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California’s	Big	Question

Is	it	feasible to	do	potable	reuse	without	
an	environmental	buffer	(DPR)?

PANELKEY																		 QUESTION
Can	we	do	DPR	safely?
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O3 BAC MF RO UV/AOP3ry

DPR	Demonstration	Treatment	Train:	
Redundancy

WE&RF	Project	14-12

Total Minimum
Virus 2 6 - - 2 6 16 12
Giardia 2 6 - 4 2 6 20 10
Crypto 1 1 - 4 2 6 14 10
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Data	management	is	a	big	deal

x =
>	250,000	
data	points

=
>	3,000,000	
data	points

1	meter One	reading

Uncommon	to	mine	this	much	data…



Quantifying	Reliability

• Building	probability	distribution	functions
–Collecting	performance	data	(e.g.,	RO)
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Rank	all	LRV	values	in	
ascending	order

Quantifying	Reliability



Basis	for	LRV	Calculation:

• Continuous	online	TOC	
monitoring

• Continuous	online	electrical	
conductivity	monitoring	(as	
backup	for	TOC)

EC

TOC

PDF:	RO



UV/AOP

PDF:	Treatment	Train	Performance

MFOzone RO



Giardia

Virus
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Giardia

Virus

Crypto

Our	PDFs	always	exceed	the	
minimum	treatment

These	are	
obviously	

protective	of	
public	health



• During	yearlong	testing,	no	“critical”	failures	occurred
• Failures	may	occur	and	significantly	impact	public	health

If	a	PDF	crosses	the	
minimum	treatment	
threshold,	how	can	we	

evaluate	its	protectiveness?

Evaluating	PDFs



Goal: Quantify	the	probability	of	infection	from	the	
consumption	of	DPR	waters	and	compare	to	goals

Quantitative	Microbial	Risk	Assessment



1.	Exposure	Assessment 2.	Dose-Response	Analysis 3.	Risk	Characterization

Quantitative	Microbial	Risk	Assessment



10-4 infections/person/year

• U.S.	EPA	risk	goal	in	Surface	Water	Treatment	Rule
• Explicit	goal	of	CA	potable	reuse	regulations	(groundwater	+	surface	water)

Both	benchmarks	were	used	to	evaluate	the	protectiveness	of	DPR	train

Acceptable	Risk	Levels

10-6 DALYs/person/year						10-3 AGI	/	person	/year

• Risk	goal	utilized	internationally,	including	WHO
• Equivalent	to	10-3	for	organisms	causing	AGI,	e.g.,	rotavirus	and	Crypto	



LRV

Influent	
Concentration

1.	Exposure	Assessment

Pathogen	removal	
performance	data	
from	DPR	Demo

Raw	wastewater	
pathogen	levels	(Rose	

et	al.	2004)

Quantitative	Microbial	Risk	Assessment



LRV

Influent	
Concentration

Effluent
Concentration

MC	x	106

1.	Exposure	Assessment
Monte	Carlo	simulation	used	to	
sample	from	all	distributions

Treated	water	pathogen	
concentrations

Quantitative	Microbial	Risk	Assessment
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Concentration

Effluent
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MC	x	106

1.	Exposure	Assessment

Water	
Consumption

Treated	water	
pathogen	

concentrations

Drinking	water	
consumption	

(from	literature)

Quantitative	Microbial	Risk	Assessment



LRV
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Concentration

Effluent
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1.	Exposure	Assessment

Water	
Consumption

MC	x	106

Pathogen	Dose

2.	Dose-Response	Analysis

Pathogen	exposure	
per	interval

Quantitative	Microbial	Risk	Assessment



LRV

Influent	
Concentration

Effluent
Concentration

MC	x	106

1.	Exposure	Assessment

Water	
Consumption

MC	x	106

Pathogen	Dose

2.	Dose-Response	Analysis

Conservative	dose-
response	curve	with	
higher	risk	at	low	level	

of	exposure

Quantitative	Microbial	Risk	Assessment

Dose-response	
Function



Annual	Risk
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2.	Dose-Response	Analysis 3.	Risk	Characterization

Quantitative	Microbial	Risk	Assessment



Annual	Risk

LRV

Influent	
Concentration

Effluent
Concentration

MC	x	106

1.	Exposure	Assessment

Water	
Consumption

MC	x	106

Pathogen	Dose Dose-response	
Function

2.	Dose-Response	Analysis

Quantitative	Microbial	Risk	Assessment

Risk	Curve	is	the	key	to	
understanding	Reliability	
– how	consistently	do	
you	meet	10-4 risk	goal?

3.	Risk	Characterization
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B.	Pecson,	S.	Triolo,	S.	Olivieri,	E.	Chen,	A.	Pisarenko,	C.	Yang,	A.	Olivieri,	C.	Haas,	S.	Trussell,	R.	Trussell (2017)	Reliability	of	pathogen	control	in	direct	potable	reuse:	
Performance	evaluation	and	QMRA	of	a	full-scale	1	MGD	advanced	treatment	train.	Water	Research	122:	258-268.

Virus Cryptosporidium
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Over	12-month	period,	no critical	failures	that	
impacted	pathogen	removal…

What	if	we	included	failure	into	the	analysis?



Failure	Frequency • Each	unit	has	one	failure	per	process	per	year
• Highly	conservative

Failure	Duration
• 15	min	minimum	based	on	rapid	monitoring
• Also	1-h,	8-h,	and	24-h	failure	durations

Failure	Impact • Drops	unit	process	LRV	to	0
• Highly	conservative

QMRA	with	failures	incorporated

Ozone	generator	failure RO	meter	failure Operator	error



QMRA:	Results
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Failure	prevention	vs.	failure	response
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Failure	prevention	vs.	failure	response
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Conclusions
• DPR	can	provide	public	health	
protection	equivalent	to	or	greater																																					
than	conventional	supplies

• QMRA	shows	pathogen	risk	
significantly	below	acceptable	risk	
level,	even	under	failure	conditions

• Design	DPR	with	strong	failure	prevention	features

DPR

EXPERT PANEL

FINAL REPORT

Evaluation of the Feasibi l ity

of Developing Uniform

Water Recycl ing Criteria

for Direct Potable Reuse

California State Water Resources Control Board



Additional	Information
• B.	Pecson,	S.	Triolo,	S.	Olivieri,	E.	Chen,	A.	Pisarenko,	C.	Yang,	A.	Olivieri,	C.	Haas,	

S.	Trussell,	R.	Trussell (2017)	Reliability	of	pathogen	control	in	direct	potable	
reuse:	Performance	evaluation	and	QMRA	of	a	full-scale	1	MGD	advanced	
treatment	train.	Water	Research	122:	258-268.

• Open	Access	(free!)
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a b s t r a c t

To safely progress
toward direct potable reuse (DPR), it

is essential
to ensure that DPR systems can

provide
public health protectio

n equivalen
t to or greater than that of conventio

nal drinking
water

sources.
This study collected

data over a one-year
period from a full-scale

DPR demonstratio
n facility,

and used both performance distributi
on functions

(PDFs) and quantitat
ive microbial r

isk assessment

(QMRA) to define and evaluate
the reliability

of the advanced
water treatment facility (AWTF). The

AWTF's ability to control enterovir
us, Giardia,

and Cryptospo
ridium was character

ized using online

monitoring
of surrog

ates in a treatment train consistin
g of ozone

, biologic
al activat

ed carbon, m
icro-

filtration
, reverse

osmosis, and
ultraviole

t light w
ith an advanced

oxidation
process.

This process train

was selected
to improve reliability

by providing
redundan

cy, defin
ed as the provision

of treatment

beyond the minimum needed to meet regul
atory requirem

ents. The
PDFs demonstrated

treatment that

consisten
tly exceeded

the 12/10/10-
log threshold

s for virus, Gia
rdia, and

Cryptosp
oridium, as currently

required
for potable reuse in California

(via groundw
ater recharge

and surface water augmentation)
.

Because no critical pr
ocess fail

ures impacted pathogen
removal perfo

rmance during the yearl
ong testing,

hypothet
ical failures were incorpora

ted into the analysis
to understa

nd the benefit of treatment

redundan
cy on performance. Eac

h unit proc
ess was modeled with a single failure per year

lasting four

different
failure durations

: 15 min, 60 min, 8 h, and 24 h. QMRA was used to quantify
the impact of

failures o
n pathogen

risk. The
median annual ri

sk of infecti
on for Crypto

sporidium
was 4.9 ! 10"

11 in the

absence of failure
s, and reached a maximum of 1.1 ! 10"

5 assuming one 24-h failure pe
r process

per year.

With the inclusion
of free chlorine

disinfecti
on as part of the treatment process,

enterovir
us had a

median annual in
fection risk of 1.5 ! 10"

14 (no failures)
and a maximum annual v

alue of 2.1 ! 10"
5

(assuming one 24-h failure per year). Ev
en with conserva

tive failure assumptions, p
athogen

risk from

this treat
ment train

remains belo
w the risk targets fo

r both the U.S. (
10"

4 infection
s/person/

year) and
the

WHO (approxim
ately 10"

3 infection
s/person/

year, equ
ivalent to

10"
6 DALY/per

son/year)
, demonstratin

g

the value of a failure preventio
n strategy

based on treatment redun
dancy.
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1. Introduc
tion

The primary focus of a
ll drinkin

g water syste
ms is to provide a

safe water supp
ly from the standpoin

t of publi
c health. Fr

om this

perspecti
ve, reliab

ility, or th
e consiste

nt protec
tion of public

health,

is the most important goal (Pecson
et al., 2015;

Tchobano
glous

et al., 201
5). Modern constrain

ts are forcing a re-evalua
tion of the

strict sep
aration of wastewater and

drinking
water, a fact parti

cu-

larly evident
in the rapid growth of the planned

reuse of
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