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Introduction /

B To help support the widespread application of modern
onsite and decentralized systems, the Small Flows
Program was established at CSM in Golden, Colorado

B During the past 15 years, research and educational efforts have
been carried out by a team of faculty, staff, and students

@® Research — fundamental and applied laboratory studies, controlled
field research, field investigations, and mathematical modeling

@® Education — university courses and teaching materials

B The overall goal has been to help answer key questions and
support advances...

uSmall Flows Program

sustainable claan water and sanitation



B What do we mean by advances?
B Improved scientific understanding
Improved ability to make predictions

]

B New devices and technologies
B More rational design procedures
H

Translation of research findings into improved practices

B Education and capacity development

B Advances have occurred in several areas, including:
B Advanced characterization of modern wastewater streams
B Performance dynamics in reactor-based and soil-based systems
B Modeling and decision support tool development

B Mainline university course development and delivery



Research: Wastewater Characteristics V4

B \What are the characteristics of modern wastewaters often
handled by onsite and decentralized systems?

B During a CSM project sponsored by the Water Environment
Research Foundation (WERF), an advanced characterization
study was completed

® Comprehensive literature review and analysis
O Raw wastewater and primary treated effluent (i.e., STE)
O Domestic (single and multiple), food, medical, non-medical

O Conventional pollutants and microorganisms

@® Field monitoring using a specialized apparatus
O Raw wastewater and primary effluents
O 17 domestic sources in 3 regions of the U.S.
O Conventional pollutants, microorganisms, plus
organic compounds of emerging concern

Source: Lowe et al. 2006; Lowe et al. 2009.
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® Flow rates and conventional pollutants were characterized
O Statistical tabulations, cumulative frequency distributions (CDFs)
O Analysis of source features, geographic effects, and temporal

trends
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® Monitoring of domestic sources yielded data on consumer product
chemicals, pharmaceuticals, pesticides and flame retardants

8y T O Consumer product chemicals were pervasive
@53 Rl 3 E O Other organics were less frequently present and at lower levels

Consumer product chemical Compound | Frequency of | Concentration (ug/L)
: . . o
organic compound function detection (%) Median Max.
Bisphenol A Plasticizer 1/12 (8%) 18 18
Caffeine Stimulant 13/13 (100%) 93 E 1800 1
Ethylenediaminetetraacetic acid (EDTA) Metal 4/4 (100%) 33 E 7201
chelating
Nitrilotriacetic acid (NTA) agent 1/4 (25%) 4.5 4.5
- 0,
4-Nonylphenol (NP) Surfactant 9/13 (69%) 6.8 66
4-Nonylphenolethoxylates (NPEO) metabolite | 13/13 (100%) 7.5 23
5-chloro-2-(2,4-dichlorophenoxy)phenol Antimicrobial 13/13 (100%) 19 230

(Triclosan)

Source: Lowe et al. 2009. 1E = estimated, concentration exceeded maximum value of standard curve.
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B Another CSM project was completed in collaboration with the U.S.
Geological Survey

® Monitoring at 30 operating onsite wastewater systems in CO
O Residential, commercial, institutional sources
O Water use ranged from 34 (vac. home) to 3570 gpd (restaurant)
O Occupants or visitors per day varied widely
%2 (single-family home) to 1,100 (convenience store)
e up to 40 animals (veterinary kennel)
® Sampling of septic tank influent 2 to 3 times over 2 years
O Conventional pollutants and consumer product chemicals

Residence Human Institution Retail Stores Convenience Store Restaurant Veterinary Hospital
(n=16) (n=3) (n=3) (n=2) (n=3) (n=3)

7
Source: Conn et al. 2006.



® Consumer product chemicals were commonly found
O Occurrence of organics varies by type of source, e.g.:
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Research: Bioreactors & Biofilters

B How do tank-based unit operations with contrasting

v

processes perform and how robust and reliable are they?

Untreated : Septic tank ‘::' Packed bed  : Ultraviolet Stream
wastewater: w/effluent wap  textile filter 9 light disinfection wap  or
= screen [ — v landscape
| e discharge

\_'f’p ; .
',. SCG Enterprlses Inc. ‘.'

Shallow subsurface drip dispersal

’Se tic tank w/ Spin-disk
P é filter 9 for turf irrigation

blofllter and recycle




B During a CSM project sponsored by USEPA, domestic
wastewater from an apartment building was treated in:

@® Septic tank, Textile biofilter, or Membrane bioreactor

® Effluents were monitored for treatment efficiency and consistency

® Systems were monitored for O&M requirements
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@® Advanced characterization revealed the

mg-C/L

——

Source:

effluent organic matter is chemically different T Pﬁ

ST — saturated organic compounds with low to high M.W.

TF — buildup of humic and fulvic acids, more aromatic in character

MBR - similar to TF but with more developed humic and fulvic acids

ST TF MBR
Parameter
mgC/L | % mgC/L % mgC/L %
Bulk sample DOC 33.0 | 100.00 9.4 100.0 6.3 100.0
Colloidal DOC 4.9 15.0 3.0 32.0 04 7.0
Hydrophilic carbon DOC 17.1 51.8 2.4 25.6 2.0 31.8
Hydrophobic acids DOC 10.7 32.3 41 43.2 3.4 54.2
Hydrophobic neutrals DOC 0.3 0.85 0.0 0.0 0.4 6.9
DOC 33.0 mg-C/L 9.4 mg-C/L 6.3 mg-C/L
UV absorbance 24.0 L/m 16.8 L/m 10.9 L/m
Specific UV absorbance 0.73 L/m-mg 1.79 L/m-mg 1.72 L/m-mg
1

Van Cuyk et al. 2005, Lowe et al. 2007.
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B [n a project sponsored by the U.S. Geological Survey, treatment of
consumer product chemicals was studied

® Monitoring of field systems with different treatment processes

O Caffeine removal is enhanced by aerobic biotransformation
25 Triclosan, dichlorobenzene, et al. behave similarly

® Septic tanks Septic tank :  Biofilter  : Wetland
Sorption, anaerobic 1000 = . .
biotransformation . Avg. removal = 18+ 23% 84L:r 19% : 95%
_ = : .
* BIOfI|.’[erS - . g 100 Inﬂuent - :
Sorption, volatilization, B’ Effluent .
aerobic biotransformation < K r W
(0] e -
® Constructed wetlands & 10 - -
. ) o .
Sorption, aerobic or : |
anaerobic <RL . l
biotransformation, 1 - _ _ ®
lant uptak 8 8 & g 3 3 8 3 £ S
plant uptake c c c ° Q 9 < S 9 5
g & 3 5 & g * 2 %
n n (/2] " > @
O Q [0} [0)) c o
¥ o 2 02 8 12

Source: Conn et al. 2006. <RL = < reporting level



® During research at the Mines Park Test Site

O A Textile biofilter achieved higher removals for caffeine, 4-
nonylphenols, and Triclosan - aerobic biotransformation

O But no additional removal occurred for EDTA and NTA - Not
amenable to aerobic biotransformation

Parameter Units Septic tapk Textile biqfilter
(anaerobic) (aerobic)
DOC mg/L 30 (8.4) 16 (4.2)
NH, mg-N/L 34 (7.5) 3.8 (1.1)
NO, mg-N/L 0.85 (0.48) 19 (3.8)
Caffeine Mg/L 34 (8.7) 0.87 (0.49)
EDTA ug/L 24 (1.0) 33 (13)
Nitrilotriacetic acid (NTA) ug/L 3.7 (2.3) 4.0 (1.9)
4-Nonylphenol Mg/L 3.3 (1.4) <RL of 2
4-NP1EC ug/L 63 (23) 7.3 (3.6)
4-NP1EO ug/L 1.6 (0.97) <RL of 1
Triclosan Mg/L 9 (3.3) <RL of 0.2

Source: Conn et al. 2010.

Effluent concentrations (average (std.

dev.), n=14 over 13 mon.

13



Research: Soil Infiltration & Dispersal V4

B What level of treatment can be achieved during infiltration
or drip dispersal? What are the benefits of pretreatment?

RALLLLLLLEERRRRRRRR RN}

*

Septic tank w/ effluent screen + Subsurface infiltration trenches” .
with groundwater recharge :

Septic tank Spin-disk filter

Shallow subsurface drip dispersal s
: for turf irrigation -
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B Within CSM projects sponsored by USEPA, WEREF,
USGS, and private industry, lab experiments, field studies,
and modeling have examined:

® Effluent quality & loading, system features, soil properties,...

® Flow & transport processes, treatment of pollutants and pathogens

Domestic

wastewater _....—

Source: Tackett et al.
2004, Dimick 2005,
VanCuyk et al. 2005,
Parzen et al. 2007,
Lowe and Siegrist
2008, Lowe et al.
2008, Tillotson 2009,
Siegrist et al. 2013.
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B Effluent infiltration into subsurface trenches

@® At the infiltrative surface, effluent causes development of a “biozone”
due to: 1) biofilms, 2) biomat, and 3) pore filling by humic substances

@® Biozone development impacts infiltration and purification

@® Higher quality effluents retard biozone formation & sustain higher IR
O IR over time for different effluent qualities and loading rates:

10 A HLR =2 cm/d MBR
o9 A FHLR=8cm/dVBR Parameter ST | TFU | MBR
089 0 HLR=2cm/d TFU

] B HLR=8cm/d TFU cBOD; (mg/L) 200 10 2
0.7 - _

] B ¢ HLR=2cm/d STE TSS (mglL) 40 10 5
0.6 A __ |e HLR=8cm/dSTE

] By MBR TKN (mg/L) 65 40 15
0.5 3 »,
0.4 4 —

. A/\A 10 L/m?/d = 1 cm/d = 0.245 gal/d/ft?
0.3 - TFU - —

3 A estimated time
0.2 3 A/\ of ponding

E /_\AAAA /

0.1 ; AA
0.0 : -0 : Source: Van Cuyk et al. 2005,

0.0 6.0 12.0 18.0 24.0 30.0 36.0 McKinley and Siegrist 2010, 2011. 16

Time (months)



B Characterization of the “biozone” generated in soil

@® Macro- and micromorphology, geochemistry, microbiology

: Organic 0- 02— | 04-
: - Parameter . . .
Embedment | matter with 0.2in. | 0.4in. | 0.6in.
Biomat depth | Water content 72% 39% | 30%
perimeter Plan view of the soil TOC (g/kg d.w.) 26.9 11.3 6.2
' infiltrative surface Humins 60 — 80% of TOC
after gravel was Humic acids 25 — 33% of TOC
removed by hand Fulvic acids 17 — 21% of TOC
Polysaccharides 9-18% of TOC

Spherical 1 to 3 um

r lological £ 500 {7 : . . .
9 ayst;rzc(:)t%tiz E Biomass with depth | Biomass accumulation
ry \ 2 A0 as affected by O,
Bl S 400 41 ) -l . -
N 2 + Open Architecture ava"ab”'ty
g 200 + L= Gravel Architecture I OXYGEN AVAILABLE FOR METABOLIC l
) > T’: ! prTr PRODUCTS AND THEIR MINERALIZATION Al&mgm%u
30 é 1 00 1 o | OXYGEN NOT AVAILABLE FOR
i:% %' T ‘f ‘ : f ANAEROBIC —..
2 4 6 8 10 12 I SOME OXYGEN AVAILABLE FOR METABOLIC
Source: McKinley and Siegrist 2010, 2011, : Depth (cm) | e —— T
Tomaras et al. 2009. 0.6 in. e - )
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® With an understanding of the genesis and character of a biozone,
cost-effective approaches and technologies may be applied to
maintain and manipulate it, such as:

O Controlling or amending effluent quality or loading rate

O Robotic tools to “maintain” the infiltrative surface zone

Source: Infiltrator Systems Inc.

18
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B Pollutant and pathogen removal during effluent infiltration

@® Treatment is often insensitive to the applied effluent quality or HLR
O Results for COD are shown for treatment in sandy loam soil

O Results for N, P, and virus are similar

B60.0
0SS tion of g
-4
BT >
S o Average effluent COD (mg/L):
Infiltrative RS R o
urface ° ° 'S
codle o 40.0 MBR=14 TFU=57 STE =256
Soil solution /:/' l Y ..
mnemsen | Ko |l o o
gsli);zténﬁltratlve <ﬁ : : 3:)0 % D LIJ
o ey w
\ X ==
Water table oo E .. ° a0 ¢ ¢ ¢
(>300cm) 3| R

0.5@0.6m @1.2m 2.0@0.6m @1.2m

Source: Dimick 2005, Van Cuyk et al. 2 i i
2005, Lowe and Siearist 2008, HLR (gpd/ft?) and soil solution depth (m)
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® Consumer product chemical removal Is dependent on soil properties
and profile conditions as well as compound properties

O e.g., Caffeine and Triclosan removal occurs by < 2 ft. (60 cm)
below the infiltrative surface if aerobic conditions are present

o9 TFE STE_.+ g o#% TFE STE .-
Removal by " \S/ -_
60 cm depth - © -
60 &~ ENTE
Caffeine ? Triclosan
o
=
120 S 120
— & —STE 2 cm/d =
--A-- STE 8 cm/d ;
180 2 180
—&— TFE 2 cm/d >
—&— TFE 8 cnvd -O
—*%— Water 4 cm/d -"CC'i
240 S 240
I I I | D I I I I 1
0 10 20 30 0 2 4 6 8
Caffeine (ug/L) Triclosan (ug/L)

Source: Conn et al. 2010. 20
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B Effluent dispersal into the shallow subsurface

@® Drip dispersal can enable effective onsite treatment plus beneficial
reuse of wastewater resources in a semi-arid climate

Grasses and plants™ ]

During 2 yr. of dispersal of STE in a sandy loam in CO:
HLR @ 0.24 gpd/ft? = Perc = 64%

HLR @ 0.12 gpd/ft2 = Perc = 34% HLR = (ET — Prec) +Perc
Water filled porosity in profile was >85% v/v

i = Y — —_
Removal of effluent N dispersed = 51% = (NWW + NR+F) (NU + ND)

NO;-N in soil water at 3 ft. avg. 24 mg-N/L
Fecal coli. and E. coli. were eliminated

Source: Parzen et al. 2007, Siegrist et al. 2014. 21



Research: Modeling and Decision Support L/

B Can mathematical models and other tools be developed
and made useful for decision-making?

B CSM projects sponsored by U.S. EPA, WERF, and private
industry have examined, adapted, and developed different types

of models and tools for different purposes
@® Decision diagrams for system selection

@® Analytical models of unit operations for system design

O Design equations
O Spreadsheet calculators

® Numerical models to demonstrate and examine system performance
based on design and environmental conditions

® \Watershed-scale models to link onsite and decentralized systems
with the environment and other sources of pollutants

22
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B A CSM project completed for USGS developed decision support
for the occurrence and treatment of organic chemicals

@® Source activities = occurrence

® Compound properties & treatment processes = removal efficiencies

Neutral Organic Compound

Properties / processes:
Sorption - Log Kow > 2 |g Y »| Log Koy <2
Volatilization - K, > 0.01 K, < 0.01 K, > 0.01 K, < 0.01
Biodegradation - t1/2<10di t%>10d | | t®<10d | | t%>10d t%<10d || t%.>10d | [t%<10d | |t%>10d
Treatment 1) Very high removal 3) Very high removal 5) Very high removal 7) Very high
T (>90%) due to sorption, (>90%) due to (>90%) due to removal (>90%)
efﬁClency: volatilization, sorption, volatilization, due to
biodegradation (ex. biodegradation (ex. biodegradation (ex. biodegradation (ex.
Xylene) Triclosan) MTBE) Caffeine)
2) High removal (75-90%) 4) Moderate removal 6) Moderate removal 8) Low removal (<25%),
due to sorption, volatilization (25-75%) due to sorption (25-75%) by volatilization no relevant mechanisms
(ex.1,4-Dichlorobenzene) (ex. 4-Nonylphenol) (ex. Vinyl chloride) (ex. EDTA)

Source: Conn 2008, Conn and Siegrist 2008.




B A CSM project funded
by WERF supported
development of
STUMOD - a model for
solil treatment

® Analytical modeling
using complex flow
and transport
equations is
implemented via a
spreadsheet

Input data on system
conditions and output
for pollutant removal
with depth

Source: Geza et al. 2011, McCray et al. 2010.

STUMOD x|
~ Soil types ~ Hydraulic par. v Nitrifcation params —— Denitrification params —
" Clay HLR @ Kr-max 56 ’7 Wmax 2.58
" Clay Loam o 0.051 ‘o In ut- .
' L 2
oam @ 0.027 oz Soil texture
" Loamy Sand ° HLR
Ks 38.25 £ . d
¢ sand * Prediction depth
n [emm | 1eC, for NH, & NO,
O Sandy Clay o i
2 o r » Soil temperature
" Sandy Clay Loam '
fy
(+ Sandy Loam n 1.448 O th ut )
. st
« s m 0.31 « C/C,for NH, & TN
" Silty Clay 05 sl 0.665 ‘ |
" Silty Clay Loam sh S
0y Clay
o [ zm i
" Silty Loam = -
cf 1 B ———— Qutputs
~ Biomat params T w 0
kb T CJ/Co NH4
Toptl 25
0.77
BT . CJ/Co TotN
Topt2 25
~ Carbon function — Run STUMOD
« i}
Close
¥

U
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@® Example output from a STUMOD simulation of nitrogen removal

Concentration of =~ 800 1 e Mass per time Mass Flux TN
N species with —uw:|  perfootprintarea  "° 1]
— 60.0
E - T 04
(mg-NL) £y
E 20.0 X 302
o L
° J \ 3 —— Mass Flux TN
o ' ' ' = 00 . ; : .
0 20 40 60 80 '
Depth (cm) 0 20 Dep:;?(cm) 60 80

. —30cm —60cm 120cm |
100

Probability distribution that a
given removal will occur

75

under specified conditions %
2"' 50

e.qg., there is a 50% F
probability of 70% EREE

nitrogen removal at 6
60-cm depth 0

0.0 0.2 0.4 0.6 0.8 1.0

25

Fraction Nitrogen Remaining
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Reservoir

Gk River

B A CSM project funded by USEPA Colorado
examined watershed-scale modeling

® Link onsite systems at single sites or
developments with the environment 2
and other sources of pollutants

@® Comparative application of 3 models in
the Blue River basin

O MANAGE, SWAT and WARMF

O A focus was on WARMF

“% Five linked modules including
Consensus and TMDL modules

25 Physically based, dynamic model

% Driven by meteorology, land
use, point sources, fertilizer,
air quality data,...

“% Simulates temperature, DO,

Source: Siegrist et al. 2005, TSS, N, P, fecal coli., Chl-a,
McCray et al. 2009. etc.
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® Example decision that watershed modeling can help inform

O Benefits to water quality by converting 906 residents from onsite
(362 onsite systems) to an existing centralized plant?

O Results of model simulations revealed that there would be little
or no benefit to water quality in the Blue River by centralization

O But there would be known and potential costs

e &) Kl 9 Llol% e 7|
KL CRFs

:Changes in P loading to the River:
Nonpoint P |
Point P 1
Total P load 1}

0.000393  0.0511
0.283 0.332] Bl

per rea
DIuE I\ve




Research Findings =» Practice? /

B Research findings do not automatically yield advances

|dentify an Obtain Carry out research, Publish work in
important ‘ funding for ‘ produce findings, ‘ peer-reviewed
question research graduate students,... literature
requiring
research Unanswered questions I

B Clear and compelling findings can foster advances

B But improved practices also require:

\ 4

B Translation of findings so they convey knowledge and know-how
to designers, contractors, regulators, policy makers,...

B Adoption of findings into modern regulations and requirements

B Education of students who can help catalyze change

This can take a lot of effort and a long time...a generation or more... 28
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B Example of research findings being adopted into practice

25+ years

Design hydraulic loading rates (HLR) that account for effluent quality
when sizing the area required for soil infiltration

1980 and before: Conflicting views and lack of evidence of how infiltration rates in
soil might be affected by effluent quality

1980°’s: Field research initiated by Siegrist et al. in Wisconsin to examine effluent
quality effects through longer-term controlled field research

1987: Journal papers were published documenting effects of effluent quality on
infiltration rates (Siegrist and Boyle 1987; Siegrist 1987)

1998 — 2008: Research continued at CSM and elsewhere confirming and
extending earlier findings (e.g., Van Cuyk et al. 2005, Lowe and Siegrist 2008)

2006 — 2008: Trade journal articles and conference papers were prepared
describing a rational design process for soil treatment units, including how HLR
could be selected to account for effluent quality (Siegrist 2006, 2007, 2008)

2013...: Major revision of Colorado regulations including different HLR for
different types of effluent qualities (Colorado Reg. 43) 29



B Example of mainline university course development
B During my years at UW Madison (1968 to 1987)...
B Some course development efforts at UW and other universities
B Curriculum development work by CIDWT

B At CSM, development of a new course within degree programs

® “CEEN472 - Onsite Water Reclamation and Reuse”
First delivered in Spring 2006 as a special topics course
Approved as a mainline course in March 2008

Delivered each spring semester as a 3-credit elective for upper
level undergraduate and graduate students

Scope: source characteristics and manipulation, alternative
sewers, reactor-based treatment and disinfection, landscape-
based treatment and dispersal, monitoring and controls,
performance assurance and management

O Enrollments are 15 to 25 students — approx. 200 to date %0



Closing Remarks /

B Research and educational efforts during the past decade
have helped advance the application of modern onsite and

decentralized wastewater systems

B Advances will continue, with a growing impact on
applications in urban areas

B NSF ERC: “Reinventing the Nation’s Urban Water Infrastructure”
® The ERC has a broad array of research and educational thrusts

® Onsite and decentralized systems are included in ReNUWIt

\\\\\\\\\\

www.urbanwatererc.org/

B Thank you for listening ...! | 3
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