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Today’s drain is
lomorrow’s mine.
How to tap the treasure
inwastewater.

¢

¢

BY SAM S601T




WASTEWATER

i899.9 percent water, but boy, that last little bit. Not that we need

cumulatively worth billions of dollars, Itis, helikes to 8ay, amodern mine,
Tucked away on the east side of campus, the Codiga Resource

to dwell on it. To flush and forget is one of the 8reat privileges of
life in the developed world, Take the United States, where more
than 80 percent of households connect to sewers. (Most of the
rest have septic tanks) A lift of a plug, apush ofa lever, or simply the tug of
gravity, and our wastewater is gone from our lives forever,

Unless you're, say, Stanford assistant professor of chemieal engi-
neering William Tarpeh, whose research pursuits include harvesting
ammonia for fertilizer from Wwastewater., Occasionally, at dinner par-
ties, someone misinterprets his job and regales him with stories of
gastrointestinal woe, He hasto interrupt. “I'm not a poop doctor,” he
says. “I am a person with a doctorate who studies poop and pee, and
I don’twant to talk about your poop. That’s gross.” But writ large, he
says, wastewater deserves our collective attention. Itis replete with
treasure, including nutrients, pharmaceutica.ls, minerals, and metal

Water

Ifyou're ever near Disneyland and want to
visit a real Tomorrowland, the Orange County
Water District is Jjust 10 miles away. The utility
{ins the world’s largest water Purification
system for potable reuse, Each day, the district
takes more than 150 million gallons of
treated wastewater—which once
would have flowed out into the
Pacific—and puts it through
three rounds of purification:
i microﬁltration, which screens
' out bacteria larger than 1/300th
the breadth of a human hair;
reverse osmosis, which filters
through pores a hundred times
smaller than the average virus; and dis-
; : infection using ultraviolet light with hydrogen
g [ peroxide, which destroys trace organic com-
' pounds. The cleansed water is then mostly left
to seep into Anaheim’s Vvast sandy ground-
vy water aquifers, resurfacing months later at
more than 200 wells that serve the area’s
2.5 million customers, Youcantrya sample
onatour of the facility, “It’s Very pure,” says
Megan Plumlee, MS ’04, PhD 08, the district’s
director of research. “T happily drink it.»
~ \ It’s just a taste of what’s on tap as the
. arid West looks to recycled wastewater to
help quench a thirsty future, California’s
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over, the center gives researchers rare access to “raw material” from a
Sewer running under Serra Street. “Anytime I tel] my academic counter-
parts at other schools about Codiga, they're literally jealous.” says
Tarpeh, ’12. “I can take a golf cart there and have a tap that gives me
sewer water, different types of Sewer water, immediately. There’s
something beautiful about it being on campus.”

His colleagues have also picked up their pails, “Wastewater is ore”
says Sebastien Tilmans, MS ’10, PhD ’14, Codiga’s former executive
director and now a strategic adviser, “It’s five ores. It’s water, it’s
energy, it’s materials, nutrients, and information, You have to remove
the impurities, and then you have a valuable material,”

Here are four ways Stanford faculty are making the most of it Hold
your nose and jump in,

¢

Department of Water Resources estimates
the state could Jose up to 10 percent of its
Water supply by 2040 due to hotter and drier
weather. “In the 21st century, we've come to g
realization that we’re at the limits of what
ourwater supply systems can provide,”
_ says _Iii_c__lla_rd Luthy, a professor of
civil and environmenta] engi-
neering. Purified wastewater,
he says, makes an attractive
backup. It’s local, it’s plentiful,
it’s drought—r%istant, and it’s
€conomical relative to options
like desalination. “We can’t con-
Serve our way out of thig,”

It’s tempting to think of drinking water
and wastewater ag opposite ends of the pipe,
never the twain to touch, Drinking water
treatment plants take in water from rivers,
lakes, and below ground, bring it to potable
standards, and send it to homes and busi-
nesses, where people drink, bathe, clean, and
flush with it before sending it down the drain
to sewage treatment plants for safe release
into the environment. But these ends connect
more than we might prefer to think. Texas
DProvides a classic case of de facto water
reuse. Dallas-Forth Worth discharges treated
Wwastewater into the Trinity River, which,
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200 miles later, provides Houston with its
drinking water.

What's newer are deIiberately engineered
ways to connect the ends, Orange County’s is
an example of indirect potable reuse, where
Wwastewater is cleansed to 99.9999999999
percent free of pathogens before it goes to an
environmental buffer like a reservoir or
aquifer for further natural filtering and then
to homes. Many areas lack the geography to
accommodate this pit stop; not everywhere
has Anaheim’s sandy aquifers. So, we come to
the latest frontier in water reuse, enabled in
California last year: direct potable reuse, via
which utilities can skip the environmental
buffer., After treating the water to even
higher standards—demonstratmg a
99.999999999999999999 percent removal
rate of viruses and similarly high removal
rates of protozoa—they may send the
cleansed water directly into the water distri-
bution system,

The San Francisco Public Utilities Com-
mission, which provides Stanford with
snowmelt from Yosemite’s Hetch Hetchy
Valley (about as far from recycled waste-
water as you get), is considering both
indirect and direct Teuse projects, The first
would add purified wastewater to the general
drinking supply in Crystal Springs Reservoir,
visible from Interstate 280 in the northern
Santa Cruz Mountains. The second would
pipe it directly to the distribution system in
San Francisco, “New Wwater supplies ain’t
growing on trees,” explaing Steven Ritchie,
’76, MS *77, the commission’s assistant gen-
eral manager for water. “You've just got to
find a way to live with what you've got. In the
back of my mind, 'm always carrying around
the notion of, What ifweget into q biblical
drought? There was a short period of time in
2014 where I was scared ”

Over the decades, the public has grown
accustomed to reusing wastewater forirriga-
tion on places like golf courses. (This
requires a distribution system specifically for
nonpotable recycled water, an expense that
limits its benefit) But people have found it
harder to swallow the idea of recycled water
coming out of their own taps. In a 2015
survey of 1,500 Californians by Stanford
political science professor Bruce Cain and
research colleague Iris Hui, only 11 percent
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DRINK Up

To meet potable standards,
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recycled water journeys a FII-TI;RED
through a lengthy additional ik la;'e‘“

cleaning circuit, items.

SOLIDS SETTLE
Fecal matter sinks;
Soap scum floats
to top.
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DIRECTLY
DELICIOUS
Ozone disinfects
and carbon filters;
potable water joins
the distribution
system.

INDIRECT
ROUTE
Water can join
aquifers or
reservoirs for
natural filtering.
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BUBBLES
EREAK DOWN
Microorganisms
digest organic matte
Treated water can
safely exit.

POLISHING
PROCESS
Nutrient removal
and disinfection

prep water for
honpotable reuse,

MICRO
MANAGEMENT
Filters screen out
bacteria; reverse
0smosis captures
viruses; disinfection
destroys trace
organics.

Sources: Stanford University:
John Osborn D'Agostlno/CaJMatters
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Francisco Bay caused amassive fish kill,
leading to new regulations requiring Bay
Area treatment plants to vastly reduce their
nitrogen discharge at substantial cost.

But what if we could harvest that
ammonia—and other chemicals—from
Wastewater? It's the core challenge in Tarpeh’s
mission to reimagine Wastewater not as waste
atall, but as a “modern mine” full of con-
stantly replenishing resources, from
phosphorus to phannaceutica.ls, Wwaiting for
the development of the right science to effi-
ciently siphon them from the soup.

There are many ways to cap-
ture materials from wastewater,
Mango Materials, a company
co-founded by Allison Pigja,
MS’05, PhD ’11, and Molly
Morse, MS ’04, PhD ’09, for
€xample, converts methane cre-
ated by the decomposition of solids
in wastewater intg biodegradable plas-
tics. Tarpeh’s focug is on using chemistry
and electricity to select nutrients from the
liquid waste,

Itsa Ppotentially lucrative endeavor, Tarpeh
estimates that, around the world, municipal
Wastewater contains some $30 billion in chem-
icals annually, about a fifth of that ammonia,
His main motivation, though, is to enable cir-
cular economies that reduce waste and ease
environmenta] stresses. Industrial manufac-
turing of ammonia, for example, is responsible
for some 2 percent of the planet’s carbon emis-
sions, and it worsens nitrogen Ppollution,
Tarpeh also wants to help the developing
world, Farmers in sub-Saharan Africq pay
dearly for fertilizer from faraway factories, but
anywhere there are people, there’s pee,

To that end, Tarpeh has developed a
method of “electrochemjcal stripping” that
uses electrical charges to pull ammonia out
of urine and othep Wastewaters, resulting in
an ammonium sulfate solution usable ag
fertilizer. It’s the centerpiece technology of
acompany called Recovered Potentia] that’s
spinning off from his lab,

Recovered Potential is developing tech
that fits within a shipping container that can
be brought on site to remove an estimated
seven tons a day of nitrogen in the form of
ammonia—an alternative to building a treat-
ment system from the ground up, says
co-founder Kindle Williams, a postdoe in
Tarpeh’s lab. “Being able to ship that in,

‘
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rather than deal with siting, excavation,
pouring lots of concrete—it’s like g couple of
weeks versus three Years of work,” she says.
“We've found alot of folks who were pretty
compelled by that visjon”

Potential customers include meat-packing
plants, which have high levels of ammonia in
their wastewater due to protein degradation
in blood and renderings, Williams says, and
who anticipate new EPA regulations wil]
require them to remoye far more nitrogen

than they presently do. Recovered Potential
would then offer the removed
ammonia as a low-cost fertilizer
to city groundskeepers or local
farmers,
___Tarpeh sees further.
Nitrogen was Jjustastart, in part
because of its abundance. But
there are Many more chemicals in
Wastewaters to focus on: Potassium,
phosphorous, lithium. Think of 2 pol-
lutant, he likes to say. Can you turn it intoa
product again? Why not try?

Energy

Poop, the saying goes, rolls downhill, which
explains why Wwastewater plants are almost
always found on the Iowest-lying land avail-
able. Better to Jet gravity do the work than to
pay for Pumping,

But the free ride $oon ends with a squelch
at the treatment plant, Sewage treatment is
one of the most energy-intensive sectors in
the United States, “Oftentimes it's one of the
single biggest €nergy users on a municipality’s
energy budget,” says Tilmans, the Codiga stra-
tegic adviser. Stanford researchers want to
fiip that picture on its head. “Traditionally, a
Wastewater treatment plantis this thing that
uses lots of energy,” Tilmans says, “We're
saying, ‘What if it was a power plant?’”

The proposed solution, like the problem,
has much to do with bacteria,

When sewage arrives ata typical treat-
ment plant, larger solids—yes, lots of
that—are left to settle while soaps, oils, and
other surface scum are skimmed off, The
remaining water is sent into aeration tanks
where it is set upon by “activated sludge,”
atime-tested technique that uges aerobic
bacteria to feast on the dissolved organic
material stil] clouding the water, essentially
eating it clean, But to keep these

The water
and wastewater
sector account for

0%°0

of annual electricity
consumed in the
United States,

[
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oxygen-loving bacteria thriving, treatment
plants use bubblers, blowers, and other
devices—energy hogs all—to force air into the
water as if they’re aerating giant aquariums,

The settled solids, meanwhile, head to a
different bacterial fate. They are sent to
airtight digesting tanks to be consumed by
anaerobic microbes, which thrive in the
absence of oxygen and convert the waste into
biogas, mostly methane, a fuel similar to nat-
ural gas that can generate electricity on site
or be delivered to the gas grid,

Which raises a question. Since these an-
aerobic bacteria produce energy, don’t need
costly oxygen blowers, and are partofapro-
cess that uses less electricity, why not simply
use them to consume both the solid and the
dissolved waste? Alas, anaerobic bacteria
make for dawdling decomposers. Their slow
growth makes them tenfold less effi-
cient at digesting organics than
their aerobic kin, says Mitch, the
civil and environmental engi-
neering professor. That slower
Pace is fine for consuming the
concentrated solids that are
removed from the wastewater, But
anaerobic bacteria are far too slow
to take on the organics dissolved through
the millions of gallons of remaining water,
“Historically, we've used aerobic bacteria
because you can get the Jjob done in a reason-
able time, and your treatment plant doesn’t
need to take up the entire city,” Mitch says.

For more than a decade, Stanford
researchers have been working on getting
around this conundrum via technology pio-
neered by the late Stanford civil engineering
professor Perry McCarty. The researchers
grow anaerobic bacteria on grains of acti-
vated carbon—the stuffyou see if you crack
open a Brita filter. The grains operate like a
vast flotilla of tiny bacterial bases, which col-
lectively provide the surface area for the
microbes to grow far beyond what would
normally occur. As the wastewater circulates
within enclosed tanks, the bacteria are
present in such numbers that their plodding
pace is offset by their increased population.
“If you grow a dense enough anaerobic bio-
film on these activated particles, you make
up for the inefficiency of anaerobic bacteria,
because you essentially have 10 times the
biomass,” Mitch says.

Aer s prosmising sest at Codiga, Stanford
rescarcaess epemed 2 multimillion-dollar
pilot aperation lungely fanded by the Cali-
i Emengy Commmission within Silicon
‘aley Cheam Water i Redwood City. Since
O 58e 50 e eem wsing anaerobic bac-
T B S sl of sewage a day.
Acccrime w2 repost selcased last year, the
anacTotie pilet eeted mastewater in less
time. with am 82 pesvent smaller carbon foot-
DPrint. tham & comwentional aerobic system.
And it not cnlyased e electricity but also
Created methame Sogemerate much more
power than S ased Maplant the size of
Silicon Valley Cleam Water adopted the
technology. estimates indicate it could go
from consuming the same power as about
770 average Amesican Bouseholds to
exporting enough power to supply about
630 hommes. 1% the world's most
SHEREN-Pesiwe treatment plant,
THmams snvs.

T8 process is not perfect,

"¢ amaerohic treatment, for

exmmnpie. @il not remove

wireen. Bwes also a tiny dem-
smsiratiom selative to municipal
nesds S5om Valley Clean Water
treats am awerage of 13.5 million
stemateraday. more than
SFes Gapecity. In aworld
involving public health segulations, public
money, and extremelyp expensive infrastruc-
ture investments, Staafoeds results were
more an intrigsingpeaefof concept than an
invitation to followseit

“Wastewater sectorsare typically
conservative im their decision-making when
adopting new techmolagies.” says Chungheon
Shin, Codiga’s resesssidizector. They need
to meet regulatorystamdards and also
stay within a confined budget. He says
researchers are partmesing with private
industry and federal agemsies to create larger
demonstrations—say dmillion gallons per
day—to stren peoafof concept.

The system “£-ferm appeal may only
increase with the risimginterest in recycling
wastewater, Timanssays. Cleaning waste-
water to drinking standards is, he says, an
energy suck that will smly worsen the already
considerable electrical demands of waste-
water treatment. It muuch easier to absorb
that jump if you're slso a power plant.
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Information

In June, amid concerns about a national
surge in measles, Yolo County in California’s
Central Valley confirmed just its
third case in the past decade, It
was worrying news but not sur-
prising, A week before the
patient walked into the ER,
officials had issued a call for
vigilance, Wastewater surveil-
lance had already detected the
disease nearby.

Five years ago, the idea that sewage
would inform public health was barely a pipe
dream. Wastewater-based epidemiology—
using sewage to track community
pathogens—had been used in a limited way
for decades, mostly to monitor global polia
outbreaks, But even many health experts
knew nothing about it, “I don’t think I’d
heard about it,” says Sara Cody, '85, who
retired this year after more than a decade as
Santa Clara County’s health officer, “Tt was
not on my radar.”

That would change quickly during the
pandemic, largely thanks to research led by
Alexandria Boehm, a Stanford civil and
environmental engineering professor.
Boehm is the principal investigator of
WastewaterSCAN, which tracks more than a

There’s an Alfor That

ASTEMATER PLINTS have always run up big

power bills, but they’re getting even
steeper, especially in California, says
Meagan Mauter, an associate professor of
photon science at the SLAC National Accel-
erator Laboratory and the research director
of the National Alliance for Water Innova-
tion. Not only has the price of electricity in
the state soared in recent years, but many
treatment plants—including those in the Bay
Area—need more of it, due to factors that
include new environmental requirements.
“We're seeing the power demands for waste-
water treatment plants skyrocket,” she says.

While Stanford colleagues are looking at

overhauling the treatment process to make it
energy positive, Mauter’s lab is studying a
more immediate solution: using artificial

dozen infectious diseases at nearly 150
treatment plants across the country,
including the Sacramento Regional Waste-
water Treatment Plant that detected
measles the week before the Yolo
County case was confirmed.
____Before 2020, Boehm wasn’t

much more versed in waste-

water-based epidemiology

than Cody. She was more
attuned to sewage’s risks to
public health after, say, a spill, than

on its potential benefits as a community

diagnostic. But as reports of a troubling new
disease kept coming out of China, she and
Krista Wigginton, a University of Michigan
professor of environmental engineering at
Stanford on sabbatical, applied for a rapid-
response grant from the National Science
Foundation to look for signs of the virus in
wastewater. They were initially turned down
on grounds that the research wasn’t domesti-
cally relevant. That soon changed.

By March 2020, Boehm and a group of stu-
dents and postdocs were sending email
requests for wastewater samples around the
country, the replies stacking up outside the
front door of Boehm’s home. (Campus was
closed to FedEx.) As they waited for deliveries,
the group was also able to sample from the

intelligence to better manage energy use in
the existing system. Working with the Silicon
Valley Clean Water treatment plant in Red-
wood City—a recurrent collaborator with
Stanford researchers—Mauter’s Iab has run a
virtual pilot that seeks to find the ideal times
to consume outside energy versus creating
and storing its own, a potentially big deal
when there’s a fourfold difference between
peak and off-peak market rates.

Silicon Valley Clean Water runs generators
on the biogas created by decomposing solid
waste, including infusions of fats, oils, and
grease from food waste, It makes sense to burn
those energy-rich items when electricity from
the grid is at its most expensive, Mauter says,
Justasit makes sense to charge the plant’s bat-
tery packs and, when possible, run operations

 Hiple operations, with variables like

‘Wewould
have been

FIYING BLIND

had it not been
Jorwastewater.’

like aerators at cheaper
times. Sounds simple, butona
second-by-second basis across mul- i

temperature affecting outcomes, it's not, she
says. “The consumption and the generation of
power is so dynamic throughout the day that it
is absolutely impossible to heuristically control
these complex interacting processes,” she says.
“You need a machine todo it.”

Results from the virtual pilot suggested
the AT could have saved the treatment plant
23 percent on electricity during the winter
and even more in the summer, when differ-
ences between peak and off-peak rates are
greater, she says. The bigger test in the year to
come: Mauter’s AT will start directing energy
management at the plant,
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‘Wastewater
represents this

GOMMUNITY
BIOLOGIGAL SAMPLE

that has all
sorts of

INFORMATION

in it about the
health and
well-being
of a community.’
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Codiga Resource Recovery Center, which taps
Stanford's sewer, giving them a steady supply
of material to test their methods, Boehm says.

The prevailing belief was that enteric
diseases—i.e., those affecting the gut—would
show up in Wwastewater; respiratory illnesses,
like COVID, would not. That proved incor-
rect, but alarger question loomed about the
project’s viability. Sewers are not methodical
collection systems. People shed viruses in
differing amounts. Thousands of small pipes
flow into one big pipe. Some “deposits” travel
miles, others come from right next door,
Those varying Jjourneys result in exposure to
different temperatures. How could anyone
draw reliable, actionable information from
such a soup? Boehm expected big variances
in the readings.

But as the researchers honed their
methods, they found that pea-sized samples
of solids—accumulated in tiny samples of
untreated influent at treatment plants over
24 hours—consistently mirrored data from
clinical testing, even in sewer systems that
serviced hundreds of thousands of people.
As clinical cases rose or fell, the levels in the
sewage responded in lockstep. The
researchers weren’t finding the actual virus,
which doesn’t survive long outside the body,
but telltale fragments of nucleic acids. “This
really shouldn’t work as well as it does, right?
Because there are so many factors along the
way,” says WastewaterSCAN co-principal
investigator Marlene Wolfe, '11, an assistant
professor of environmental health at Emory
University who was a Stanford postdoc when
the project started. “But we find it gives us
this really clear picture of what’s goingonin
a community over time, from our smallest
sites that serve just over 10,000 people, up to
4 million, with the same techniques.”

The system went public in N ovember
2020 with results from eight wastewater
treatment plants in the Bay Area and Sacra-
mento. Cody was an early believer. “You can
see the case data and the wastewater data—
and they’re exactly the same.” Tt proved
crucial after the rise of home testing dra-
matically reduced publicly reported clinical
testing, “We would have been flying blind
had it not been for wastewater.” On
December 16, 2021, ahead of the holiday
travel season, Cody gave a forceful public
warning about an impending “deluge” of the
Omicron variant. At that point, there had

been just ) confirmeed Omsicron cases in
Santa Clara County Bt fests showing its
Presence im all Ssasafhe county’s waste-
water plants comvimesd her of the brewing
storm. An explesionafnew COVID cases
followed im the cousty reaching a peak for
reported cases dusimg the entire pandemic
in mid-Jansary “J il “ery confident
sounding the alarm" Cody says.

It was, says Bochmn o Suge moment in
Public awarenessofwastewater’s powers.

As concerns about COVID have ebbed,
WastewaterSCAN Bas Seveloped tests for
more diseases, incladingmpoxafter the
global cutbreak resched California in 2022,
Cody again used wastewater data to guide
Santa Clara Countys sesponse. Disease-
causing bacteria—with langer, more complex
Eenomes—have bees barder to track, but
WastewaterSCANhashad arun of success
identifying viral diseases. from RSV to noro-
Virus to measles. Thesesearchers post the
data for their Sies—spanning from Hawaii
to Maine—onlime “Tdent think I could have
Possibly imagimed wihese we'd be at now at
this point.” Wellesags

Their suaccessisrostnd in many factors—
hilanthropic seppert to the
incredible sensitiy 0 ! genetic-detection
tools. It is alsea reflection of the wealth of
Information withis Wastewater, a vastness
Wolfe and Boehas haweboth come to better
grasp over time. A virus Imay or may not
shed in a person’s feces, but that same
person is also likely S.shing skin cells into
the system when they bathe. saliva when
they brush their teeth blood cells when
they rinse a wound, and more, It adds up
to treasure in the trash. & window on our
collective health nowand perhaps in the
future. Boehm and Wlfe have also used
Wwastewater data to mapeut areas in the
country with the most antibiotic resistance,

Wastewater i t something we as
humans want to be arosnd or even to think
about, Boehm says But i#% important. “We
don’t like it. We don’t want it close to us,”
Boehm says. “But wastewater represents this
community biological sssaple that has all
sorts of information im it about the health
and well-being of a co munity. Who knows
where this technology will take us?” ]

SAM SCOTT is a senior writ. T at STANFORD.
Email him at sscott3@ stanford.edu.




