. In a
study conducted on a retrofitted net-zero energy eflicient
single-family residence,”” the authors found that the total
Legionella (average concentration: 1.82 log GC/100 mL) and
Mycobacterium (average concentration: 3.11 log GC/100 mL)
species were the lowest at the influent line but increased by 2
and 4 logs, respectively, in the cold water fixtures.”” The
authors did not detect L. pneumophila and M. avium at the
POE or cold water taps.”” Additionally, several studies have
detected these OPPPs only in cold water faucet samples in
residences.”* ™' While there is a data gap in assessing OPPP
from the POE to the fixtures, there is an understanding that
these OPPPs are naturally present in the cold water
environment, and the survival rate and proliferation of these
bacteria generally increases when the water stagnates or within
the hot water fixtures.”>*”**** The paucity of data suggests
that there is a lack of systematic studies in residences. To this
point, there is a need to assess the entire residential plumbing
to determine OPPP amplification hot spots (Figure 1). Once
these locations are determined, strategies to reduce OPPP
growth can be identified. Such studies should include
residences with different water supplies (e.g, untreated
groundwater or treated surface water).

2.1. OPPP Detection in Residential Plumbing. L.
pneumophila,”>™° P. aeruginosa,*”*" M. avium,***>* and N.
fowelri®**=* all have been detected in residential plumbing.
These organisms all respond differently to various environ-
mental factors®”*”*** (ie, building age, water age, water
temperature, heater type, disinfectant type/concentration, and
symbiotic relationships), which may cause them to proliferate
within drinking water systems.”” While there is some
understanding about how each OPPP responds to the
environmental factors, no systematic study was found that
investigated all OPPPs in one type of residential plumbing. For
example, having some knowledge about how four different
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Figure 2. Simple hot water system components, water flows, and energy flows (modified from Gary Klein, Gary Klein and Associates, Inc.).

OPPPs respond to various water heater set point temperatures
in one study could open opportunities to develop new water
heating systems that better limit their growth. Additional
residential plumbing investigations should be conducted,
especially in storage water heaters and at the POU, to identify
environments conducive to growth for a range of OPPPs.
Another area of research should be conducted to identify
potential control mechanisms in residential plumbing for these
OPPPs.

3. RESIDENTIAL PLUMBING DESIGN AND
OPERATION

Typical residential plumbing consists of four main compo-
nents: water supply, water heaters, piping including valves and
manifolds, and end-use fixtures (Figure 2). Ensuring adequate
hot water delivery (i.e., the necessary volume at the desired
flow rate and temperatures) in a safe manner is of paramount
interest. Striving to deliver hot water in the most energy- and
water-efficient manner is also a key aspect of water heating and
delivery system design. In the United States, water heating
accounts for 19% of total site energy use in households.”"

3.1. Plumbing Design. While trunk-and-branch designs
are common in existing residences, manifold systems that use
direct pipe runs from the cold or hot water source to end uses
are becoming more popular. Because a traditional trunk-and-
branch system has a large main supply (Figure 3), this
configuration may lead to water sitting in the pipes longer than
for manifold systems (Figure 3) during periods of low or no
water use due to the diameter and longer pipe length. As
reviewed by Wang et al, however, most water quality studies
focus on only the fixtures'” rather than surveying the plumbing
configuration,>” especially for residences. Since OPPP growth
can be partly induced by water stagnations,”” it is important to
understand plumbing configuration so areas of potential
concern can be identified. There has been a historical lack of
descriptions of plumbing configurations on past water quality
studies, as well as plumbing design documentation, and their
impact on OPPPs.

3.2. Residence Types and Water Use Patterns. The
median size of residential dwellings, both single- and
multifamily, is 139 m? and 31% of residences have three or

more stories. About 57% of the residences surveyed in the
2019 American Housing Survey (AHS) were built with two or
more bathrooms within the dwelling.’* Single-family resi-
dences are also getting larger, with the average size of a home
built in the 1970s being 164 m” and that of a home built in
2019 at 232 m?.>® The larger the size and number of stories of
a building, the larger the water heating system, pipe networks,
and number of fixtures and water-utilizing appliances. The
median build year for residences in the AHS was 1971,
indicating that many existing residences may include larger
plumbing pipes for the flow rates and usage patterns typical of
today’s occupants.

Single- and multifamily residences also differ in the number
of occupants, which can impact total daily water consumption
as well as use pattern and frequency. Use patterns can be
highly variable within buildinégs due to particularities associated
with consumer behavior.”® These factors lead to large
variations in plumbing water age compared to that in the
distribution system.’® Water age influences OPPP
growth,57/586:59-62

Several studies investigated the impacts of water use pattern
and/or stagnation in either residences or simulated residential
hot water systems on OPPPs.’”**%**~%* Although most
studies have included other factors in the analysis (ie.,
temperature, pipe materials, and building age), stagnation is
one of the most impactful conditions that leads to increased
OPPP growth.*~%" It is worth mentioning the pilot-scale study
by Rhoads et al., which found that a low use pattern (can be
compared to stagnation in the system) and water heater set
point of 51 °C led to higher concentrations of L. pneumophila
at the fixture.” However, in terms of weekly yield (total amount
of cells delivered at the fixture per week), the high use pattern
resulted in higher yield than the low use likely due to increased
nutrient delivery combined with ideal temperature conditions.
In addition, different microorganisms may behave differently
depending on use pattern and temperature. Tolofari et al.*”
found that a combination of high use pattern and the highest
temperature setting was effective in inactivating HPCs but not
NTM. While several studies give an indication of how the
water use pattern and/or stagnation influence the OPPP
growth, no studies were found that described whether resident
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behavior (e.g., vacations, weekend trips, work routine) played a
role in the stagnation as it relates to the OPPP growth
outcome. Hayes-Phillips et al.®" surveyed residents about the
type of water heater and its temperature setting and found a
significant association between temperature, frequency of use,
and building age with Legionella spp. detection. Water
stagnation is an important factor to assess, but daily water
stagnation in any water system is a challenging parameter to
measure. Future research should survey resident user behavior
to determine low and high water usage patterns and use real-
time data to identify risk factors associated with OPPP
contamination. In addition, recent studies were conducted
following extended stagnation (weeks to months) due to stay-
at-home orders associated with the COVID-19 pandemic,
including field studies and review papers.”> *>*>°°~7" The
published studies to-date mostly focus on university buildings,
schools, or other commercial-scale buildings. Nevertheless,

those studies indicate that stagnation is critical to consider
when evaluating OPPP growth in buildings.

3.3. Residential Water Heaters. Water heaters carry out
the function of raising incoming cold water to a usable hot
water temperature in a residence. A variety of water heater
types exist on the market, and some are designed to be
centrally located and provide water to an entire residence.
Other water heaters available are meant to heat water at the
POU. Different applications in a home require different hot
water temperature, and central water heaters will be set to
exceed that temperature to provide all hot water service to the
residence. Producing hot water, especially within tank-type
water heaters, can increase the potential for OPPP growth.
Therefore, water heaters are a key plumbing component to
evaluate for OPPP-related health risks.

3.3.1. Types. Water heaters are typically categorized into
storage and tankless (also referred to as “on-demand” or
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“instantaneous”). The most common residential water heater
fuels are electric and natural gas. Electric and gas storage water
heaters make up approximately 94% of residential water
heaters, while gas tankless heaters make up about 5%; all other
types of heaters make up the remaining percentage.”"”’* Several
studies’>””° have investigated the impact of residential water
heater type and design on OPPP prevalence. Water heater type
and design can lead to conducive environments for L.
pneumophila” growth, but such factors can also impact other
OPPPs. Researchers have shown an increased presence of L.
pneumophila in electric water heaters compared to gas water
heaters.”””> A group in Germany determined the occurrence
and concentration of Legionella spp. in hot water systems
(district heating vs solar) of single—family residences in the
suburbs of two different cities.”® Residences that utilized
district heating systems were colonized with 667 CFU/100
mL, while solar heating systems contained lower levels of
Legionella species (223 CFU/100 mL) and instantaneous water
heaters resulted in samples that were below the detection limit
for Legionella spp. There is data that associates certain types of
water heaters with OPPPs, but the studies listed above were
not exhaustive. For example, no study was found that described
the association between a heat-pump water heater and OPPP
growth. While heat-pump water heaters are not yet common in
residences, incentives for consumers to upgrade their conven-
tional heaters to an energy-efficient water heater will likely lead
to an increase in their popularity. Thus, gaining knowledge on
whether heat pump water heaters influence OPPP growth in
residences is warranted.

There have been several laboratory studies and a
field-study®* aiming to understand how heater design and
operation impact opportunistic pathogens. Most studies have
found that water usage patterns and water heater design
influence the chemical and microbial water quality.*>%*"*
One study compared three configurations of residential electric
water heating systems—standard, recirculation, and tankless
heaters—in terms of volumes at risk for pathogen growth
based on temperature measurements and water quality
parameters while operating them at different use patterns.
Another study showed that lower water temperatures were
associated with OPPP colonization in water heaters and POU
(faucets, showerheads, and tubs).® While there is some
understanding on how different water heaters contribute to
the growth of OPPPs spatially, there is a clear need to
understand how different water heaters impact OPPPs
temporally and spatially in residences.

3.3.2. Temperature Setting. The temperature at which
water heaters deliver water is a complicated issue due to the
need to balance hot water demand, safety, and energy
efficiency. That decision, however, is important for OPPPs
since most pathogens have temperature ranges in which they
survive or proliferate. For example, the ideal temperature range
for L. pneumophila to proliferate is between 25 and 45 °C.*>*°
The U.S. Department of Energy (DOE) recommends that
water heaters be set to 46—49 °C to minimize energy
consumption” and scalding”” while still providing the hot water
service demanded by end users.

Other recommendations suggest a higher set point temper-
ature to mitigate the risk of pathogen growth. For example, the
NASEM suggests that water should not be stored any lower
than 60 °C to reduce the risk of L. pneumophila growth and
that temperatures within recirculation loops should be
maintained above 35 °C." The World Health Organization

5,6,77—83

(WHO) and the Centers for Disease Control and Prevention
(CDC) recommend that hot water temperature should be
maintained above the Legionella spp. optimal growth range.
CDC recommends maintaining hot water temperature at the
highest 8Possible level allowed by plumbing codes and/or above
45 °C,* while the WHO suggests temperatures above 50 °C.*
Research shows that set point temperatures below 48.8 °C
promoted the colonization of L. pneumophila in residential
plumbing.”” Brazeau et al.’ found that standard and
recirculation heating systems have different water volumes at
temperatures at risk of pathogen growth depending on the
heater temperature set point, while tankless heaters had small
volumes at risk” Other studies validated that low water
temperatures were the most critical factor for the growth of
Legionella spp. in residential plumbing.”””" The balance
between water delivery capacity, scalding potential, OPPP
growth, and energy consumption involves multiple design and
operation factors. This issue is important, however, as certain
OPPP growth appears to occur more in hot water systems than
cold water systems.”” More research is needed to understand
the balance between these factors for all OPPPs mentioned in
this review to understand what environmental factors are more
conducive for certain species. Thus, it is important to monitor
such OPPPs to understand how different OPPPs respond to
various set point temperatures in residences. Having data and
knowledge on this topic will provide opportunities for future
innovations—to save energy while reducing the risk of
pathogen growth in water heaters and residential plumbing.

4. RESIDENTIAL PIPE MATERIALS AND OPPPS

Pipe materials can affect OPPPs directly, by providing organic
or inorganic nutrients to enhance growth or act as a growth-
inhibitor, or indirectly, by interacting with disinfectant residue
to promote the growth of pathogens in distal sites such as
faucets, showers, and tubs. The type of material can also affect
water chemistry,”® biological stability,”> and the micro-
biome”®”* of the water inside plumbing. More specifically,
pipe material selection (metals vs plastics) is also known to
influence biofilm formation,” rate,”® dens.ity,97 and bacterial
diversity.”® Microbial performance variation within different
types of plastics (e.g, varying by brand, production batch,
shock disinfectant exposure, etc.) are just beginning to be
explored. Data on how different pipe materials affect specific
bacteriological growth in bulk water, relative to biofilm density,
is limited. Here we review the common pipe materials used for
residential plumbing and discuss how each material directly or
indirectly affects OPPPs in bulk water and biofilms present in
residences.

4.1. Copper. Three studies have shown an association
between copper pipes and OPPPs in bulk water samples
collected from single-family residences, but their results were
not consistent.”*””'°’ One study showed that copper piped
hot water systems, with an aqueous copper concentration of
0.5 mg/L or more, had higher concentrations of L. pneumo-
phila than PEX pipes.”® Another study also isolated L.
pneumophila only from copper piped hot water systems but
did not find an association between the copper pipes and L.
pneumophila.”” Borella et al.'”’ found an inverse association
between copper levels of 50 pg/L or more and Legionella spp.
counts, while there was a positive correlation between copper
concentrations and Pseudomonas spp. Since copper can be
growth-promoting or growth-inhibiting, more work is needed
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to determine which residential copper plumbing conditions
enhance or inhibit OPPP growth.

The association between biofilm growth on copper pipe and
OPPPs has been investigated in laboratory-scale studies,'*'~'%
in part because of the difficulty of extracting biofilms for
analysis. Laboratory study results are mixed, with some
researchers observing a higher abundance of L. pneumophila
in copper pipe biofilms compared with biofilms on polyvinyl
chloride (PVC) and steel pipes.'’'*° Other investigators have
observed lower concentrations of L. pneumophila in biofilms on
copper than on steel, cross-linked polyethylene (PEX), and
chlorinated polyvinyl chloride pipe materials.'’>'** There is a
gap in research describing the conditions for observations on
plumbing operation (i.e., water use pattern) and environmental
factors (i.e., water temperature) and how each impact the
occurrence and concentration of OPPPs in biofilms isolated
from copper pipes and fixtures in residences. Thus, future
research should be conducted in copper plumbed residences to
systematically study the interactive effects of design, use, and
materials (i.e., copper, pipe length, water use pattern, and water
temperature) on biofilm formation and OPPPs. Results could
inform decisions about which materials are best for specific
design and plumbing use conditions.

4.2. Cross-Linked Polyethylene and Polyvinyl Chlor-
ide. PEX and PVC pipes are commonly used plastics for
potable water piping in new and renovated construction. PEX
and PVC materials have been associated with increased OPPP
growth in bulk hot water’®'*>'°~1% and biofilm formation
relative to copper pipe.79’102’109_111’93 One important micro-
bial growth observation has been attributed to carbon
compound leaching into drinking water.''” For example, new
PEX pipes have been shown to leach 77,000 ug/L of total
organic carbon (TOC).""? Moreover, PVC pipes can leach 60
to 50,000 pg/L of TOC with 50% of that total estimated to be
assimilable carbon.”* Leaching of TOC from PVC material has
the potential to promote or inhibit OPPPs biofilm and
planktonic growth."' """ *~120 While these studies add value
to the literature by understanding how PEX and PVC pipe
materials affect different OPPPs in a laboratory setting, no data
were found on the interactive effects on OPPP growth in a
residential setting. Thus, there is a critical need in evaluating
PEX and PVC on OPPP growth temporally (years of data) as
well as understanding this phenomenon in household water
supply systems. In addition, many other plastic materials may
be used for small pipes or connectors (e.g., shower hoses,
faucet connectors, ice machine lines, sealing rings), and carbon
leaching is also a concern.'”' The caveat with plastics used in
plumbing is that the quality assurance and quality control of
the product water quality impact variations have not been
investigated; this is due to the fact that researchers and the
water industry both have not recognized the importance of
defining the fitness and how the variations of PEX and PVC
leaching potential can impact OPPP growth. Thus, to
understand how plastics, which are increasingly being used in
plumbing, affect water quality, a better understanding of water
quality performance between and within brands and
production batches is needed. Care will be needed to
document products tested because material from the same
roll of pipe that sits unused can perform differently than those
installed used months earlier.'*”

5. HOT WATER DISTRIBUTION

In addition to the water heater, other components of
residential plumbing deserve attention as potential locations
where OPPPs can grow, such as fixtures and temperature
control valves. These components can impact microbial
dynamics through their impact on hydrodynamics and
constituent materials.

5.1. Fixtures. Hot water plumbing in residences is typically
limited to bathrooms, kitchens, and laundry areas. Table 1

Table 1. Average Daily Hot Water Use by End-Use'*’

End Use Percent (%) L
Shower 41.1% 674
Faucet 35.6% 58.3
Clothes Washer 10.2% 16.7
Bathtub 6.0% 9.8
Dishwasher 5.1% 8.3
Other 2.1% 34
Total 100.0% 163.9

shows the fraction of daily hot water use by end use in North
America,'?® with showers and faucets accounting for the most
hot water use. Temperatures at these fixtures vary, but the
ASHRAE indicates that a typical temperature for hand washing
is 40 °C and showering is 43 °C."** Another key characteristic
of end use is flow rate. Currently in the U.S., federal standards
require showerheads to deliver water at no greater than 9.5 L/
min and faucets at no greater than 8.3 L/ min.”' There is
momentum, however, for fixtures with even lower flow rates.
The U.S. EPA WaterSense product labeling program is one
that assists consumers in identifying water-efficient fixtures on
the market, and its requirements are more stringent than
minimum federal standards. For example, WaterSense shower-
heads and sink faucets must deliver water at rates no more than
7.6 L/min and 5.7 L/min, respectively.'”> It is important to
recognize that at a given point in the day, fixtures are typically
not operating. Salehi et al, in a study of a net-zero energy
residence, found that fixtures were generally stagnant well over
90% of the time.'"> These three features—temperature, flow
rate, and stagnation time—all impact OPPP growth.

OPPPs have been detected in household fixtures such as
showerheads and hoses, faucets, and tub
spouts,' 2371271286130 Thoge fixtures are located at distal
residential plumbing sites and have characteristics conducive to
pathogen growth and biofilm formation: (1) the presence of a
variety of materials, (2) large surface-to-volume ratios that
create regions for biofilm attachment, and (3) regions of water
stagnation that can lead to temperature and disinfectant
residual decay.'”®' No studies to date have conducted direct
comparisons of fixture designs to understand which ones are
more likely to support OPPP growth and biofilm formation.
However, some specific types of fixtures have been associated
with higher risk of contamination by OPPPs and different risks
of subsequent infection. Hamilton et al."** proposed risk-based
critical concentrations for L. pneumophila that vary by fixture
type (i.e., toilets vs shower heads). Design features of spray
nozzles in showers may also affect aerosolization rates'** and
thus potentially infection rates.

5.2. Temperature Control Mixing Valves. Thermostatic
Mixing Valves (TMVs) have been associated with a higher risk
for Legionella spp. growth in plumbing. Reasons that have been
proposed include the presence of various types of materials in
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their composition, as well as their complex internal structure
with interstices where biofilms can develop.' The mixing of hot
and cold water in plumbing may also create favorable
temperature conditions for pathogen growth.'*"'** Finally,
Rhoads et al.'*’ suggests that these valves are subject to
mechanical failure, which can cause mixing and contamination
between cold and hot water lines.

There is a lack of guidance on TMV use and their role in
pathogen growth at plumbing zones downstream of the
valve."”> No studies were found that assessed the impact of
the most used types of TMVs in residences (such as those in
shower and bathtubs) and the implications of their use on
microbial water quality at the POU compared to the water
supply. Temperature control devices are required for shower
and bathtub fixtures for one- and two-family dwellings
according to the 2021 International Residential Code
(IRC)."*" Thus, research is needed on the contribution of
those valves to enhancing not only growth of Legionella species
but also other OPPPs in residences at the POU in comparison
with the cold water supply. The results of those studies could
support the development of alternative valve designs and
guidelines for maintenance and decontaminating, as well as the
review of current plumbing codes to incorporate better
installation locations and temperature settings to reduce both
OPPP growth potential and scalding risk.

6. PLUMBING CODES AND GUIDELINES FOR OPPP
MANAGEMENT IN PLUMBING

This section reviews existing plumbing codes and OPPP
management plans to help identify how future research can
support their continuous update and improvement. In the
United States, the design, installation, and inspection of
plumbing is based largely on the requirements contained in
either the Uniform Plumbing Code (UPC) or International
Plumbing Code (IPC), published by IAPMO and the
International Code Council (ICC), respectively, although
specific requirements vary among states.">"*® The ICC also
developed the IRC, which “establishes minimum requirements
for one- and two-farnilzr dwellings and townhouses using
prescriptive provisions”.'”*

Tables S1 and S2 summarize some of the requirements of
the most recent versions of the UPC, IPC, and IRC that could
potentially impact microbial water quality."*>"*® For example,
pressure/temperature control valves are required for some
specific types of fixtures such as showers, tub/shower
combinations, and bathtubs, and a maximum temperature
setting of 49 °C was established for those valves. In addition,
the IPC and IRC set forth requirements related to maximum
water heater temperature settings for water heaters used as
space heaters, and the IPC requires a maximum outlet
temperature of 60 °C for tankless water heaters. As described
in Section 5, TMVs have been associated with Legionella spp.
growth under plumbing conditions, and their use in residences
require further research. In Section 3, the impact of
temperature on different OPPPs was also discussed, although
their interactions with other factors may support conditions for
increased growth. Finally, all codes list requirements for
insulation of hot water piping under certain conditions. Adding
insulation to hot water pipes (an energy savings measure)
should be carefully considered as it reduces heat losses during
stagnation, which can cause temperatures to stay within
optima% L. pneumophila growth ranges for longer periods of
time.

Currently, there is a lack of comprehensive residential
plumbing codes and guidelines for OPPP management. The
recommendations that do exist are based on documents, such
as ASHRAE Guideline 12 and ANSI/ASHRAE Standard 188-
2018, developed for commercial, institutional, multiunit
residential, and industrial buildings."**"** Single-family resi-
dences do not typically contain open- or closed-circuit cooling
towers, evaporative condensers, or hot water recirculation
systems as many commercial buildings'**'*” and multifamily
residences do."*”'*' However, they likely have water heater
storage units, plumbing configurations, and stagnation periods
that can contribute to OPPP proliferation in residential
plumbing. Furthermore, single-family residences can have
showers, whirlpools, spas, water features, or humidification
systems that release water aerosols within the building. These
may pose an OPPP infection risk to occupants. Therefore, it is
important that residential versions of these guidelines exist to
assist the design and inspection of new residences and
resumption of operation of existing plumbing after long
periods of stagnation or detection of the presence of OPPPs.

ANSI/ASHRAE Standard 188 focuses on developing a
building water management plan to manage the risk of
legionellosis."*® While single-family residences do not have
building operators or water quality monitoring systems to
implement such plans continually, builders and occupants can
use similar approaches. One approach could be to manage
water quality on a periodic basis and when renovations,
additions, or modifications are made to the residence. Water
management plans, however, are more relevant to multifamily
dwellings. The first steps recommended are conducting a
building survey to describe the water systems, creating flow
diagrams, and conducting evaluations of hazardous (or
potentially hazardous) conditions to determine where control
measures should be applied (Figure 4). The next steps are to
establish monitoring procedures with control measures that are
within established limits and document them in a risk
management plan. These steps are more applicable to
commercial, institutional buildings, and multifamily residences,
but changes can be made to make them more realistic and
appropriate for residences. If control measures (i.e., micro-
biological testing) reveal that control limits for what is safe and
acceptable in buildings are exceeded, then appropriate
corrective actions, such as flushing or disinfection, need to
be taken.

Therefore, future research should address the impact of the
current plumbing code requirements on potential for OPPP
growth while considering scalding risks. More specifically, the
use of temperature control devices, their required outlet
temperatures, and the use of insulation should be reviewed for
different types of residences. In addition, updates of future
standards should include guidelines for design, installation, and
maintenance of plumbing and its components in a variety of
building types, including single-family residences. Finally,
updated guidelines on building water management plans
could include measures for preventing the risk of legionellosis
and other disease-causing OPPPs in not only commercial,
industrial, and multifamily residences but also single-family
residences.

7. CHARTING A COURSE FOR THE FUTURE:

IDENTIFYING RESEARCH GAPS AND NEEDS

Despite the knowledge gained by nearly 50 years of study,
questions remain about predicting health risks associated with
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PROGRAM TEAM—Identify persons responsible for Program
development and implementation.

DESCRIBE WATER SYSTEMS/FLOW DIAGRAMS—Describe the
potable and nonpotable water systems within the building and
on the building site and develop water-system schematics.

ANALYSIS OF BUILDING WATER SYSTEMS—Conduct a systematic
evaluation of hazardous conditions in the building water
system, and determine where control measures shall be
applied.

CONTROL MEASURES—Determine locations where control
measures shall be applied and maintained in order to stay
within established control limits.

MONITORING/CORRECTIVE ACTIONS—Establish procedures for
monitoring whether control measures are operating within
established limits and, if not, take corrective actions.

CONFIRMATION—Establish procedures to confirm the following:

= The Program is being implemented as designed—
verification

= The Program controls the hazardous conditions throughout
the building water system—validation

DOCUMENTATION—Establish documentation and
communication procedures for all activities of the Program.

Figure 4. Elements of a water management program for commercial,
industrial, or multifamily residences. Copyright 2018, ASHRAE, www.
ashrae.org. ASHRAE Standard-188.

residential plumbing. A prioritized approach is needed to
support plumbing design and use practices that minimize
microbial risks in building water. Persily et al.'*® identified
measurement science needs on water and energy efficiency and
water quality in plumbing and developed a list of research
topics to be explored in the future."*® Although the document
was not specifically intended for residential plumbing
applications, some listed togics overlap with the research
gaps identified in this study."*® Another knowledge gap study
identified the need to understand how water use and water
quality vary with plumbing characteristics, with different uses,
and over time and space.' "

Comprehensive, controlled studies on the impact of different
types, configurations, and use frequencies of residential water
heaters and fixtures are needed to support recommendations
that address concerns related to water efficiency, energy
efficiency, and public health. In addition, more research is
needed on different types (i.e., storage vs on demand., etc.) of
residential water heating systems to better understand the
magnitude of the impacts of the resulting temperature on water
quality,"** particularly on OPPP growth.

Although the pathogenic species of Legionella are often the
focus of concern and investigations, other OPPPs can cause
diseases and should be investigated in residences. Proctor et
al”* emphasized the importance of looking at multiple
organisms simultaneously, as the effects of a treatment for
one organism cannot necessarily be extrapolated to all
organisms.”* More attention should be dedicated to the
detection of N. fowleri, known as the brain-eating amoeba, in
residential plumbing, which is a thermotolerant microorganism
that can cause a lethal disease in humans.'** A more complete
investigation should be conducted throughout residential
plumbing to identify environments conductive to OPPP

growth since different conditions may favor the growth of
different species.

Overall, a finding repeated throughout this review was the
lack of studies in actual residences. Much work has been
undertaken in laboratory settings, but extrapolation of those
results to residential settings was not always clear. Additionally,
work has been done in commercial buildings, but it was not
apparent how relevant those studies are to residences. Water
use patterns vary greatly, and consideration should be given to
how scientific studies translate to water quality and the hazards
of OPPPs in actual residences. The topics identified in this
review highlighted the research needs that will help understand
OPPPs holistically in residences. Once more research is
conducted, communicating and translating of research findings
to building owners and occupants may bring awareness to the
residents.
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