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— bullt environment



Premise Plumbing: why premise plumbing?

Premise plumbing (PP) includes that portion of the drinking water distribution
system (DWDS) connected via the service line to houses and other buildings.

Home Owner:
Water Heater Temperature
Water Use Patterns
Pipe Types
Treatment Devices

.| Chlorine Residual

Distribution System Maintenance

“*Public health data shows that a
significant fraction of the nation’s
waterborne disease outbreaks are
attributable to PP systems.

It is important to understand the
characteristics of these systems which
amplify the potential public health
risk relative to the DWDS.




Built Environment: Opportunistic Premise Plumbing Pathogens (OPPPs)

Legionella Mycobacterium Pseudomonas spp.

Legionella pneumophila Mycobacterium avium Pseudomonas aerugmosa
10000 Reported cases of Legionnaires’ * Waterborne illness caused by * Over 140 different species of
| disease in the USA have grown nontuberculous mycobacteria pseudomonas.
by nearly nine times since 2000. (NTM) cost nearly $1.8 B for in-

* P. aeruginosa and P. maltophila are
associated with 80% of human
infections.

patient and out-patient treatment in

5,000
2010 Thomson et al, 2015.

Cases

* Pulmonary NTM infections in the US
0 are typically caused by M. avium and

2000 Vear > 2018 M. intracellulare.

* P. aeruginosa is most often found in
POU areas, such as faucets, drains,
and showerheads. Mena and Gerba, 2009

National Notifiable Diseases Surveillance System (CDC)
https://www.cdc.gov.

Current Opinion in Biotechnology 2006, 17:297-302
e



U.S. EPA Regulation and Guidance for Legionella

» Legionella pneumophila caused the most drinking water outbreaks relative to other
water-associated pathogens in the U.S.

Legionellosis Cases and Incidence Rates

o Legionnaires’ disease (LD) incidence has risen steadily o in the United States, 1976-2019 i,
from 0.48 cases/100,000 people during 1992-2002 to 10,000 — Caseno. Incidence rate .
2.71 cases/100,000 people in 2018 %000 40
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o The CDC reported the highest hospitalization and death
rates associated with LD amongst 7.15 million
waterborne infectious disease cases

Case numbers

(uogendod ppp*001 1od sased) aduapoug

« Contaminant Candidate List 3, 4 and 5: L. pneumophila 2000 10
1,000 = 0.5
0 N 0.0
« Surface Water Treatment Rule (6% S 5 D P P S D S S DD O
PIFFFFFIIFTIIFTTF TS T
o Ma‘Ximum Contaminant goal for Legione”a: Z€ero *National Notifiable Diseases Surveillance System Graph credit to Helen Buse, U.S. EPA

o Require disinfection and for most systems, filtration
o Disinfectant residual monitoring at entry point and in distribution system

* No regulation and monitoring of microbes beyond the meter

Benedict et al., 2017; Collier et al., 2021; Barskey et al., 2022



Legionella Occurrence In Engineered Environments

Treatment Facility Buildings/Homes
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Legionella Control in Premise Plumbing

» Keep hot and cold water lines at temperatures outside growth range of 25-45°C
* Heat shock: temporarily elevating the temperature at 60-70°C

Temperature Control

* Flushing has been shown to lower Legionella levels in drinking water

Manage Hyd rau I |CS » High flow and turbulence can reduce biofilm formation

* There is no consensus on the optimal flushing frequency to prevent Legionella

* Maintaining a disinfectant residual has demonstrated some degree of efficacy
towards management of Legionella

Disinfection

* Each pipe material influences water chemistry and shapes the biofilms that
colonize the plumbing in a unique manner

Plumbing Materials

Managing the Distal » Small diameter piping in the distal portion, maximizing water circulation, and
minimization of surface area

Portion Of the P|Umb|ng * Use of point of use devices

National Academies of Sciences, Engineering, and Medicine, 2020; U.S. EPA, 2016




Manuals and Guidance of Legionella Control in Large Buildings

CONSENSUS STUDY REPORT

............

Technologies for Legionella Control in Premise
Plumbing Systems:
Scientific Literature Review

Management of

U.S. EPA, 2016

in Water Systems

ANSI/ASHRAE Standard 188-2018
(Supersedes ANSUASHRAE Standard 188-2015)
Includes ANSUASHRAE addenda listed in Annex D

€gionellq

Legionellosis:
Risk Management for
Building Water Systems

ASHRAE 188 Standard

in Building Water Systems

National
Academies of
Sciences,
Engineering,
and Medicine,
2020

anediﬁm y

CDC, 2021

506G

Developing a Water Management
Program to Reduce Legionella
Growth & Spread in Buildings

A PRACTICAL GUIDE TO IMPLEMENTING
INDUSTRY STANDARDS

June 24, 2021




Guidance Lacking in Legionella Control in Residential Homes

Hydraulic Management
No consensus on flushing frequency and protocol
Temperature Control
Increase water heater set point to 60-70°C
Switch to tankless, gas water heaters
Distal Devices
Cleaning of water heaters, showerheads, and faucet aerators
Use of point of use devices
* Lack of data to guide homeowners to control Legionellain a
contaminated home

Freije, 2010; Masters et al., 2018; Rhoads et al., 2020; National Academies of Sciences, Engineering, and
Medicine, 2020; ASHRAE 188 Standard



Case study 1 - Premise Plumbing: objectives

This project was aimed at characterizing microbial water quality
using molecular technology and its applicability for assessing
treatment performance in a simulated home plumbing system.

Obj1: Monitoring three major OPPPs and two phagocytic amoebae
using gPCR

Obj2: Investigating microbial communities and metabolic functional
profile of bulk water and biofilms using a metagenome and next
generation seqguencing technology



Model Home Apparatus

Washer F4 F3 F2 Shower F1
Toilet
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ipe Point -Top Dishwasher
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Located at the Andrew W. Breidenbach Environmental Research Center, Cincinnati, OH




Model Home Apparatus
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Water Heater
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Model Home Simulated Activities

Baseline Post Stagnation ‘ PostDrainl | PostDrain 2 ‘
N ) | |
10-day vacation Partial water Water heater drain
draw down T
Start 1 — End
N N N N N
A(L& e S \f@q’ Rl
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Simulated Activities



HPS Sampling

Sample Filtering

DNA Extraction

I —>

— >

cw

13 qPCR assays
(targeting OPPPs)

Microbial Analysis: molecular analyses

DNA Sequencing

lllumina '/ Pacbhio l

Short reads Long reads

l l

Taxonomy and Functions

Taxonomy




Water Sampling & Microbial Analysis

Samples Protocol Targeted Species
10 mf? k 39 °C Culturable L
Leaiolert - acket S uiturable L.
g sample 9‘\.'mL_> 7 days MPN/10 mL oneumophila
] Heterotrophic
Plate Count qoo uL 28 °C Ccf“’?t Sub-population of
(R2A agar) Spread 7 days i heterotrophs
CFU/10 mL P
Buff d filter TmL-50mL 350C Observe
uffere , ° h : Count
Charcoal r\ _— ?raor\]/(\;t COhformatlon} Colonies CUltUI'ab|e L
— Yeast 5-7 days Identlfxi serotype ~ CFU/10 mL pneumophila
suspec
EXtI'aCt Agar Membrane Co|opnies
(BCYE) Filtration
| OPPPs
Molecular DNA extraction qPCR Microbial communities
. Analyses oy Next-gen sequencing  Metabolic functional profile




Results - Prevalence of three major OPPPs

L. pneumophila Mycobacteria P. aeruginosa

Mycobacterium spp. P. geruginosa-ecfx
L. pneumophila sgl

—
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Log(g
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(86%, 187 positive out of 217) (94%, M. intracellulare — 67%) (22%, 48 positive out of 217)



F1: Potential growth of L. pneumophila
within phagocytic amoeba

L. pneumophila sgl Vermamoeba vermiformis
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Amoebavs. L. pneumophila

Vermamoeba vermiformis, log(gc/mL)
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Correlation (Spearman’s rho)
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Amoeba vs. Mycobacterium spp.

Vermamoeba vermiformis, log(gc/mL)
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(Spearman rho=0.57, p<0.05)

Mycobacterium spp., log(gc/mL)




Case study 1 - Summary

v'L. pneumophila were the most prevalent pathogen (86%), followed by M.
Intracellulare (67%) and P. aeruginosa (22%).

v'Faucet 1 had a relatively high concentration of L. pneumophila and the highest
detection of V. vermiformis. This suggests the potential growth of L. pneumophila
within the phagocytic amoeba.

v"Mycobacterium spp. were detected in all hot- and cold-water locations with
consistently high levels over the entire sampling period, indicating that
mycobacteria were very persistent in the chlorinated water of this system.

v Microbial community is highly diverse with evidence of spatial and temporal
structuring influenced by environmental conditions.

v gPCR and sequencing methods proved to be an effective way to quantify the
change in pathogen numbers and to monitor the microbial population in the HPS
as different treatment methods are applied.
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2. Microbial disinfection by UV-LED



Germicidal Ultraviolet
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» UV can be subdivided into several categories, including UV-A, UV-B, UV-C, and vacuum UV.
» The 200 — 300 nm of UV is absorbed by the DNA, RNA, or protein of microorganisms, which breaks bonds in

an organism’s genome and structure. -



UV Water Disinfection

Source: https://www.cincinnati-oh.gov/water/news/gcww-launches-uv-treatment-facility/

» Effective against bacteria, viruses, and protozoa (Cryptosporidium and Giardia).

» No know chemical byproducts (e.g., carcinogenic DBPs), No residual chemical disinfectant.

» Emerging UV technology: Mercury-free UV-Light Emitting Diodes (UV-LEDS).




Design Flexibility and Point-of-Use (POU)

L
\j © Crystal IS, Inc.

Source: https://www.aquisense.com/ Source: https://acuvatech.com/ Source: https://www.klaran.com/

» UV-LED POU devices are ideal for small water disinfection systems. -




Decentralized Water Disinfection System

Point-of-Use Point-of-Entry (small) Public Water Systems
R A K& A

~ 1 Irrigatio
L\ T il
From From =
Distribution Distribution
System POU device System POE installation )
under kitchen sink with its ::E:;{::I:Z all:ew:ézgeprlor
Wi Separaie Tap: Source: EPA 815-R-06-010 '

Source: Jarvis et al., Water, 2019

» The UV-LED decentralized water disinfection system can improve public health in rural communities. -




Case study 2: Research Motivation

» Evaluate the performance of the UV-LED POU device for the inactivation of

microbial indicators of waterborne pathogens under various operating conditions.

» Investigate potential synergistic effects of multi-wavelength on the inactivation of

microbial indicators.

» Assess the specific energy consumption based on the inactivation performance of
the UV-LED POU device.

27




UV Reactor and UV-LED Plate

W=7 N

265/278 nm

28




Emission Spectra of UV-LEDs

UV-LED emission spectra
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Experimental Setup

1. Dechlorinated hot tap water
containing HPC

2. Dechlorinated hot tap water
spiked with E. coli, or MS2 Sampling

e il E“@\

Reactor #1 Reactor #2 ~—=-

RO

> Feed solution: (1) 20 L of dechlorinated hot tap water containing heterotrophic bacteria.
(2) 20 L of dechlorinated hot tap water spiked with E. coli (ATCC 25922 ,10° CFU/mL) or
MS2 (ATCC 15597-B1, 10 PFU/mL).

» Flow rate: 1 L/min, 2 L/min, or 4 L/min.

o -

l
I
|
|
|
|
\

Controller

» Different UV wavelengths, irradiation sequences, and UV intensities. 30




UV Wavelength Combinations

NoO. Reactor #1 Reactor #2

Configuration

265

265

>

, oDoo S P ooo
1 265 nm 265 nm 3 )
\J B 00 ) BE00
@ Reactor#2
278 278
, oDoo S P oDoo
2 278 nm 278 nm | ] ;)) )
i/ B O8O ) B OO
Reactor#1 Reactor#2
265/278 265/278
, oDoo S P oom
3 265/278 nm  265/278 nm || ;)) )
“J (S / (S
Reactor#1 Reactor#2
265 278
, oDoo S P oDoo
4 265 nm 278 nm (] ;})) ooo ) gmm

Reactor#1

Reactor#2

>

Single
Wavelength

Multiple
Wavelength

» To investigate synergistic effects between UV wavelength combinations on microorganisms inactivation.

31




Collimated Beam Testing

Step 1. Experimental Testing Using a Challenge Microorganism®

_—_—__\

{ 1a: Bench Scale Testing 1b: Full-Scale Reactor Testing
l
l
l

{8

Measure UV

Inject challenge intensity with
mMicCroorganesm a UV sensor.
‘ .

' '

-I ; ? UV Reactor i >
Measure the log inactivation for different
i ‘ I UV doses to develop a UV dose- ; /
5 - response curve: " Measure effluent
i | ! Neseuo T mirosaanin
mit:rmrg:a.nism- concentration,
. compare to influent to
UV daose concentration calculate the log
(ml/em?) inactivation

e~ - es - - - e .

e e e s s

!

Step 2. Determine the Reduction Equivalent Dose (RED)

Input the log inactivation from Step 1b into the dose-response curve from Step
1a to estimate RED.

¥~Dose-response curve
UVdose | ¥____________
(m/cm?) ( from step 1a)
~
Log inactivation (from step 1b)

v

Step 3. Adjust for Uncertainty to Calculate
the Validated Dose

D
D
D
D
D
D

Validated Dose= RED /VF

Where VIF = Validation Factor that accounts for biases and
experimental unceriainty. 3 2




Microbiology Methods

Heterotrophic bacteria (Spread plating)
Spread plating
Inoculate plate with .

sample 0.1 mL \ N CD

Y
Ll

R2Aagar —» -

E. coli (Spread plating)

Spread plating
Inoculate plate with :

sample 0.1 mL \ N — =

\ T
g} —

Nutrient agar —» -

MS2 (Double agar layer)

E. coli (ATCC 700891) Sample /\
0.25 mL 1 mL —

Soft agar (TSB) >

y

Bottom agar (TSB) —

ﬁek\

incubation at 37°C

4”“;“\

incubation at 37°C

4”“;“\

incubation at 37°C

33




Bacterial Inactivation

HPC E. coli
7L [ 265 - 265 nm 1 7t W 265-265nm
e A0 B 278 - 278 nm _ . B 278-278 nm |
6|z . [ 265/278 - 265/278 nm 6 ? 265-278 nm .
- I e 265 - 278 nm - | W 278 -265nm
o5t . 25 .
S| s -
BT ) o '
o | g L 1
= 3 — 3 -
(@) @)
o S | .
—l 2 — 2
1 1
0 0 ; ;
1 2 4 1 2 _
Flow rate (L/min) Flow rate (L/min)
» Possible synergistic effects of multi-wavelength due » Still greater than 2-log inactivation even at 4 L/min
to different action spectra for diverse bacteria. (0.9 sec of UV exposure time per each reactor).

34




Inactivation of MS2 and RED

UV Dose - Response (MS2) la: Bench Scale
— 6 —8-265 nm TeStIng
;(_.90 5 |—e-278nm
nm nm E - . -
R e ﬁ 2. Determine the Reduction Equivalent Dose (RED)
6}9 R2?=0.9992 RED (MS2)
i :
~ R2?=0.9998 ® 265 nm
g ! y = 0.0668x + 0.644 " 70
0 R®=0.9992 | B @] m278 nm

© 60
15 30 45 60 ®

s m265/278 nm
UV Dose (mJ/cm?) & >0
€ 40
? 30
MS2 inactivation using UV-LED POU 5'20
m 265 nm %
B278 nm 10
B 265/278 nm
1b: Full-Scale Reactor 1 : !
: _ Flow rate (L/min)
Testing :
*All six (6) LEDs on
1 2 4 D

Flow rate (L/min)

(o)}

(63}

N
o

w

r

MS2 Log4, Inactivation

—

o
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Specific Energy Consumption

For 9999% E COI' Removal sample sample sample sample sample sample sample sample sample

0.06 265 - 265 nm E“ERGIGUIDE :

~ O 278-278 nm
265 - 278 nm
7 278 - 265 nm

7
N _ Estimated Yearly Operating Cost

004 \2 '_ $0.79 - 1.34

0.03 F -
I P + P I, target log inactivation (-)
'SEC _ 't x 265 278 14 determined log inactivation (-) . 6 — 10 kWh
- I Q P,es&P,7g: energy consumption (kW/chip) _
002} d Q: flow rate (mé/hr) i Estimated Yearly Energy Use

Specific Energy Consumption
for 4-log Inactivation of E. coli (kWh/m?)

I I I I sample sample sample sample sample sample sample sample sample

1 2 3 4 1Assuming 190 m? of UV-treated product water per year (520 L/day per indoor household water usage).

213.21 cents per kWh of average price of electricity to ultimate customers, year 2021 (Source: U.S.

FIOW rate (L/mln) Energy Information Administration (EIA), Electric Power Monthly).

» Estimated annual operating costs: $0.79 — 1.34 (depending on flow rates).

» Capital cost, electricity usages by other necessary equipment (controller), maintenance costs are excluded. 36



U.S. Residential Water Use

Indoor household use by fixture (about 515 L/day)
Other” Dishwasher

3% / 1%
Bath 15.1 Liday 8.3 L/day

3%
16.7 L/day
24%
67.4 L/day 123.4 L/day

Clothes washer
16%
83.3 L/day

20%
102.2 L/day

Shower
20%
101.8 L/day

Hot water usage (about 172 L/day)

Dishwasher
o Other' sy, Toilet
6% 9\ !
98L/day 0%

Leak
4%

7.9 L/day Faucet

34%

Cloth 58.3 Liday

16.

Shower
39%

67.4 L/day

*The other category includes evaporative cooling, humidification, water softening, and other uncategorized indoor uses.

Source: Water Research Foundation, Residential Uses of Water, Version 2, 2016

37



Case study 2: Summary

» This study demonstrated the water disinfection performance of a flow-
through UV-LEDs POU device using heterotrophic bacteria, E. coli, and MS2 at
various operating conditions.

» The results showed a potential synergistic effect of the combined UV-LED
wavelengths on heterotrophic bacteria inactivation.

» The results of specific energy consumption revealed that increasing the flow rate
can also improve enerqgy efficiency, as demonstrated with the high flow rate E. coli
test.

» Further study: the device will be installed and tested in the Home Plumbing
System at EPA for real-life applications.
38




Future Study

Hot Water
Heater

48.9°c .

D) ead Service Line

Flow Meter

Acid Feed

Legend g ey o
ﬂ 6— = e ——
Brass Check Brass Ball Lead Soldered  Cold Water Line  Hot Water Line
Valve Valve Joints 1/2" Copper 1/2" Copper

» Installing the device in the Home Plumbing System at EPA and testing for real-life applications.
39




Wastewater Treatment

UV-LEDs POE vs. Total coliforms & E. coli

4
m Total coliforms
3.5
E. coli
s 3
S2s
@ 2
£
=215
=3
9 1
0.5
0

Non-chlorinated o - - | B ]
Secondary Effluent i V { o A | K # F|0W rate (L/m\

UV-LEDs POE vs. MS2

: I I I I I
20 30 60 70

Flow rate (L/min)

o
[e2]

Log,g Inactivation

o]
o o
N

o

» Testing POE device for treating secondary effluent from wastewater treatment plant (US EPA T&E facility).
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