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Abstract: Managing building water systems is complicated by the need to maintain hot water
temperatures high enough to control the growth of Legionella spp. while minimizing the risk of
scalding. This study assessed water quality management practices in large buildings in the United
States. Surveys conducted with building water quality managers found that more than 85% of
buildings have hot water temperatures that are consistent with scald risk mitigation guidelines
(i.e., <122 ◦F/50 ◦C). However, nearly two thirds and three quarters of buildings do not com-
ply with the common temperature guidance for opportunistic pathogen control, i.e., water heater
setpoint > 140 ◦F (60 ◦C) and recirculation loop > 122 ◦F (50 ◦C), respectively; median values for
both setpoint and recirculation loop temperatures are 10 ◦F (6 ◦C) or more below temperatures
recommended for opportunistic pathogen control. These observations suggest that many buildings
are prone to Legionella spp. risk. The study also found that 27% of buildings do not comply with
guidelines for time to equilibrium hot water temperature, over 33% fail to monitor temperature in
the recirculation loop, more than 70% fail to replace or disinfect showerheads, more than 40% lack
a written management plan, and only a minority conduct any monitoring of residual disinfectant
levels or microbiological quality. Given the rise in Legionellosis infections in recent years, coupled
with highlighted water quality concerns because of prolonged water stagnation in plumbing, such as
in buildings closed due to COVID-19, current management practices, which appear to be focused
on scald risk, may need to be broadened to include greater attention to control of opportunistic
pathogens. To accomplish this, there is a need for formal training and resources for facility managers.

Keywords: building water quality management; opportunistic premise plumbing pathogens (OPPPs);
Legionella spp.; temperature control; COVID-19; recirculation loop; thermostatic mixing valve (TMV)

1. Introduction

Building plumbing systems often have the appropriate temperature, moisture, and
nutrient conditions conducive to the growth of opportunistic premise plumbing pathogens
(OPPPs), particularly Legionella spp. [1]. OPPPs cause significant human health risks,
particularly for the elderly and immunocompromised [2]. For example, Legionnaires’
disease, caused by premise plumbing pathogens in the genus Legionella spp., accounts
for approximately 2–15% of cases of community-acquired pneumonia worldwide [3]. In
the United States, the Legionnaires’ disease cases have increased 5.5-fold in recent years,
from 0.42 per 100,000 population in 2000 to 2.29 per 100,000 population in 2017, and
the number of outbreaks nearly quadrupled during the period from 2009 to 2017 [4]. A
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more glaring example of building plumbing system failure is the public health crisis in
Flint, Michigan in 2014, where aging plumbing infrastructure contributed to the public
exposure to elevated lead concentrations, as well as a subsequent outbreak of Legionnaires’
disease [5]. Extended closures of buildings, such as those during the COVID-19 pandemic,
have further exacerbated the water stagnation situation in building plumbing systems,
which in turn has created conditions favorable for microbial growth and hence increased the
risk of Legionella spp. contamination [6,7]. This emphasizes the critical need for appropriate
water quality management strategies, whether implemented through advisory guidelines
or regulatory control (i.e., standards and codes of practice) [8–10].

A large number of guidance documents are available for building water quality
management in the United States (e.g., US EPA, 1985 [11]; OSHA, 1996 [12]; CDC, 2016 [13],
2017 [14]; Dept. of Veterans Affairs, 2008 [15], 2014 [16]; ASHRAE, 2018 [17]; NASEM,
2019 [18]) and worldwide (i.e., WHO 2007 [19], 2011 [20]; Govt. of Western Australia,
2010 [21]; EGWG, 2017 [22]; for an overview, see Singh et al., 2020 [9]). However, these
guidance documents are inconsistent and sometimes lack a scientific basis [9].

The available regulations related to Legionella spp. control in the United States are
limited to healthcare facilities and cooling towers in New York [23,24], healthcare facilities
within the Veterans Health Administration [16], and hospitals and healthcare facilities
receiving Medicare or Medicaid Funds [25]. The regulation for water quality management,
including Legionella spp., in building plumbing systems for all other building types is ex-
pected to be maintained through building and plumbing codes [18]. The American National
Standards Institute/American Society of Heating, Refrigerating and Air Conditioning En-
gineers (ANSI/ASHRAE) Standard 188-2015 (i.e., Legionellosis: risk management for
building water systems) [17] is the first standard for Legionella spp. control in the United
States. The standards provide Legionellosis management strategies for the design, con-
struction, commissioning, operation, and maintenance of building plumbing systems.
Among others, Board of Standards Review (BSR)/ASHRAE Standard 188P, “Prevention of
legionellosis associated with building water systems” [26], provides guidance on hot and
cold-water temperatures in plumbing, and the Centers for Disease Control and Prevention
(CDC) provides a toolkit for Legionella spp. control in buildings [14].

Growth of Legionella spp. is the most common water quality concern in building
plumbing systems. Detection of Legionella spp. is common in building plumbing sys-
tems in the United States and across the world [27–31], including in buildings with
vulnerable populations, such as healthcare facilities [32–37]. Regular monitoring of Le-
gionella spp. is usually recommended as one of the strategies to control and prevent
exposure [19,20,26,38–40], though it is seldom performed on a regular basis, unless the
building has been linked to legionellosis cases; questions have also been raised as to its
cost-effectiveness [41]. Maintaining an appropriate hot water temperature, residual level,
and flushing frequency are among the top strategies recommended for controlling Legionella
spp./microbial growth in building plumbing systems. Temperature control in building
plumbing is a tradeoff between Legionella spp. growth and scalding risk. While higher
temperatures provide safety against Legionella spp. growth but cause risk of scalding,
lower temperatures are favorable to Legionella spp. growth but are safe against scalding.
The recommended minimum temperatures vary across the literature and guidance doc-
uments [9,42]. There is a tentative consensus on maintaining the water heater setpoint
temperature at 140 ◦F (60 ◦C) [12,18,19,22,38] for preventing Legionella spp. risk, but there
is less agreement on the recommended hot water temperature in the distribution system.
The majority of guidance documents recommend keeping hot water, including in recircu-
lation loops and distal taps, at higher than 122–124 ◦F (50–51 ◦C) [12,16,19,20,22,38], with
others recommending higher than 131 ◦F (55 ◦C) [11,18]. Moreover, Rasheduzzaman et al.
(2020) [42], in their meta-analysis of hotel plumbing systems, recommended 59 ◦C (138 ◦F)
as the required temperature to keep the risk of detectable Legionella spp. below 10% (al-
though limited data were consistent with 50 ◦C (122 ◦F) being sufficient to limit Legionella
spp. to levels <1000 CFU/L). Similarly, for safety against scalding, temperatures below
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122–124 ◦F (50–51 ◦C) are recommended by one set of guidance documents [16,22], while
temperatures below 110 ◦F (43 ◦C) are recommended by another set of guidance documents
that are applicable to buildings with vulnerable populations, such as in hospitals and
long-term care facilities [20,43]. Regular monitoring of temperatures at water heaters, distal
taps, return loops, and points of use is generally recommended for water quality control in
building plumbing systems [10].

The time required for hot water to reach a stable temperature at the point of use,
hereafter referred to as “time to tap”, is an important indicator of plumbing hydraulic
performance [18]. Generally, a time-to-tap value of 60 s or less is an indicator of good
plumbing hydraulics (i.e., short pipe runs and good balance of flow across the pipes)
sufficient for control of OPPPs [18,22]; lower values between 10 and 30 s have been rec-
ommended in other guidance documents [44]. Employing in-building treatment, such as
adding disinfectant, is also applied, though seldom, to reduce the risk of OPPP growth.

Certain devices and features of building plumbing systems are more prone to WQ
contamination. These potential problem spots require special attention and guidance in-
formation is available, though no one source is comprehensive [9], for managing them.
For example, thermostatic mixing valves (TMVs) have both favorable [16,18,22,38] and
unfavorable [18,20,22] aspects associated with them and therefore are recommended not
to be used in high-risk buildings [18]. The issues with TMVs include leaching from
organic, synthetic, or metal-based manufacturing materials [18,20,22,45,46], design mal-
function [18], and dead water volume at tepid temperatures [22]. Similar issues are noted
for flexible shower hoses [18–20,22,47] and electronic faucets [18,48]. Other problematic
spots include cooling towers [11,16,18,19,22]; hot tubs (spas) [13,17–19,22]; centralized
automizers/misters/humidifiers [12,18,19,21]; decorative fountains [12,15,17,18,38]; dead
ends [18,19,22], and low-flow fixtures [16,18,22].

One universally accepted guidance source applicable to different issues in build-
ing plumbing systems is not available [9]. In the United States, the source of guidance
is various federal and state agencies (i.e., CDC, EPA, DVA) and professional societies
(ASHRAE, National Standard Plumbing Code). Part of the reason for this scattered guid-
ance information is that building plumbing systems are varied across different buildings,
but it is also due to the lack of a definitive scientific evidence base for unanimously ac-
cepted guidance. Therefore, large, data-driven review studies in recent years that have
focused on reconciling the diverging scientific evidence base through literature reviews
and meta-analyses [6–9,42,49–52], and expert consultations [6,9,52] are critical to fill the
knowledge gaps in guidance documents. Furthermore, extended building closures such
as those during the COVID-19 pandemic have triggered the need to formulate consistent
guidance for building water quality [6,7].

While developing scientific-based consensus guidance is one part of the problem in
managing WQ issues in building plumbing systems, its effective translation to practitioners
is another challenge. Studies have been conducted to understand practitioner perspectives
on risk management for biosolids [53], bioterrorism [54], unconventional gas extraction [55],
and the impact of COVID-19 on environmental and occupational health in buildings [56].
However, to the best of our knowledge, facility managers’ perspectives have not been
considered yet in building water quality management research. In a previous study,
we [9] investigated subject matter experts’ (SMEs) perspectives and available guidance
information for water quality management in large buildings. In this study, we focus on
existing water quality management practices in the United States through semi-structured
and structured surveys of those managing building water systems. We intend to highlight
the concerns of building water facility managers/practitioners regarding prevailing water
quality management practices and compare them with the currently available guidance.

2. Methods

Semi-structured interviews and online surveys were conducted to collect information
on critical issues of building water quality management. The information was then coded
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to develop a database on existing practices of water quality management in large buildings
in the United States. The process is represented by a schematic shown in Figure 1.
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Figure 1. Schematic of workflow for building water management practitioner phone interviews and
online surveys.

2.1. Interview Protocols

An interview protocol was developed based on critical issues identified during a
previous study [9]. The protocol contained questions under the categories shown in
Table 1. These categories included building characteristics, plumbing design, water quality
monitoring parameters, problematic features, management programs, and control measures.
The protocol was designed to carefully capture hot water temperature, one of the most
critical and easily measured parameters for controlling Legionella spp. growth [9,10,42].
Temperature monitoring at three critical points in the plumbing system—heater setpoint,
temperature in recirculation loop, and temperature at the faucet or point of use (POU)—
were included in the protocol. Time to tap was also included to assess the plumbing
hydraulic conditions [18]. The plumbing design-related issues included the presence of
a recirculation loop, water heater type, and presence of specific plumbing features. In
addition, building characteristics, interviewees’ backgrounds, guidance needs, etc., were
included in the protocol. The protocol for the phone interviews was developed initially.
A coding system was developed to categorize responses. Once several interviews were
coded, a structured survey instrument was developed to capture the information that was
being coded from the interviews. The structured survey was then used for subsequent
data collection, as it was more time-efficient for both investigators and participants and
greatly facilitated recruitment as participants did not need to schedule calls but could
self-administer the survey. Follow-up emails were sent to participants to collect any
missing information or clarification. A copy of the structured protocol is provided in the
Supplementary Information.
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Table 1. Major concerns regarding water quality management in buildings, and topics covered within
each of them, in the interview protocol.

Areas of Concern for Plumbing WQ Topics Covered

Building characteristics Building types (hospital, retirement homes/assisted
living facilities, high rise apartments, hotels, academic
institutions, commercial buildings, others); Greater or
less than 10 stories; Centralized hot water system
present or absent; Heater types (gas, electric, steam,
others); Return loop present or absent

Monitoring parameters Temperature at heater, faucet, return loop, distal tap;
Time to tap; Hardness; pH; Microbes; Disinfectant
residual; Others *

Problematic features Dead ends; Cold and hot water pipes running
together; TMVs; Grey water tanks; Cooling towers;
Centralized atomizers/misters; Seldom used areas;
Decorative fountains; Other water features; Hot tubs
(spas); Flexible shower hoses; Electronic faucets;
Return loop system; Heat recovery systems *; Solar
water heater *; Manifold system *; Splashing faucets *;
Laminar flow devices *; Other *

Control measures Return loop monitor/flush/treat; Water treatment at
sink or shower (softening, antimicrobial—UV, chlorine,
chlorine dioxide, copper/silver); Shower head
replaced/disinfected; Hoses drain to empty between
usages; Flushing performed in laminar flow devices *

Management plans Written plan for monitoring? Results archived?
Challenges in managing monitoring record? * Support
needed in managing records *

Guidance source Guidance from CDC, ASHRAE, EPA, State, City,
Utility, IPC, others (LEED, USGBC); Is additional
information source required? * Type of information? *

Demographic information Background—operation, design, or both;
Years of experience

* Topics elicited no responses from the online survey part of the interview, probably due to the technical nature of
these topics, and therefore were not considered for any further analyses.

2.2. Recruitment of Building Water Quality Managers

Approval for human research subjects for this study was provided by the Drexel Insti-
tutional Review Board (IRB ID# 1705005417). Building facility managers, superintendents,
and other practitioners responsible for water quality management in large buildings were
recruited and will be referred to as “facility managers” hereafter. The inclusion criteria
included practitioners managing buildings in the United States with centralized hot water
systems, including hospitals, retirement homes, rehabilitation centers, nursing homes,
hotels, residential communities, and other businesses. The objective of the study was to
identify common issues and approaches but not to seek to identify the precise frequency
of different issues in the national population. For this reason, a convenience sampling
approach was adopted. For semi-structured interviews, subjects were recruited via emails
and phone calls to contacts obtained from an internet search, referral-based (snowball)
recruitment, and queries of professional organizations of facility managers. For the online
survey, recruitment was conducted via contacting potential recruits directly on LinkedIn.
A small gift card (USD 25) was offered to participants who completed the survey.

2.3. Data Collection and Coding Responses

Interviews were conducted by telephone and lasted from 30 to 60 min. To establish
the consistency of the interview process, two interviewers generated their own set of
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interview notes. The interviewers coded the two sets of interview notes individually,
without consultation with the other set of notes, based on a pre-designed template. The
coded responses were then compared, and points of disagreement were discussed between
the two interviewers to reach a consensus and clarify how such instances would be coded
in the future. If required, facility managers were contacted to resolve any confusion or
clarification. After coding seven interviews with an inter-rater reliability of >80% on coding,
a single interviewer then coded the rest of the interviews.

While the open-ended interview format was helpful in orienting the investigators
to the general issues facing facility managers, a preliminary analysis of the results of the
interviews indicated that the analysis and presentation of results would focus on responses
to a number of structured questions, including monitoring practices, temperatures at
different locations (heater, tap, end of recirculation loop), and the presence vs. absence of
particular features (thermostatic mixing values, decorative fountains, etc.). Because this
information was readily obtained by a structured survey instrument, the remainder of the
data were collected using the online survey software program, Qualtrics (Provo, UT, USA).
The survey data were collected between March and June 2020. The survey questions and
options followed the coding template for phone interviews. These coded interviews and
surveys will be collectively referred to as “interviews” from this point onward; they were
stored in a database in a Microsoft Excel (v 16.33, Microsoft Corporation, Redmond, WA,
USA) spreadsheet and used for different analyses, as discussed in the section below.

2.4. Database Processing

Over 100 contacts were made for semi-structured phone interviews via emails and
phone calls, and 195 contacts were made for the structured online survey through LinkedIn
and emails. A total of 15 facility managers participated in the semi-structured phone
interviews and a total 34 facility managers responded to the Qualtrics survey. However,
some Qualtrics survey participants did not respond to enough prompts to be included in
the analysis. A threshold response level of 40% of the total questions was set for an online
survey to be considered as complete. Six survey responses were below this threshold level,
and hence were removed from the database.

Efforts were made to reconcile unrealistic or possibly erroneous responses by following
up with responders via email. If a response was not received, logical decisions were made
to address possible erroneous data points. Specifically, reported POU or recirculation
temperatures higher than the heater setpoint temperature were removed from the database.
Similarly, unrealistically low temperature values were thought to be reported in ◦C units
(i.e., 60 ◦C for heater setpoint temperature or 50 ◦C for recirculation loop temperature).
All such reported temperatures values below 70 were assumed in ◦C and were converted
to ◦F for correct representation in the database. Wherever a range of temperatures was
reported, it was replaced with the midpoint of the range. Decimal values that arose due
to unit conversion were converted to the nearest whole number. U.S. customary unit ◦F
for reporting temperature is generally popular among practitioners and used in guidance
documents in the plumbing industry in the United States. For the convenience of readers,
temperatures in both ◦F and standard ◦C units are reported after appropriate conversion to
the nearest whole number.

The time-to-tap response was coded into three categories- 1 for 0–30 s, 2 for 30–60 s,
and 3 for >60 s, corresponding to ranges that are recommended by different guidance
documents. Responses such as no delays, instantaneous, immediately, or very quickly were
coded as 1, while responses such as “takes not too long” were coded as 2. Buildings were
classified as high and low vulnerability based on the population served in the buildings.
Responses from hospitals and retirement homes/long-term care facilities were classified
as having high-vulnerability occupants, while the rest of the buildings were classified as
having low-vulnerability occupants. Buildings serving occupants of both vulnerability
classes were considered as serving high-vulnerability occupants.
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2.5. Statistical Analyses

Microsoft Excel was used for database management and summary statistic calculations.
All other statistical analyses were performed in the R programming language, version 4.0.2.
Statistical analyses were performed to determine the consistency of the data collected from
the two different methods, phone interviews and online surveys. The Shapiro–Wilk test
was performed to check the normality of the data. Independent-samples t-tests and non-
parametric Mann–Whitney U tests were performed for normal and non-normal datasets,
respectively. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Database Characteristics

The database included responses from 41 facility managers, 15 of them from telephonic
interviews and 26 from online surveys. The participation level (i.e., number of respondents
to the number of contacts made) in both methods of data collection was approximately 15%.
The median of the number of questions responded to by participants for the combined
database was 82%, with a median response value of 96% for the phone interview and
77% for the online surveys. Many participants (88%) were responsible either only for
operations or both the design and operations of the building plumbing systems, while
only 7% of the participants were responsible for design but not operations. The experience
of the participants in their field ranged from 1 year to 45 years. Seventeen (17) out of
41 participants (42%) were from buildings with high-vulnerability residents. The majority
of the buildings (93%) had centralized water heating systems and 85% had recirculation
systems. The types of water heating systems included gas, electric, and steam.

Table 2 shows results from the statistical analyses performed for four critical parame-
ters. The Shapiro–Wilk normality test shows that the setpoint temperature, recirculation
loop temperature, and time to tap are not normally distributed for the online survey groups
(p-values < 0.05). Only point-of-use temperature data have p-values > 0.05, and hence
normality is not rejected for both online and phone responses. These observations are
further supported by q-q plots (shown in Figure S1 in the Supplementary Information),
where outliers on tails are clearly evident, except for point-of-use temperature. For the
setpoint temperature dataset, the Mann–Whitney U test shows that the data from the phone
interview and online survey do not differ significantly (p-value = 0.776). Similar observa-
tions were obtained for the recirculation loop temperature (p-value = 0.338) and time to tap
(p-value = 0.890). These results indicate that the data from the two data collection methods
for both these parameters are not significantly different.

Table 2. Results of Shapiro–Wilk test for normality and independent-samples t-test and Mann–
Whitney U test of difference between phone and online survey results.

Factors

Shapiro–Wilk Normality Test Mann–Whitney U Test/t-Test *

Phone Online Survey

W/t *
sig.

(Two-Tailed,
α = 0.05)

Difference in
Median/Mean * (in

◦F/◦C)W Stats sig.
(α = 0.05) W-Stats sig.

(α = 0.05)

Setpoint Temp 0.910 0.138 0.899 0.0389 141 0.776 0.0

POU Temp * 0.947 0.550 0.918 0.0612 243 2.00 × 10−3 11.3/6

Recirculation
Loop Temp 0.956 0.782 0.889 0.0447 44.0 0.338 −10.0/−6

Time to Tap 0.720 8.89 × 10−4 0.772 1.06 × 10−4 152 0.890 −1.0/−1

* Mann–Whitney U test used for all except POU temperature, for which a t-test was used. Value shown is phone
survey minus online survey.

On the contrary, the independent t-test results for point-of-use temperature for the two
different data collection methods are statistically significant (p-value = 0.002, i.e., <0.05).
These observations indicate that the data for the temperature at the faucet are significantly
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different between the two data collection methods. Given that the results are not intended
as a representative sample, differences among methods of data collection are not funda-
mentally a concern. However, this does reinforce that the sample collection methodology
may influence the results, and the percentages found here should not be interpreted as
representative of all buildings.

3.2. Water Quality Monitoring, Management Plans, and Control Measures

Table 3 shows the percentages of the facility managers responses to questions related to
building water quality monitoring, management plans, and control measures in buildings
with low- and high-vulnerability occupants. The highest number of responses was recorded
for temperature monitoring at different points of the plumbing. The results show that
greater than 80% of the buildings were monitored for water heater setpoint temperature,
temperature at faucet, and time to tap. The return loop temperature was relatively less
frequently monitored (~60%) and the distal point temperatures were even less frequently
monitored (only 20–35%). The chemical parameters, pH and hardness, were monitored
in only ~20% of the buildings and, more surprisingly, residual disinfectant, one of the
most critical parameters for microbial control, was monitored in a single-digit percentage
of the buildings, i.e., 6% and 4% for high- and low-vulnerability buildings, respectively.
On the other hand, microbial monitoring was reported in a higher percentage of the
buildings (~40%). In general, the percentages of each parameter monitored in buildings
with both low- and high-vulnerability occupants were similar, except for temperature at
distal tap, where the percentage of high-vulnerability buildings monitored was significantly
higher (Table 3).

Table 3. Percentage responses of facility managers to building water quality monitoring, management
plan, and control measure issues.

Monitoring Parameters Management Plan Control Measures

Parameters Low
vuln.

High
vuln. Parameters Low

vuln.
High
vuln. Parameters Low

vuln.
High
vuln.

Temp. at
heater setpoint 88% 82% Written plan 29% 59%

Return loop moni-
toring/flush/treat

54% 59%

Temp. at
faucet/POU 88% 94% Results archived 21% 47%

Temp. at
return loop 67% 59%

In
fo

rm
at

io
n

so
ur

ce

CDC 4% 18% Water treatment at
sink/shower

33% 59%

Temp. at distal tap 21% 35% ASHRAE 25% 6%

Time to Tap 92% 88% EPA guidance 4% 18% Shower head re-
placed/disinfected

25% 29%
Hardness 25% 24% State guidance 13% 29%

pH 25% 24% City guidance 21% 12% Self-draining
showers

33% 65%
Microbes 38% 41% Utility guideline 0% 6%

Residual
disinfectant 4% 6% IPC 21% 12%

Others 13% 12% None 8% 0%

A written management plan was available for 59% and 29% of the high- and low-
vulnerability buildings, respectively, and only 47% and 21% of them in the respective
category archived the results (Table 3). A variety of information sources were used by
facility managers for managing their plumbing systems, including guidance from the CDC,
ASHRAE, IPC, and city, state, and federal agencies. No one particular guidance was used
predominantly, with ASHRE guidance used the most (25%) in low-vulnerability buildings
and state guidance used the most (29%) in high-vulnerability buildings (Table 3). A little
more than 50% of both types of buildings reported monitoring/flushing/treating their
return loop. On-site treatment for sinks/showers, including adding softener and antimicro-
bial agents (chlorine, UV, etc.), was performed in only 33% of low-risk and 59% of high-risk
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buildings. More specifically, for showers, one of the most critical plumbing components for
Legionella spp. proliferation, head replacement/disinfection were performed in 29% and
25% of high- and low-vulnerability buildings, respectively. Self-draining showers were
present in 65% and 33% of high- and low-vulnerability buildings, respectively (Table 3).

3.3. Temperature Monitoring

Among the completed interviews and surveys (N = 41), > 90% of the participants
responded to at least one of the temperature questions. Temperatures for the water in
premise plumbing were recorded at three locations—water heater setpoint temperature,
hot water temperature at faucet or point of use (POU), and water temperature at the end
of the recirculation loop. Summary statistics of these important temperature data from
the interviews are shown in Table 4. The median water heater setpoint temperature was
130.0 ± 21 ◦F (55 ± 12 ◦C) (N = 35), with a range from 105 ◦F (41 ◦C) to 192 ◦F (90 ◦C).
Follow-up with a facility manager from hospitals indicated that higher temperatures were
used for appliances, such as in laboratories and dishwashers, and the temperatures of
water for potable or other direct human contact purposes were controlled by thermo-
static mixing valves. The median setpoint of 130 ◦F (55 ◦C) is lower than the recom-
mended guidance value of 140 ◦F (60 ◦C) for OPPP control by five standard guidance
documents [12,18,19,22,38] (Table 4). Similarly, the median POU temperature was 110 ◦F
(43 ◦C) (N = 36, range of 90–128 ◦F (32–53 ◦C)), which closely matches the 110 ◦F rec-
ommendation for protection against scalding [19,43] but is more than 10 ◦F (6 ◦C) below
the recommendations for OPPP control, i.e., 122–124 ◦F (50–51 ◦C) [16,22]. Finally, the
median recirculation loop temperature was 110 ◦F (N = 24, range of 90–179 ◦F (32–82 ◦C)),
which is again approximately 10 ◦F (6 ◦C) lower than the standard recommendation, i.e.,
122 ◦F (50 ◦C) [16,22]. The median maximum temperature loss in building plumbing
(i.e., the difference between setpoint temperature and recirculation loop temperature) was
13 ◦F (7 ◦C) (N = 22), which is more than the recommended guidance of <9 ◦F (5 ◦C) [57]
(Table 4). However, the temperature losses ranged between 0 and 45 ◦F (0–25 ◦C), which is
significantly outside the previously reported values between 6.5 and 29.3 ◦F (4–16 ◦C) by
Bedard et al. (2015) [10] for a 10-storey children’s hospital building plumbing system.

Table 4. Summary statistics of the temperatures recorded during interviews at different locations in
premise plumbing.

Parameters Interview Response
◦F (◦C)

Buildings in
Compliance

Total (Low Vuln.,
High Vuln.)

Guidance for Microbial
Control (Except as

Noted) ◦F (◦C)
or Seconds.

References

Water Heater Set
Point Temp

N = 35

37% (33%, 43%) ≥140 (≥60)
OSHA, 1996 [12] CDC, 2003
[38] WHO, 2007 [20] EGWG,
2017 [22] NASEM, 2020 [18]

Median = 130 (54)
Range = 105–192 (41–89)

St. Dev. = 21 (12)

Point-of-Use or
Faucet Temperature

N = 36 47% (52%, 40%) <110 (<43)
(To control scald risk)

WHO, 2011
IPC, 2015 [43]Median = 110 (43)

Range = 90–128 (32–53) 94% (90%, 100%) <122–124 (<50–51)
To control scald risk

DVA, 2014 [16]
EGWG, 2017 [22]St. Dev. = 11 (6)

Recirculation Loop
Temperature

N = 24

25% (27%, 22%) ≥122 (≥50) WHO 2007 [19]
EGWG 2017 [22]

Median = 110 (43)
Range = 90–179 (32–82)

St. Dev. = 20 (11)

Temperature Loss in
Plumbing (Set Point—

Recirculation Loop)

N = 22

26% (39%, 15%) <9 (<5) ASPE, 2008 [57]Median = 13 (7)
St. Dev. = 12 (7)

Hot Water Temperature
Time to Tap

0–30 s
31–60 s
>60 s

(N = 18; 49%)
(N = 9; 24%)
(N = 10; 27%)

73% (73%, 73%)

122–131 ◦F (50–55 ◦C) at
POU in 60 Sec EGWG, 2017 [22]

≥131 ◦F (≥55 ◦C) at
distal point in 60 Sec NASEM, 2020 [18]
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Time to tap (an indicator of the flow hydraulics as discussed in the Introduction) was
<30 s for 49% of the buildings (N = 37), which complies with all three guidance documents
considered here [18,22,58]. Time to tap was between 30 and 60 s for 24% of buildings,
which complies with two [18,22] of the three guidance documents. Therefore, a total 73% of
buildings were in compliance with at least two of the three guidance documents (Table 4).
The remaining buildings (27%) had a time to tap > 60 s, which exceeds the recommended
value of all three guidance documents. The percentages of time-to-tap-compliant buildings
were the same (73%) among the high- and low-vulnerability buildings as well.

Plots in Figure 2 show temperature data with reference to the recommended temper-
atures from guidance documents. The POU temperatures are plotted against the water
heater setpoint temperature for different time-to-tap intervals for the points where ob-
servations for all three parameters were available (N = 30) (Figure 2A). Similarly, POU
temperatures were also plotted against return loop temperatures for different vulnerability
populations for the points where observations for those three parameters were available
(N = 24) (Figure 2B). Each data point on these plots represents paired temperature values
from the same plumbing system. For both plots, increasing values along the x-axes indicate
an increase in scalding risk and increasing values along the y-axes indicate decreasing
plumbing pathogen risk—in particular, Legionella spp. The solid vertical lines on both plots
at 122 ◦F (50 ◦C) represent the risk threshold against scalding as per two guidance docu-
ments [16,22]. The dotted vertical lines at 110 ◦F (43 ◦C) represent the scalding threshold
as per International Plumbing Code guidance [43] and one other guidance document [20],
which are applicable to buildings including hospitals and long-term care facilities. The
horizontal line on the left plot at 140 ◦F (60 ◦C) (Figure 2A) represents the recommended
setpoint temperature, and the horizontal line on the right plot at 122 ◦F (50 ◦C) (Figure 2B)
represents the recommended hot water temperature in the plumbing system/return loop
for control of Legionella spp. growth.

The data points in the lower right quadrants of the plots in Figure 2 have the highest
risks for both OPPPs and scalding (heater set point for Figure 2A/return loop temperature
for Figure 2B are below recommended values for OPPP control, while POU temperature is
above scald risk guideline). The data points in the upper left quadrants would have the
most favorable situation, with lower risks for both scalding and OPPPs in the water system
(POU temperature is below scald risk guideline and water temperature setpoint/return loop
temperatures are above the level recommended for OPPP control). Sites in this quadrant
(i.e., those that meet the guidance for OPPP control) might have OPPP growth downstream
from the heater or recirculation loop, if temperature losses in the distribution system result
in a temperature favorable to OPPP growth (roughly < 120 ◦F (49 ◦C)).

Only a small fraction of the data points in Figure 2A are in compliance with the
recommended guidance for the setpoint temperature of 140 ◦F (60 ◦C), i.e., above the
horizontal line (Figure 2A, Table 4). On the other hand, nearly all plumbing systems (94%)
are in compliance with the less protective scalding guideline of <122 ◦F (50 ◦C), and a
significant number of them (47%) are below the more protective guideline of 110 ◦F (50 ◦C),
i.e., left of the corresponding vertical lines (Figure 2A, Table 4). More than two thirds
(N = 30) of the data points in Figure 2A are in the lower left quadrant of the plot (i.e.,
left of the high-vulnerability scald threshold line and below the setpoint line), indicating
that there is low to no scald risk in these building plumbing systems, but they are not
in compliance with guidance for the water heater setpoint temperature and are therefore
prone to Legionella spp. growth risk. Furthermore, the points with a shorter time to tap
may be less prone to Legionella spp. growth owing to their short pipe runs and good
hydraulic flow balance. In total, more than 60% of the buildings are in violation of the
setpoint temperature guidance of > 140 ◦F (60 ◦C) and roughly 30% are in violation of the
recommended flow hydraulics, i.e., time-to-tap values > 60 s (Table 4).
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Figure 2. POU temperature plotted against (A) water heater setpoint temperature (marker type
shows time to tap) and (B) return loop temperature (marker type shows occupant vulnerability).
The vertical lines represent temperature threshold lines for safety against scalding at 110 ◦F (43 ◦C)
(dotted) and 122 ◦F (50 ◦C) (solid). The horizontal lines correspond to temperature guidance for
control of premise plumbing pathogens (i.e., Legionella spp.) at 140 ◦F (60 ◦C) for setpoint (A) and
122 ◦F (50 ◦C) for return loop (B).

Data points in Figure 2B also show trends similar to those in Figure 2A, with the
majority of data points in the lower left quadrant of the plot. Nearly three quarters
(N = 24) of the plumbing systems have a return loop temperature below the recommended
temperature of 122 ◦F (50 ◦C), and nearly 80% of high-vulnerability buildings were not
in compliance (Table 4). Compliance with scald guidance was much better, with 90%
and 100% in compliance with <122 ◦F (50 ◦C) scald guidance for buildings with low- and
high-vulnerability occupants, respectively. The respective compliance values were 52% and
40% when compared with <110 ◦F (43 ◦C) scald guidance (Table 4, Figure 2).

3.4. Potentially Problematic Features in Building Plumbing Systems

Figure 3 shows the frequency of 10 features identified as potentially problematic
in previous research [9] for systems with high- and low-vulnerability occupants. TMVs,
electronic faucets, flexible shower hoses, and hot and cold water running together (such that
the hot water cools and the cold water warms until one or both reach favorable temperatures
for OPPP growth) are some of the most sensitive spots for water quality, particularly for
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high-vulnerability buildings, where 35% or more have one of these features. The TMV
percentage in Figure 3 shows the combined frequency of a single centralized TMV after
the water heater and TMVs at individual fixtures. TMVs were more commonly reported to
be at individual fixtures rather than a centralized TMV after the water heater. The TMVs
at individual fixtures were reported at 41% and 17% of the high- and low-vulnerability
buildings, respectively, and corresponding percentages for centralized TMVs were 6% and
13%. Other potentially problematic features included cooling towers and return loops.
Furthermore, the frequencies of problematic spots were generally higher in buildings with
high-vulnerability occupants compared to buildings with low-vulnerability occupants,
except for cooling towers and seldom-used fixtures, which were reported more frequently
for buildings with low-vulnerability occupants.
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Figure 3. Frequency of different features in building plumbing systems identified in facility
managers’ survey.

4. Discussion

Given the lack of definitive guidance on various issues in building plumbing systems
and sometimes even a lack of scientific basis [6,9], it is challenging to select and effectively
implement appropriate guidance. Results from this study indicate that the hot water
temperatures in a large number of building plumbing systems are not in compliance
with guidance for the control of Legionella spp. Both median temperature values for the
heater setpoint (130 ◦F ± 21 ◦F (54 ◦C ± 12 ◦C)) and recirculation loop (110 ◦F ± 20 ◦F
(43 ◦C ± 11 ◦C)) are at least 10 ◦F (6 ◦C) lower than the corresponding recommended
values of ≥140 ◦F (60 ◦C) [12,18,19,22,38] and ≥122 ◦F (50 ◦C) [19,22], respectively (Table 4).
The median POU/faucet temperatures (110 ◦F ± 11 ◦F (43 ◦C ± 6 ◦C)) do not provide
protection against Legionella spp. growth but do protect against scalding, even for long-
duration exposures, and are recommended by some of the guidance for buildings with
vulnerable populations [20,43] (Table 4). However, this POU temperature is more than
12 ◦F (7 ◦C) below the guidance recommended for OPPP control [16,22].

Nearly two thirds of the buildings have a water heater setpoint temperature below
the recommended value for OPPP control of 140 ◦F (60 ◦C), of which nearly one third are
simultaneously in violation of time-to-tap guidance of < 60 s [18,22] (Figure 2A). Similarly,
three quarters of the buildings do not comply with the required return loop temperature
≥122 ◦F (50 ◦C), and, even more worryingly, a higher percentage of high-vulnerability
buildings (nearly 80%) are not in compliance (Table 4). On the contrary, significantly higher
percentages of buildings (>85%) are in compliance with the general scalding risk guidance
(<122 ◦F (50 ◦C)) [16,22] and nearly two thirds of the high-vulnerability buildings are
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in compliance with the more stringent scalding risk guidance of <110 ◦F (43 ◦C) [20,43]
(Figure 2B).

The above observations indicate that the prioritization of scalding risk over Legionella
spp. growth risk is common. As a result, there is potential for Legionella spp. growth
in building plumbing systems in the US, particularly in free chlorine systems, where
little residual persists in hot water systems [59]. This is confirmed by the high frequency
of Legionella spp. detection in building plumbing systems [27–31], including hospitals
and other high-vulnerability buildings, and increasing Legionnaires’ disease cases in the
United States [18,51,60–64]. Considering the high risk associated with Legionnaires’ disease
and other water-borne diseases due to contaminated building plumbing systems [65–70],
which has become more pronounced in partial or complete shutdown scenarios such as
during the COVID-19 pandemic [6,7,50,71], it is critical to develop better temperature
management plans.

A recent National Academy of Science, Engineering, and Medicine report on Legionella
spp. management in premise plumbing [18] summarizes the comparison of Legionella spp.
and scalding risk at different temperatures. As per this report, 110 ◦F (43 ◦C) causes nearly
no scald risk (i.e., several mins of exposure, >35 min, is required to cause first-degree
burns [18]) but high Legionella spp. growth potential. In contrast, 120 ◦F (49 ◦C) may cause
a low to moderate scald risk (i.e., first- and second-degree burns for exposures > 1 min and
> 5 min, respectively [18]) and a moderate to very low Legionella spp. risk. Considering
these factors, it may be argued that 110 ◦F (43 ◦C) at the point of use may be considered
applicable only to buildings where occupants may not be able to remove themselves from
scalding water. For all other types of buildings where occupants are capable and able to
avoid prolonged exposure to hot water, 120 ◦F (49 ◦C) may be considered an acceptable
temperature at the point of use. For buildings where the point-of-use temperatures must
be kept below 110 ◦F (43 ◦C) to protect occupants against scalding, the risk of Legionella
spp. and other pathogen growth should be mitigated by other controlling factors, such
as maintaining the minimum residual concentration, low residence time (flushing), good
hydraulics (low time to tap), use of appropriate plumbing materials, aerosol control, or
combinations of these factors.

Regular monitoring of plumbing systems is recommended to ensure that water quality
parameters are within the guidance limits, and it also helps in identifying unanticipated
changes in plumbing systems that can be potentially hazardous for human health [18].
However, though direct Legionella spp. monitoring in building plumbing systems is one of
the most essential parts of water quality management practices in Europe and elsewhere,
no federal regulations are applicable for the US, and the available directives/standards
are inconsistent [16,17,23,24]. Temperature monitoring is one of the most prevalent and
effective ways of controlling Legionella spp. growth in premise plumbing in the US [2,9,22].
The monitoring data from this study show that while high percentages of buildings (>80%)
were monitored for setpoint and faucet temperatures, significantly lower percentages of
return loop (<67%) and distal tap (<35%) temperatures were monitored (Table 3). This
indicates a lack of attention to monitoring critical plumbing points that make buildings vul-
nerable to Legionella spp. growth. Other than the temperature and microbes, the parameters
recommended for monitoring for water quality control include disinfectant residual, pH,
and hardness (although hardness is generally more relevant to the effectiveness of soaps
and detergents than to health issues). These parameters were measured in even much
lower percentages of buildings (25% or lower) (Table 3), which may have been because
of the complexities of the methods/techniques required and/or a lack of training/skills
among facility managers.

The problematic features in building plumbing systems are commonly characterized
by one, or a combination, of the four common themes—high water age, lukewarm tempera-
tures, materials that support microbial growth, and/or mist/droplet formation. The poten-
tial to produce lukewarm water is a concern for the top six problematic features identified
in this study (Figure 3). Three of these top six problematic features, i.e., TMVs, electronic
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faucets, and flexible shower hoses, have another common problematic aspect, which is the
potential for materials to be used that can promote microbial growth [18,20,45,46]. The ben-
efits and risks associated with the use of thermostatic mixing valves (TMVs) are still unclear
in guidance documents as well as the scientific literature. TMVs have been associated with
the growth of Legionella spp. [46,72]. The use of TMVs and electronic faucets in high-risk
buildings requires the use of microbial-growth-resistant materials for the internal parts of
these plumbing elements [18,22,38]. Nonetheless, some of the high-vulnerability buildings,
particularly hospitals, in this study have used them extensively and have demonstrated
their effectiveness with negative Legionella spp. monitoring.

The CDC toolkit [73] recommends having a water management program for high-
risk buildings. However, the results in this study show that a low percentage of high-
vulnerability buildings have written management plans (59%), and this number is even
lower for low-vulnerability buildings (29%). No one guidance document came across
as a favorite in this study (Table 3). This may indicate that no one guidance document
provides all the information that is applicable to all complex building plumbing scenarios.
Instead, multiple documents need to be consulted. For example, ASHRAE 188 [74] does not
provide details and specifics of managing building water quality (i.e., temperature, residual,
monitoring frequency, etc.) but provides a general framework. The CDC’s toolkit [73]
provides guidance on how to implement ASHRAE 188 standards. This highlights the
necessity for developing an evidence-based guidance document that is free from gaps and
resolves conflicts among the documents. An effort by the National Academy [18] was
found to provide close to a comprehensive view on the management of Legionella spp. in
building plumbing systems [9].

Considering that showers are one of the most high-risk spots for Legionella spp. because
they enable water aerosolization and therefore contribute to transport of OPPPs to hosts,
facility managers were specifically asked about preventive maintenance actions related to
showers. For high-vulnerability buildings, 65% reported having self-draining hoses present
and 29% reported frequent replacement/disinfection of shower heads. Only 29% did
not have either of the two control measures for showers. For low-vulnerability-occupant
buildings, these control measure percentages were even lower, as 54% did not implement
either. Less than 60% reported any monitoring/flushing or treatment in place, although
it is difficult to assess how many really need such actions (how many have stagnant
zones in their systems). Only a small fraction of these buildings (13% high- and 12% low-
vulnerability) simultaneously fail to have monitoring/flushing/treating and recirculation
loop temperatures in compliance (>122 ◦F (50 ◦C)).

Even though two separate methods were used for data collection in this study, the
non-parametric Mann–Whitney U test on the three temperature variables (i.e., heater
setpoint temperature, recirculation loop temperature, and time to tap) indicated that the
differences in the data collected from the two data collection methods were not statistically
significant (p > 0.05). On the other hand, differences in the water temperature at the faucet
did differ, with phone interview results being 11.3 ◦F (6 ◦C) higher than online survey
results. Overall, both groups showed temperatures closer to protection from scalding rather
than microbial growth (phone interview median = 114.4, online survey median = 103.1).
Measuring the faucet temperature may have various sources of ambiguity, including faucet
distance with respect to water heater, presence of TMVs, and the time elapsed between
the faucet opening and temperature measurement. The phone interviews provided the
opportunity to explain these ambiguities in more detail in comparison to on-line surveys.
In addition, the difference in recruiting methods may have affected the type of respondent
in some manner.

Recruiting a large number of participants in such a study that requires a certain level of
technical expertise and experience is difficult and is one of the limitations of this study. One
of the factors behind the lower participation of the facility managers in this study can be
attributed to their concerns about identity disclosure, given the potential non-compliance
of their buildings, even though they were assured of confidentiality. The time required
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(30 min or more), particularly for the phone interviews, may have been another reason for
difficulties in recruiting. Therefore, an online survey method was adopted for the later part
of the study, which was found to be a more effective approach for data collection because
of the ease of reaching out to many potential participants in a shorter time-frame. At the
same time, incomplete survey response was one of the issues discovered in the online
surveys, which was mitigated by requiring responses to at least 40% of questions, including
the critical temperature questions, for inclusion in the study. Another limitation of this
study is the inability to verify some of the reported data with facility managers. Reasonable
corrections were made in such cases, which are described in the Methods section in detail.

Research on managing water quality in large buildings has been receiving more and
more attention in recent years, particularly because of extended closures due to COVID-19.
Extended building closures have resulted in issues of enormously large water stagnation
times in building plumbing systems and hence the risk of microbial contamination of
the building water system. While attention is focused on studying improved strategies
for flushing, pipe materials, etc. [75], studies focusing on the implementation of water
quality measures by building facility managers and practitioners, such as in this study, are
rare. More research on developing consistent accepted guidance that is based on scientific
evidence and focuses more on monitoring problematic spots is required. Even more critical
is evaluating and developing better training and resources for the professional development
of the facility managers. Developing strategies for controlling Legionella spp. and other
OPPPs’ growth should be prioritized via reducing stagnation times, maintaining residual
concentrations, and ensuring balanced hydraulics. Developing guidelines specifically
focusing on training and helping building facility managers, such as the recent frameworks
developed by AWWA [76] and CDC [77] for responding to prolonged stagnation due to
reduced or no water use, such as during COVID-19, or a decision support tool that provides
on-demand tailored guidance as per building-specific needs [78], is very critical in handling
water quality challenges in buildings.

5. Conclusions

This manuscript presents an assessment of the current water quality management
practices in building plumbing systems in the United States through building facility man-
ager interviews and thereby highlights the environmental and health risks related to water
quality in buildings. The interview results indicate that the current hot water manage-
ment practices are aligned more with preventing scald risk than controlling OPPPs, which
may explain the constantly increasing Legionnaires’ disease burden in the United States.
Nearly two thirds and three quarters of the buildings surveyed in this study do not comply
with the common temperature guidance for opportunistic pathogens control for water
heater setpoint (≥140 ◦F (60 ◦C)) and recirculation loop (≥122 ◦F (50 ◦C)), respectively,
which are more than 10 ◦F (6 ◦C) below the recommended values, and the temperature
loss from the water heater to the tap does not comply with the recommended guidance
value (<9 ◦F (5 ◦C)) in three quarters of the buildings. Further, a large number of build-
ings lack critical management strategies for controlling opportunistic premise plumbing
pathogens, e.g., 33% fail to monitor the recirculation loop temperature, 70% fail to disinfect
or replace shower heads on an annual basis, 40% do not have a written management
plan, and only less than 10% monitor for residual levels and microbial quality. Based
on the poor state of building water quality management practices and lack of strategies
to deal with them, coupled with highlighted concerns regarding water quality deterio-
rations due to extended closures of buildings, such as during the COVID-19 pandemic,
this manuscript recommends developing formal training guidelines for facility managers.
The areas of concern identified here can inform policy development by regulators and
professional societies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14040663/s1, Figure S1: Q-Q plots for facility managers interview

https://www.mdpi.com/article/10.3390/w14040663/s1
https://www.mdpi.com/article/10.3390/w14040663/s1
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data collected for setpoint temperature (top left), point of use temperature (top right), recirculation
temperature (bottom left), and time to tap (bottom right).
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