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ABSTRACT: Wastewater treatment plants (WWTPs) have gradually,
over the last hundred years, been designed and extended to deal with a
sequence of problems, including a) odor, b) suspended solids, c)
organics, d) ammonia, e) nitrate and phosphate, and f) recalcitrant
pollutants. The line of historical developments was piecemeal rather
than holistic and did not focus on sustainability, resource recovery, and
water reuse. On the contrary, microbial processes that accelerated the
removal of nitrogen were incorporated and heralded as a positive part
of the “cleanup” agenda, despite their relatively large energy
consumption and substantial production of nitrous oxide, a potent
greenhouse gas. The time has come to examine the historical,
technological, and microbiological lock-in present in today’s WWTPs,
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so that a more coherent integrated system can be developed for future
generations. Some disruptive strategies are outlined, and a categorization of processes in terms of their potential for the future is

formulated.
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B OVERALL PLATFORM

Wastewater treatment plants (WWTPs) are essential for
protecting human health and the environment. Over the last
hundred years, WWTPs have tackled a sequence of problems:
from odor control to organic matter and nutrient removal, and
more recently to meeting legislative requirements for the
removal of micropollutants. However, while wastewater
contains a range of valuable resources, resource recovery has
historically not been a primary objective.

Resources, such as water, energy, and nutrients, mainly
phosphorus (P), are becoming increasingly scarce, making the
release of valuable organic materials and nutrients into the
environment—often as greenhouse gases—unsustainable. This
practice also wastes energy and fails to promote efficient
resource management. The growing urgency of climate change
and the global push for investment in green energy, energy
storage, and resource recovery legislation provide a timely
opportunity to rethink WWTPs.

Rethinking WWTPs in light of new technological possibilities
and novel insights into the potential and limitations of microbial
communities should prioritize resource recovery and reuse.
However, the success of resource recovery and reuse depends on
consumer acceptance. To gain consumer acceptance, products
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generated by WWTPs must reliably meet stringent hygiene
standards, be cost-effective, and address the concerns of society
and each individual as a consumer. Various experiences show
that these two issues—hygiene and cost—are indeed at the
forefront of the public’s perception regarding resource recovery.

Achieving these multiple objectives requires a process with a
resilient microbiome, ensuring reliable treatment performance.
Note that the microbiome is a mixture of bacteria, eukaryotic
microorganisms, and archaea, although the latter two also play a
role in resource recovery; the paper focuses mainly on the role of
bacteria. Understanding the role of bacteria in this context, along
with its limitations and opportunities, is essential for advancing
three key types of recovery products: potable water, energy, and
nutrients.
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B POTABLE WATER FROM WASTEWATER

At present, WWTDPs generally produce a “half-fabricate”, water
that can be safely and legally discharged into the environment.
The reasoning is that “Mother Nature” then achieves further
cleanup without any additional costs. What is discharged can be
extracted to make drinking water available a short distance down
the river; this raises little or no public concern. The concept is
practiced in the so-called A-B process; while water for nonpotable
purposes is common,’ the direct conversion of wastewater to
potable water has historically been rarely practiced. However,
this situation is changing, primarily because of water scarcity.
This is particularly visible in places such as the Southwestern
United States, where a significant number of potable reuse
projects are progressing, in addition to the Orange County
Water District project” and the initiatives in Singapore.” One
noteworthy historical example is Windhoek, Namibia, the most
arid country in Sub-Saharan Africa, where direct potable reuse
has been required since 1968 to secure water supply to the
city.”> With regard to Europe, since the year 2000, at the
Aquaduin plant, Oostduinkerke, Belgium,6 domestic wastewater
leaving the activated sludge plant and subsequently undergoing
membrane filtration and dune infiltration is delivered as drinking
water to consumers, with more than half of that drinking water
originating from wastewater. This technology has been
established for several decades now. Moreover, there are several
locations where canal water, composed mainly of effluents
discharged from WWTPs, is upgraded by membrane technology
to drinking water, such as the Farys plant in Ostend, Belgium.”*
These examples of both direct and indirect potable water reuse
have shown that these operations are technically feasible and
cost-effective. Moreover, these technological advances are
supplemented by an increased understanding of how to interact
with the public to gain acceptance of direct potable reuse.”” """
Yet, balancing the environmental urgency and economic
benefits of potable reuse remains a key trade-off.

Closing the circle in this way is a great achievement. The
microbiomes involved are those we study at present, such as
activated sludge communities in WWTPs, biofilms in sand
infiltration dunes used for drinking water production (biofiltra-
tion),"” and populations of bacteria and microeukaryotes found
in the distributed drinking water."® There is plenty of room for
further in-depth analysis of these microbiomes, their integration
into a complete process train (i.e., from wastewater to drinking
water),'* and of ways to guarantee and monitor stable
performance.

B ENERGY FROM WASTEWATER

The public is aware that energy consumption drives climate
change. However, the knowledge that approximately 4% of
current fossil fuel-based energy is used for the treatment of
domestic wastewater'” is not yet a cause of popular concern.
This may change in the near future due to increasing
transparency about the energy system and the environmental
technology required to secure popular consent for the energy
and sustainability transition.

Today, WWTPs consume energy, mainly for aeration.'® The
energy present in the water as low-temperature heat,'” as
organics (i.e., expressed as chemical oxygen demand (COD),
and as ammonia (NHj;) is only occasionally and partially
recovered.'® The most developed energy recovery process is
anaerobic digestion (AD) of the organics. This route is usually
applied indirectly; the harvested organics (primary and

secondary sludges) are subjected to AD and represent a
recovery of 10—14% of the energy originally present.'” The
direct treatment of wastewater by AD has been explored for
several decades but is hampered by the low level of COD and,
particularly in temperate regions, by the relatively low
temperature of wastewater, coupled with the solubility of
methane in the treated effluent.'” The potential energy recovery
by direct treatment is of the order of 0.25 kWh/m?.*° Overall, in
the context of historically locked-in WWTPs, AD is fitting, but if
we consider the overall WWTP energy content, it is by no means
significant.

The microbiomes related to anaerobic bioconversion of
organics into usable products have been heavily explored over
the past few decades in terms of metabolic fluxes and taxonomic
compositions. Fatty acids—short and elongated—could
represent a type of recovery, but their origin imposes a heavy
burden on their subsequent value chain. Clearly, the winning
product is the production of methane gas as a reusable resource
because it is well accepted, has large, established markets for this
fuel, and can often be used directly on-site.

In terms of optimizing biomethane production, despite
ongoing research, the management of biomethane-producing
microbiomes is thus far limited to controlling the physical and
chemical boundary conditions. So far, no breakthroughs in the
efficiency of methane production have been achieved through
microbiome engineering. The recent discovery of oxygenic
photosynthetic bacteria®' significantly taking part in the
methane cycle sheds light on reinforcing biomethanation
while combining it with solar energy storage.”

B NITRIFICATION/DENITRIFICATION

The question of why approximately 50% of the energy
consumed in WWTPs is utilized by aerobic heterotrophs and
nitrifiers'® is rarely addressed. Nitrification and denitrification
are widely embraced as essential, but they should more
appropriately be considered a kind of inefficiency: they consume
energy directly through aeration and indirectly through COD
consumption. In addition, these processes produces substantial
amounts of greenhouse gases both directly and indirectly.”” The
nitrous oxide (N,O) generated, mainly due to the chemical
instability of the metabolites, accounts for more than 22% of the
total GHG emissions from both aerobic and anaerobic
treatments.”* In relation to sustainability, it is crucial to note
that NH; from wastewater can be used as an energy source.”
NHj; could be decomposed with or without organic compounds
via reformation through solid oxide fuel cells.”® NH; has a
heating value of 5.3 kWh kg™ similar to biogas (6.1 kWh kg™")
and it could cofuel existing biogas and biomethane turbines for
combined heat and power generation or be exploited for high-
efficiency electricity production in emerging electrochemical
fuel cells.”

The decision to include urine in the wastewater stream has
influenced the evolution of wastewater treatment to its current
stage. This was done in the mid-19th century in the
industrializing world”” for reasons of convenience and because
nitrogen and phosphorus discharges were not considered as a
problem, even though they represented a significant loss of
nutrient resources. Today, however, there is a lot of research into
urine separation.”® Although urine represents less than 1% of the
volume of wastewater, it contains 80% to 90% of the nutrients.>’
Early urine separation, instead of the current end-of-pipe
solution, would significantly change wastewater management, as

https://doi.org/10.1021/acs.est.5c06208
Environ. Sci. Technol. 2025, 59, 14862—14869


pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c06208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

the treatment plant would only need to focus on extracting
energy from organic matter and from NHj (see below).

The microbiology related to nitrification continuously
develops and indicates that the nitrifiers are very competent
creatures, constantly evolving in terms of their capabilities to
operate under various and variable environmental conditions
and to cooxidize plenty of molecules. The question of
minimizing and preferably fully excluding the activity of nitrifiers
has so far been rarely addressed. Regulating microbiomes has
proven to be difficult, but in terms of nitrification, some
remarkable alterations in electron flow have been possible by
implementing mechanisms such as bioanode ammonium
oxidation and electro-anammox.””’" These approaches warrant
further attention.*”

B NUTRIENTS AND OTHER COMMODITIES FROM
WASTEWATER

The current technology of wastewater treatment has the
potential to recover nutrients such as nitrogen in the form of
NH; and 4phosphorus in the form of struvite and vivianite from
water.””>* These recovered nutrients are mainly proposed for
use as fertilizers, although other applications are also being
explored. Research attention has also been directed toward
exploring the recovery of paper-based cellulose®* and microbial-
based polymers such as PHA (polyhydroxzalkanoates) and
extracellular polymeric substances (EPS).”**> The major
challenge lies in the willingness of consumers to use such
recovered products. Existing market players, who rely on
traditional, economically optimized production methods, such
as the extraction of raw materials and the manufacture of
products from primary or unprocessed resources, continue to
push back against the use of products recovered from the
wastewater industry. Moreover, the presence of recalcitrant
compounds, such as PFAS, pharmaceuticals, and microplastics,
in these recovered products raises significant sustainability
concerns.

Enhanced biological phosphate recovery (EBPR) depends on
the availability of readily biodegradable organic matter during
the anaerobic phase. However, this approach has several
drawbacks. First, it consumes organic matter that could
otherwise be used to produce biomethane, representing a
missed opportunity for energy recovery. Second, incorporating
an anaerobic phase increases the treatment plant’s footprint,
which can pose spatial and economic challenges. Third, the
efficiency of biological P removal is constrained by the
concentration of biomass, often necessitating chemical precip-
itation to meet stringent phosphorus effluent limits. The
perspective for P recovery from wastewater lies in further
exploring the bioleaching of P from ash after the sewage sludge
has been incinerated.

Recently, the insight has risen that biosolids could be
technically and economically part of Carbon Capture and
Storage. Processes such as torrefaction/pyrolysis can yield
biochar, which is usable as a sorbent in the treatment of water.
Moreover, the stabilized biosolids, provided appropriate
legislative adjustments in relation to material properties, can
serve as a filler in certain construction materials. The latter
approaches are interesting in the context of storing the carbon
present in the biosolids in a form that gains a new life and
function, rather than combusting it directly to CO0,.*

Despite the abovementioned limitations, the microbial
processes involved in recovery processes such as EBPR, and
the production of PHA and EPS commodities, have experienced

remarkable progress in terms of scientific insights and overall
control technology. However, microbial biotechnology and
advanced microbial ecology tools have not so far been able to
turn these products into “must-haves” for the consumer.

B RETHINKING IN TERMS OF RECOVERY: WHAT
SHOULD BE HANDLED BY THE MICROBIOME?

It is essential to dare to question the need for microbiology in the
treatment of wastewater. Indeed, several attempts have been
made to design a fully nonbiological approach.”” The studies of
the plant in Wilp, The Netherlands, tend to indicate that a
process line with only a high-rate bioassimilation step,
complemented with physical—chemical steps, is likely to achieve
similar process and energy efliciencies to the conventional
biological approach. These facts, although preliminary, must be
taken into account.

The corollary of the development of nonbiological processes
is the fact that biotech processes should focus on the positive
power of biology, while negative bioprocesses should be
excluded. Concretely, this comes down to increasing the use
of bioassimilation, improving the methane production compo-
nent, decreasing the use of nitrification/denitrification and
biological phosphate removal, and steering away from the belief
in various other, undesired and poorly accepted, recovery
products (i.e., recovered N and P as fertilizers for agriculture and
microbial-based polymers).

In practice, to maximize energy recovery from anaerobic
digestion, the organics should not be converted to activated
sludge biomass, which is then starved and rendered difficult to
convert in the subsequent AD process. Instead, they should be
harvested directly as far as possible. In addition, the microbial
biomass should be kept as “young and energy rich” as possible.
Note that the microbiome is a mixture of bacteria.”® In the “A” or
assimilation step, organic matter is removed by sorption onto
the activated sludge flocs.”” The organics are then subjected to
AD. This way, much less influent organic carbon is subjected to
energy-intensive aerobic conversion and oxidation. The net gain
(methane over recovered organic matter in wastewater) from a
well-designed A-step is on the order of 35%."

The microbial aspect of “assimilation” of organics in general,
and nutrients in particular, into cellular biomass—which can
readily be separated and subsequently digested in concentrated
form—is full of challenges. Particularly intriguing is the recent
finding that the involvement of microeukaryotes can possibly
provoke higher Carbon Use Efficiencies (CUEs)."' The
question of which groups of microorganisms to exploit for
maximal separation of C, N, and P upfront in an “assimilation”-
focused treatment step is an important one in this line of
thinking.

It is evident that in an optimized “A” step, the amount of
nitrification should be kept minimal. Approaches to inhibit
nitrifiers have been studied in agricultural soils (e.g., the concept
of biological nitrification inhibition by plants),*” but so far, they
have not been proven effective. Predators and parasites of
nitrifiers have been described,*® but within wastewater treat-
ment, it is more reasonable to focus on outcompeting nitrifiers
while promoting ammonia-assimilating organisms.

By maximizing the capture of C, N, and P into particulates that
go for AD, the latter process really gains importance. A million-
dollar question is: is it possible to select for microbiomes with
more anabolism, higher overall cell yields, and more effective
ways to capture C, N, and P?

https://doi.org/10.1021/acs.est.5c06208
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At present, the treatment of digestates is a major challenge and
anuisance for practitioners. It is imperative to make this “bottom
end” simpler. NHj; can be stripped, but it must be recognized
that the demand for such wastewater-derived NH; is very low.
Hence, the proposal is to focus on the valorization of recovered
NH; as a source of energy. Thermal cracking of NHj; to
hydrogen and nitrogen gas has been proposed;** methods to
electrochemically convert NH; to hydrogen and nitrogen gas
have also been explored.45 These processes, focusing on
ammonia as a zero-carbon energy vector,”> should receive
high attention because they can provide a sustainable form of
valorization of the residual energy present in the NH; molecule
that can be directly used on-site.

As far as the recalcitrant organics and the minerals trapped in
the organic matrix are concerned, the obvious line of further
treatment is the separation of the solids and their incineration.
These processes are outside the scope of biotechnology; they
generate ashes rich in important minerals, not only P but also
rare earth elements. However, it could be that in the future, the
selective leaching of minerals by bioprocesses from ashes may
offer new potential for the recovery of these minerals.

One of the microbial carbon transformations of interest in
recovery is chain elongation, a metabolic process that involves
stepwise carbon chain elongation of short-chain organic
compounds, such as C1—CS5 short-chain carboxylic acids, into
larger, more complex organic molecules, such as C6—C8
medium-chain carboxylic acids (MCCAs) via reverse oxidation
pathways. Microbial chain elongation has been observed in both
natural environments, such as soil, and engineered systems, such
as waste-resource recovery systems. Chain elongation has been
used for groundwater bioremediation of trichloroethene, longer
chain alcohol (C4—C8) production for biofuels, and carbox-
ylates as high-added-value chemicals.**”** Yet, as indicated
above, for applications outside the “combustion sector”, the
origin of these fermentation products poses a heavy burden on
their subsequent value chain; cultural and religious aspects are
very powerful and need to be taken into consideration.

There remains one extra point of attention: the removal of
residual levels of recalcitrant molecules. So-called “Forever
Chemicals”, such as PFAS, microplastics, toxic metals, and
residues from pharmaceuticals, and personal care products tend
to slip through the “rationally designed” WWTP and need to be
dealt effectively at the end of the water treatment process. In the
overall concept of sustainability, the recovery of reclaimed water,
energy, and nutrients is a goal that must be set as central. Yet,
since the entry of nonbiodegradable molecules into wastewaters
is inevitable, techniques that remove these molecules (partic-
ularly membranes and sorption of these usually polar molecules
on activated carbon or ion exchange resins) and that, moreover,
destroy them fully (particularly fragmentation by ozonation and
incineration) will and must be an intricate part of the adequate
treatment of wastewater. These current approaches have a heavy
environmental footprint. The Life Cycle Analysis aspects of
sorption of polar pollutants, including the breakdown products
of such pollutants, need to be scrutinized.

Compared to physical and chemical approaches to removing
recalcitrant compounds, using appropriate biotechnology that
bind these recalcitrant compounds into highly adsorbent
biomass may offer a significantly lower carbon and energy
footprint. An example is the sorption of PFAS on Gram-negative
microbial cells.”” Clever bioalternatives, such as trapping these
molecules in larger humus-like molecules by biobased
humification processes or removing them using microbial

communities empowered by elegant biocatalysts such as
manganese-oxidizing bacteria, could offer new strategies and
processes that increase the sustainability and overall energy
efficiency of WWTPs for future generations.

Rethinking WWTPs with a focus on resource recovery
requires not only a thorough understanding of the microbiome’s
role but also careful consideration of the most valuable recovery
product for the specific location. Pursuing multiple recovery
objectives simultaneously may not be feasible; prioritization is
key to maximizing both efficiency and impact.

B PROCESS INTEGRATION, MODELING, AND
OPTIMIZATION

The design of wastewater treatment and resource recovery
plants is a complex, multistage process synthesis problem
involving multiple objectives and many constraints. While
WWTP technologies have traditionally been selected based on
the expert knowledge and experience of practitioners, as well as
simplifying assumptions,”” this approach to design can be
conservative, slow to adapt to new technologies or changing
priorities, and rarely results in a fully optimized plant.

Modeling and integrated assessment with mechanistic models
have been proven to significantly improve the design and
operation of wastewater treatment and resource recovery plants
by providing a structured framework for optimizing complex
processes.”' The Benchmark simulation model 2, for example,
allows for a holistic approach to optimization, with integration of
the various treatment steps, leading to improved end-to-end
performance. Interactions between different unit processes, such
as primary and secondary clarifiers, activated sludge reactors,
and anaerobic digesters, can be modeled and considered.

Equally, the scale-up of new treatment and recovery options,
from lab scale to pilot and industrial scale, is another part of the
wastewater treatment design where modeling tools can help.
Both detailed process simulators, such as GPS-X and SUMO,>*
and simpler surrogate models can be used to accelerate scale-up
by highlighting potential problems earlier in the design process
and aiding in the design of experiments.

It is important to recognize the long lifespan of a WWTP, with
core equipment typically lasting around 30 years.”® This means
that decisions made today have long-term implications. At the
same time, we need solutions that address current challenges
while anticipating and adapting to future demands. Waiting until
resource recovery becomes an urgent necessity is not an option,
as reactive measures taken during a crisis are often too late.
Given that new technologies usually take 20—30 years to mature
and reach the market, it is imperative to invest now in future-
proof innovations that will ensure long-term sustainability.

B OPTIMIZATION OF WASTEWATER RESOURCE
RECOVERY USING MACHINE LEARNING

To fully reveal the hotspots and trends of wastewater resource
recovery from the perspective of research innovation, machine
learning or, more specifically, data-driven methods can be
utilized. These methods can be employed to screen all existing
papers, reports, and patents,”* thereby speeding up the earliest
stages of research and development.

In addition, machine learning can be used to facilitate WWTP
design. While mechanistic models of wastewater systems are
state-of-the-art, these models tend to be highly dimensional and
complex, and so can be cumbersome to use in integrated process
design.”® Machine learning surrogates, trained on data from first-

https://doi.org/10.1021/acs.est.5c06208
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principles process simulators,”® reduce the computational cost
of process simulation by reducing model complexity, thereby
accelerating computational process synthesis.”> While WWTP
process data can be limited in quality,”” data reconciliation
should be implemented to improve its usefulness.”® Moreover,
standardization of data collection formats will be key to
maximizing the value of these data to WWTP data scientists
and process modelers using machine learning tools.

Machine learning is also starting to be applied to optimize
WWTP operation, although it is usually based on physicochem-
ical mechanisms rather than on microbiome features.””*° For
example, machine learning is generally advantageous for
multiobjective optimization in wastewater treatment. Specifi-
cally, reinforcement learning (RL), a type of machine learning, is
being used to simultaneously optimize energy consumption and
effluent standards in an autopilot wastewater treatment plant
(WWTP). A study with RL was conducted in a comparison
within Benchmark Simulation Model No. 1 (BSM1). Results
show that RL reduced energy use by 14.3% compared to BSM1
and outperformed advanced ammonia-based aeration control
strategies.61 Integrating these machine learning techniques with
digital twins is starting to be commercialized, such as in Veolia’s
Hubgrade.”” When WWTP microbiome sequencing data are
used, it is generally for detecting pathogens and antibiotic
resistance genes,””"’ rather than for WWTP performance
prediction or optimization. Proposals for better integration of
WWTP microbiome sequencing data into WWTP operations
do exist®” but are yet to be realized.

Increasing the use of computational aids in WWTP system
design may accelerate the uptake of new resource recovery
processes. Such tools can improve the ability of experts to
consider a wide range of options, including less familiar ones,
and model a larger number of trade-offs, which is invaluable
when designs further from the status quo are being considered.
New technological possibilities with or without microbial
communities can be formulated as an optimization, with an
objective and multiple constraints reflecting technical, opera-
tional, and legislative considerations.

B IMPLICATIONS

Rethinking WWTPs in light of new technological possibilities
and novel insights into the potential and limitations of microbial
communities should prioritize resource recovery and reuse.

This perspective highlights that the most impactful strategies
lie in treating water to achieve potable reuse instead of
producing a half-product to be discharged. In terms of energy
recovery, routes to maximize the conversion of organics to
methane and ammonia to hydrogen should be prioritized.
Undoubtedly, artificial intelligence will be instrumental in
accelerating progress along these lines.

Moreover, to achieve this, the following categorization has
formulated:

e Bioprocesses with low prospects: nitrification, denitrifi-
cation, biological phosphate removal, biological polymer
production, N and P recovered from the water line to be
used in agriculture.

e Bioprocesses to develop further: assimilation of C, N and
P; anaerobic digestion to produce more methane;
sorption of polar micropollutants on bioadsorbents;
incorporation of recalcitrant organics in humus; bioleach-
ing of sewage sludge ashes.

B AUTHOR INFORMATION

Corresponding Authors

Willy Verstraete — Centre for Microbial Ecology and
Technology, Ghent University, Ghent 9000, Belgium;
Email: willy.verstraete@ugent.be

Laurence Strubbe — Eawag, Swiss Federal Institute of Aquatic
Science and Technology, Diibendorf 8600, Switzerland;
Email: Laurence.strubbe@eawag.ch

Miao Guo — Department of Engineering, Faculty of Natural,
Mathematical & Engineering Sciences, King's College London,
London WC2R 2LS, United Kingdom; ® orcid.org/0000-
0001-7733-5077; Email: miao.guo@kcl.ac.uk

Authors

Tlje Pikaar — School of Civil Engineering, The University of
Queensland, Brisbane, QLD 4072, Australia; ® orcid.org/
0000-0002-1820-9983

Tom W. Vinestock — Department of Engineering, Faculty of
Natural, Mathematical & Engineering Sciences, King’s College
London, London WC2R 2LS, United Kingdom

Po-Heng Lee — Department of Civil and Environmental
Engineering, Imperial College London, London SW7 2AZ,
United Kingdom; ® orcid.org/0000-0003-2962-5162

Silvio Matassa — Department of Civil, Architectural and
Environmental Engineering, University of Naples Federico II,
Naples 80128, Italy

James Chong — Department of Biology, University of York, York
Y010 SDD, United Kingdom

Jizhong Zhou — Institute for Environmental Genomics (IEG),
School of Biological Sciences, University of Oklahoma,
Norman, Oklahoma 73072, United States

Glen T. Daigger — One Water Solutions, Plymouth, Michigan
48170, United States; Department of Civil and Environmental
Engineering, College of Engineering, University of Michigan,
Ann Arbor, Michigan 48109-2125, United States;

orcid.org/0000-0003-3857-8345

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.5c06208

Notes
The authors declare no competing financial interest.

Biographies

Laurence Strubbe holds an MSc (2018) and a PhD (2023) in
Bioscience Engineering: Environmental Sciences and Technology from
Ghent University in Belgium. She is currently a postdoctoral researcher
at Eawag, the Swiss Federal Institute of Aquatic Science and
Technology. Her research focuses on wastewater treatment, biofilm
reactors, gas—liquid mass transfer, and biokinetic processes. She
integrates experimental work with both mechanistic and data-driven
modeling approaches, with a strong emphasis on innovative
technologies and sustainability, particularly in the context of achieving
net-zero emissions. Laurence was recently named a 2024—2026 IWA

https://doi.org/10.1021/acs.est.5c06208
Environ. Sci. Technol. 2025, 59, 14862—14869


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Willy+Verstraete"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:willy.verstraete@ugent.be
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laurence+Strubbe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:Laurence.strubbe@eawag.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miao+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7733-5077
https://orcid.org/0000-0001-7733-5077
mailto:miao.guo@kcl.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilje+Pikaar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1820-9983
https://orcid.org/0000-0002-1820-9983
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tom+W.+Vinestock"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Po-Heng+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2962-5162
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvio+Matassa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Chong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jizhong+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Glen+T.+Daigger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3857-8345
https://orcid.org/0000-0003-3857-8345
https://pubs.acs.org/doi/10.1021/acs.est.5c06208?ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c06208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

LeaP Leadership Fellow, representing Belgium and Switzerland among
a global cohort of emerging professionals. She was awarded two highly
competitive personal research fellowships from the Belgian National
Science Foundation (FWO) and won the 2023 Water Industry &
Research Award of the Belgian-International Water Association.

Miao Guo is a Senior Lecturer (Associate Professor) in the Department
of Engineering, King’s College London. With cross-disciplinary
backgrounds in Life Sciences (PhD from Imperial College London)
and Chemical Engineering (postdoc/EPSRC fellowship at Imperial
College London), her research spans the fields of process systems
engineering, biochemical engineering, Al, and cheminformatics. She
leads interdisciplinary research on mathematical modeling and
bioprocesses for waste velarization funded by UKRI, EU, and GFIL
She and her lab have developed new mathematical and computer
algorithms, tools, and high-throughput methods to experimentally and
computationally understand and optimize biotechnology underpinned
by monoculture or microbiomes to transform waste into value-added
products, such as protein. She is a co-recipient of the 2023 IChemE
Senior Moulton Medal and also included in Elsevier’s list of the World’s
Top 2% Scientists.

e ol

W. Verstraete graduated as an engineer from the Ghent University and
subsequently obtained a PhD degree in the field of microbiology from
the Cornell University, Ithaca (USA). He then returned to Ghent,
where he became a professor and started the Laboratory of Microbial
Ecology and Technology. Since October 2011, he has been an emeritus
professor.

His R&D has a central theme: Microbial Resource Management; i.e. the
design, operation and control of processes mediated by mixed microbial
cultures, more specifically by microbiomes. Willy Verstraete has been
instrumental in the creation of several spin-offs of the Ghent University
in the field of applied microbial ecology (environmental technology;

food and feed).

In 2005, he was chosen by an international jury to receive the highest
scientific prize in his country, i.e. the Excellence in Science Prize,
awarded by the National Science Foundation (FWO).

In 2006, he was awarded the Imhoff Award by the International Water
Association for his contribution to the domain of water biotreatment.

In 2015, he was nominated as an advisor to the Dutch Water Institute
KWR to address aspects of water and the circular economy. In 2018, the
Dutch Water Institute KWR proclaimed him an Honorary Fellow for
his pioneering work in resource recovery science and its application
work.

From 2014 to 2021, he was ranked on the list of Highly Cited
Researchers.

In 2016, he served for 8 years as the President of the Board of the
National Science Foundation FWO, Flanders, Belgium. In January
2024, he was nominated as the Honorary President of the FWO.

In March 2023, he was awarded the S-yearly Honorary Doctorate from
‘Wageningen University.

B ACKNOWLEDGMENTS

Authors would like to acknowledge the funding support from
the UK Biotechnology and Biological Sciences Research
Council (BBSRC) International Institutional Award. Tom
Vinestock and Miao Guo would like to acknowledge the
ICASE PhD funding support from BBSRC and industry funder
Quorn Foods through the London Interdisciplinary Doctoral
Programme.

B REFERENCES

(1) Abou-Shady, A.; Siddique, M. S.; Yu, W. A Critical Review of
Recent Progress in Global Water Reuse during 2019—2021 and
Perspectives to Overcome Future Water Crisis. Environments 2023, 10
(9), 159.

(2) Tricas, M.; Albert, R.; Bastian, R.; Nappier, S.; Regli, S.; Kasparek,
L.; Gorke, R. Potable Reuse Compendium; United States Environmental
Protection Agency: Washington, DC, USA, 2018.

(3) PUB Singapore’s National Water Agency, NEWater; 2022.
https://www.pub.gov.sg/Public/WaterLoop/OurWaterStory/
NEWater#:~:text=Related-Topics-,Overview,4-NEWater-plants-in-
operation. accessed 27 June 2025.

(4) Lahnsteiner, J.; Lempert, G. Water management in Windhoek,
Namibia. Water Sci. Technol. 2007, 55 (1—2), 441—448.

(5) van Rensburg, P. Overcoming global water reuse barriers: The
Windhoek experience. Int. |. Water Resour Dev. 2016, 32 (4), 622—636.

(6) Van Houtte, E.; Verbauwhede, J. Torreele: Indirect potable water
reuse through dune aquifer recharge. In Milestones in Water Reuse The
Best Success Stories, Lazarova, V.; Asano, T.; Bahri, A.; Anderson, J., Eds.;
IWA Publishing: London, 2013; pp. 315—323.

(7) Volker, V. J. ‘Brackish water and seawater become fresh water
resources in Zeeland and Flanders’, 2020. accessed 17 September 2024:
https://gwf-wasser.de/branche/29-07-2020-brackish-water-and-
seawater-become-fresh-water-resources-in-zeeland-and-flanders/.

(8) Cordis - Horizon 2020 - EU Research ‘Making Seawater Drinkable
With Clean Technology’; Cordis, 2023. DOI: .

(9) U.S. Environmental Protection Agency Mainstreaming potable
water reuse in the United States: Strategies for leveling the playing field,
2018. https://www.epa.gov/sites/production/files/2018-04/
documents. accessed 27 June 2025.

(10) Binz, C.; Harris-Lovett, S.; Kiparsky, M.; Sedlak, D. L.; Truffer, B.
The Thorny Road to Technology Legitimation — Institutional Work
for Potable Water Reuse in California. Technol. For. Soc. Chng. 2016,
103, 249—263.

(11) Harris-Lovett, S. R;; Binz, C.; Sedlak, D. L.; Kiparsky, M.; Truffer,
B. Beyond User Acceptance: A Legitimacy Framework for Potable
‘Water Reuse in California. Environ. Sci. Technol. 2018, 49, 7552—7561.

(12) Corbera-Rubio, F.; Goedhart, R.; Laureni, M.; van Loosdrecht,
M. C. M;; van Halem, D. A biotechnological perspective on sand
filtration for drinking water production. Curr. Opin. Biotechnol. 2024,
90, 103221.

(13) Cai, X;; Hu, Y.; Zhou, S.; Meng, D.; Xia, S.; Wang, H. Unraveling
bacterial and eukaryotic communities in secondary water supply
systems: Dynamics, assembly, and health implications. Water Res. 2023,
24§, 120597.

(14) Guarin, T. C.; Pagilla, K. R. Microbial community in biofilters for
water reuse applications: A critical review. Sci. Total Environ. 2021, 773,
145655.

(15) International Energy Agency. World Energy Outlook 2018; IEA
Publications: Paris, 2018 https://www.iea.org/reports/world-energy-
outlook-2018,-Licence:-CC-BY-4.0.

https://doi.org/10.1021/acs.est.5c06208
Environ. Sci. Technol. 2025, 59, 14862—14869


https://doi.org/10.3390/environments10090159
https://doi.org/10.3390/environments10090159
https://doi.org/10.3390/environments10090159
https://www.pub.gov.sg/Public/WaterLoop/OurWaterStory/NEWater#:%7E:text=Related-Topics-,Overview,4-NEWater-plants-in-operation
https://www.pub.gov.sg/Public/WaterLoop/OurWaterStory/NEWater#:%7E:text=Related-Topics-,Overview,4-NEWater-plants-in-operation
https://www.pub.gov.sg/Public/WaterLoop/OurWaterStory/NEWater#:%7E:text=Related-Topics-,Overview,4-NEWater-plants-in-operation
https://doi.org/10.2166/wst.2007.022
https://doi.org/10.2166/wst.2007.022
https://doi.org/10.1080/07900627.2015.1129319
https://doi.org/10.1080/07900627.2015.1129319
https://gwf-wasser.de/branche/29-07-2020-brackish-water-and-seawater-become-fresh-water-resources-in-zeeland-and-flanders/
https://gwf-wasser.de/branche/29-07-2020-brackish-water-and-seawater-become-fresh-water-resources-in-zeeland-and-flanders/
https://www.epa.gov/sites/production/files/2018-04/documents
https://www.epa.gov/sites/production/files/2018-04/documents
https://doi.org/10.1016/j.techfore.2015.10.005
https://doi.org/10.1016/j.techfore.2015.10.005
https://doi.org/10.1021/acs.est.5b00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.copbio.2024.103221
https://doi.org/10.1016/j.copbio.2024.103221
https://doi.org/10.1016/j.watres.2023.120597
https://doi.org/10.1016/j.watres.2023.120597
https://doi.org/10.1016/j.watres.2023.120597
https://doi.org/10.1016/j.scitotenv.2021.145655
https://doi.org/10.1016/j.scitotenv.2021.145655
https://www.iea.org/reports/world-energy-outlook-2018,%20Licence:%20CC%20BY%204.0
https://www.iea.org/reports/world-energy-outlook-2018,%20Licence:%20CC%20BY%204.0
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c06208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(16) Rosso, D.; Stenstrom, M. K.; Garrido-Baserba, M. Biological
Wastewater Treatment: principles, Modelling and Design, Chen, G.; van
Loosdrecht, M. C. M.; Ekama, G. A,; Brdjanovic, D., Eds,; IWA
Publishing, 2023.

(17) Hao, X.; Li, J.; van Loosdrecht, M. C. M.; Jiang, H.; Liu, R. Energy
recovery from wastewater: Heat over organics. Water Res. 2019, 161,
74=77.

(18) Mo, W;; Zhang, Q. Energy-nutrients-water nexus: Integrated
resource recovery in municipal wastewater treatment plants’; Academic
Press, 2013. .

(19) Trego, A. C.; Holohan, B. C.; Keating, C.; Graham, A;
O’Connor, S.; Gerardo, M.; Hughes, D.; Jjaz, U. Z.; O’Flaherty, V. First
proof of concept for full-scale, direct, low-temperature anaerobic
treatment of municipal wastewater. Bioresour. Technol. 2021, 341,
125786.

(20) Scherson, Y. D.; Criddle, C. S. Recovery of freshwater from
wastewater: Upgrading process configurations to maximize energy
recovery and minimize residuals. Am. Chem. Soc. 2014, 48, 8420.

(21) Ye, J.; Zhuang, M.; Hong, M.; Zhang, D.; Ren, G.; Hu, A.; Yang,
C.; He, Z,; Zhou, S. Methanogenesis in the presence of oxygenic
photosynthetic bacteria may contribute to global methane cycle. Nat.
Commun. 2024, 15 (1), 5682.

(22) Huy, A; Fu, T,; Ye, J; Huang, Y.; Zhou, S.; Li, B.,; Wang, G.
Photoelectrochemical methane production achieved energy recovery
from wastewater with low organic concentration. Chem. Eng. J. 2024,
500, 157113.

(23) Bollon, J.; Filali, A.; Fayolle, Y.; Guerin, S.; Rocher, V.; Gillot, S.
Full-scale post denitrifying biofilters: sinks of dissolved N20O? Sci. Total
Environ. 2016, 563—564, 320—328.

(24) Ranieri, E.; D’Onghia, G.; Lopopolo, L.; Gikas, P.; Ranieri, F.;
Gika, E.; Spagnolo, V.; Ranieri, A. C. Evaluation of greenhouse gas
emissions from aerobic and anaerobic wastewater treatment plants in
Southeast of Italy. ]. Environ. Manage 2023, 337, 117767.

(25) Powders, M. T.; Lugmani, B. A,; Pidou, M.; Zhu, M.; McAdam,
E. J. The use of ammonia recovered from wastewater as a zero-carbon
energy vector to decarbonise heat, power and transport — A review.
Water Res. 2025, 268, 122649.

(26) Xu, L.; Dong, F.; Zhuang, H.; He, W.; Ni, M.; Feng, S.-P.; Lee, P.-
H. Energy upcycle in anaerobic treatment: Ammonium, methane, and
carbon dioxide reformation through a hybrid electrodeionization—solid
oxide fuel cell system. Energy Convers. Manage 2017, 140, 157—166.

(27) Ashton, J.; Ubido, J. The healthy city and the ecological idea. Soc.
His. Med. 1991, 4 (1), 173—180.

(28) Larsen, T. A.; Riechmann, M. E.; Udert, K. M. State of the art of
urine treatment technologies: A critical review. Water Res.: X 2021, 13,
100114.

(29) Larsen, T. A.; Gujer, W. Separate management of anthropogenic
nutrient solutions (human urine). Water Sci. Technol. 1996, 34 (3—4),
87—94.

(30) Yan, X; Liu, D.; Klok, J. B.; de Smit, S. M.; Buisman, C. J.; Ter
Heijne, A. Enhancement of ammonium oxidation at microoxic
bioanodes. Environ. Sci. Technol. 2023, 57 (31), 11561—11571.

(31) Shaw, D. R;; Ali, M; Katuri, K. P.; Gralnick, J. A.; Reimann, J.;
Mesman, R.; van Niftrik, L.; Jetten, M. S.; Saikaly, P. E. Extracellular
electron transfer-dependent anaerobic oxidation of ammonium by
anammox bacteria. Nat. Commun. 2020, 11 (1), 20S8.

(32) Zhang, J; Chen, Z; Liu, Y.; Wei, W.; Ni, B.-J. Phosphorus
recovery from wastewater and sewage sludge as vivianite. J. Clean.
Product. 2022, 10, 133439.

(33) Sena, M.; Seib, M.; Noguera, D. R.; Hicks, A. Environmental
impacts of phosphorus recovery through struvite precipitation in
wastewater treatment. J. Cleaner Prod. 2021, 280, 124222.

(34) Liu, R; Li, Y.; Zhang, M.; Hao, X; Liu, J. Review on the fate and
recovery of cellulose in wastewater treatment. Res, Conserv. Recycl.
2022, 184, 106354

(35) Bahgat, N. T.; Wilfert, P.; Korving, L.; van Loosdrecht, M.
Integrated resource recovery from aerobic granular sludge plants. Water
Res. 2023, 234, 119819.

(36) Xue, J.; Verstraete, W.; Ni, B.-].; Giesy, J. P.; Kaur, G.; Jiang, D;
McBean, E.; Li, Z.; Shin, H.-M.; Xiao, F.; Liu, Y.; et al. Rethink
biosolids: Risks and opportunities in the circular economy. Chem. Eng. ].
2025, 510, 161749.

(37) Qiy, R; Lee, J. Z.; Ingabire, L. Resource And Water Recovery
Solutions For Singapore’s Water, Waste, Energy, And Food Nexus. Part I:
resource Recovery From Wastewater And Sludge; PublisherWageningen
Food & Biobased Research, 2021. .

(38) AlSayed, A.; Soliman, M.; Eldyasti, A. The A-stage process to
promote bioflocculation and microbial storage for carbon redirection:
current perspectives and future research directions. Rev. Environ. Sci.
Bio. Technol. 2023, 22 (4), 1009—103S.

(39) Modin, O.; Persson, F.; Wilén, B. M.; Hermansson, M.
Nonoxidative removal of organics in the activated sludge process.
Crit. Rev. Environ. Sci. Technol. 2016, 46 (7), 635—672.

(40) Mustafa Abdelrahman, A.; Furkan Aras, M.; Cicekalan, B.;
Fakioglu, M.; Cingoz, S.; Basa, S.; Guven, H.; Ozgun, H.; Ozturk, L;
Koyuncu, L; van Lier, J. B.; Volcke, E. I. P.; Evren Ersahin, M. Primary
and A-sludge treatment by anaerobic membrane bioreactors in view of
energy-positive wastewater treatment plants. Bioresour. Technol. 2022,
351, 126965.

(41) Dang, C.; Morrissey, E. M. The size and diversity of microbes
determine carbon use efficiency in soil. Environ. Microbiol. 2024, 26 (5),
No. e16633.

(42) Coskun, D.; Britto, D. T.; Shi, W.; Kronzucker, H. J. Nitrogen
transformations in modern agriculture and the role of biological
nitrification inhibition. Nature Plants 2017, 3 (6), 17074.

(43) Dolinsek, J.; Lagkouvardos, 1.; Wanek, W.; Wagner, M.; Daims,
H. Interactions of nitrifying bacteria and heterotrophs: Identification of
a Micavibrio-like putative predator of Nitrospira spp. Appl. Environ.
Microbiol. 2013, 79 (6), 2027—2037.

(44) Asif, M; Bibi, S. S.; Ahmed, S.; Irshad, M.; Hussain, M. S.; Zeb,
H,; Khan, M. K; Kim, J. Recent advances in green hydrogen
production, storage and commercial-scale use via catalytic ammonia
cracking. Chem. Eng. J. 2023, 473, 145381.

(45) Lim, D.-K; Plymill, A. B.; Paik, H,; Qian, X.; Zecevic, S.;
Chisholm, C. R.; Haile, S. M. Solid acid electrochemical cell for the
production of hydrogen from ammonia. Joule 2020, 4 (11), 2338—
2347.

(46) Robles, A.; Yellowman, T. L.; Joshi, S.; Mohana Rangan, S.;
Delgado, A. G. Microbial Chain Elongation and Subsequent
Fermentation of Elongated Carboxylates as H2-Producing Processes
for Sustained Reductive Dechlorination of Chlorinated Ethenes.
Environ. Sci. Technol. 2021, 55 (15), 10398—10410.

(47) Machado, H. B.; Dekishima, Y.; Luo, H.; Lan, E. L; Liao, J. C. A
selection platform for carbon chain elongation using the CoA-
dependent pathway to produce linear higher alcohols. Metab. Eng.
2012, 14 (5), 504—511.

(48) Fernando-Foncillas, C.; Varrone, C. Effect of reactor operating
conditions on carboxylate production and chain elongation from co-
fermented sludge and food waste. J. Cleaner Prod. 2021, 292, 126009.

(49) Dai, M; Yan, N.; Brusseau, M. L. Potential impact of bacteria on
the transport of PFAS in porous media. Water Res. 2023, 243, 120350.

(50) Ho, Y; Ooi, J; Wan, Y. K; Andiappan, V. Synthesis of
wastewater treatment process (WWTP) and supplier selection via
Fuzzy Analytic Hierarchy Process (FAHP). J. Cleaner Prod. 2021, 314,
128104.

(51) Jeppsson, U.; Pons, M. N.; Nopens, L; Alex, J.; Copp, J. B;
Gernaey, K. V.; Rosen, C.; Steyer, J. P.; Vanrolleghem, P. A. Benchmark
simulation model no 2: general protocol and exploratory case studies.
Water Sci. Technol. 2007, 56 (8), 67—78.

(52) Ruiz, L. M,; Pérez, J. I; Gémez, M. A. Practical review of
modelling and simulation applications at full-scale wastewater treat-
ment plants. ]. Water Process. Eng. 2023, 56, 104477.

(53) Lundin, M.; Bergtsson, M.; Molander, S. Life Cycle Assessment
of wastewater systems: influence of systemboundaries and scale on
calculated environmental loads. Environ. Sci. Technol. 2000, 34 (1),
180—186.

https://doi.org/10.1021/acs.est.5c06208
Environ. Sci. Technol. 2025, 59, 14862—14869


https://doi.org/10.1016/j.watres.2019.05.106
https://doi.org/10.1016/j.watres.2019.05.106
https://doi.org/10.1016/j.biortech.2021.125786
https://doi.org/10.1016/j.biortech.2021.125786
https://doi.org/10.1016/j.biortech.2021.125786
https://doi.org/10.1021/es501701s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es501701s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es501701s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-024-50108-3
https://doi.org/10.1038/s41467-024-50108-3
https://doi.org/10.1016/j.cej.2024.157113
https://doi.org/10.1016/j.cej.2024.157113
https://doi.org/10.1016/j.scitotenv.2016.03.237
https://doi.org/10.1016/j.jenvman.2023.117767
https://doi.org/10.1016/j.jenvman.2023.117767
https://doi.org/10.1016/j.jenvman.2023.117767
https://doi.org/10.1016/j.watres.2024.122649
https://doi.org/10.1016/j.watres.2024.122649
https://doi.org/10.1016/j.enconman.2017.02.072
https://doi.org/10.1016/j.enconman.2017.02.072
https://doi.org/10.1016/j.enconman.2017.02.072
https://doi.org/10.1093/shm/4.1.173
https://doi.org/10.1016/j.wroa.2021.100114
https://doi.org/10.1016/j.wroa.2021.100114
https://doi.org/10.2166/wst.1996.0420
https://doi.org/10.2166/wst.1996.0420
https://doi.org/10.1021/acs.est.3c02227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c02227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-16016-y
https://doi.org/10.1038/s41467-020-16016-y
https://doi.org/10.1038/s41467-020-16016-y
https://doi.org/10.1016/j.jclepro.2022.133439
https://doi.org/10.1016/j.jclepro.2022.133439
https://doi.org/10.1016/j.jclepro.2020.124222
https://doi.org/10.1016/j.jclepro.2020.124222
https://doi.org/10.1016/j.jclepro.2020.124222
https://doi.org/10.1016/j.resconrec.2022.106354
https://doi.org/10.1016/j.resconrec.2022.106354
https://doi.org/10.1016/j.watres.2023.119819
https://doi.org/10.1016/j.cej.2025.161749
https://doi.org/10.1016/j.cej.2025.161749
https://doi.org/10.1007/s11157-023-09673-0
https://doi.org/10.1007/s11157-023-09673-0
https://doi.org/10.1007/s11157-023-09673-0
https://doi.org/10.1080/10643389.2016.1149903
https://doi.org/10.1016/j.biortech.2022.126965
https://doi.org/10.1016/j.biortech.2022.126965
https://doi.org/10.1016/j.biortech.2022.126965
https://doi.org/10.1111/1462-2920.16633
https://doi.org/10.1111/1462-2920.16633
https://doi.org/10.1038/nplants.2017.74
https://doi.org/10.1038/nplants.2017.74
https://doi.org/10.1038/nplants.2017.74
https://doi.org/10.1128/AEM.03408-12
https://doi.org/10.1128/AEM.03408-12
https://doi.org/10.1016/j.cej.2023.145381
https://doi.org/10.1016/j.cej.2023.145381
https://doi.org/10.1016/j.cej.2023.145381
https://doi.org/10.1016/j.joule.2020.10.006
https://doi.org/10.1016/j.joule.2020.10.006
https://doi.org/10.1021/acs.est.1c01319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c01319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c01319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ymben.2012.07.002
https://doi.org/10.1016/j.ymben.2012.07.002
https://doi.org/10.1016/j.ymben.2012.07.002
https://doi.org/10.1016/j.jclepro.2021.126009
https://doi.org/10.1016/j.jclepro.2021.126009
https://doi.org/10.1016/j.jclepro.2021.126009
https://doi.org/10.1016/j.watres.2023.120350
https://doi.org/10.1016/j.watres.2023.120350
https://doi.org/10.1016/j.jclepro.2021.128104
https://doi.org/10.1016/j.jclepro.2021.128104
https://doi.org/10.1016/j.jclepro.2021.128104
https://doi.org/10.2166/wst.2007.604
https://doi.org/10.2166/wst.2007.604
https://doi.org/10.1016/j.jwpe.2023.104477
https://doi.org/10.1016/j.jwpe.2023.104477
https://doi.org/10.1016/j.jwpe.2023.104477
https://doi.org/10.1021/es990003f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es990003f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es990003f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c06208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(54) Jin, L; Sun, X;; Ren, H.; Huang, H. Biological filtration for
wastewater treatment in the 21st century: A data-driven analysis of
hotspots, challenges and prospects. Sci. Total Environ. 2023, 8SS,
1589S1.

(55) Durkin, A.; Otte, L.; Guo, M. Surrogate-based optimization of
process systems to recover resources from wastewater. Comput. Chem.
Eng. 2024, 182, 108584.

(56) Bradley, W.; Kim, J.; Kilwein, Z.; Blakely, L.; Eydenberg, M.;
Jalvin, J; Laird, C.; Boukouvala, F. Perspectives on the integration
between first-principles and data-driven modeling. Comput. Chem. Eng.
2022, 166, 107898.

(57) Data-driven performance analyses of wastewater treatment
plants: A review. Water Res., 2019, 157, 498—513. .

(58) Le, Q. H; Verheijen, P. J.; van Loosdrecht, M. C.; Volcke, E. L.
Application of data reconciliation to a dynamically operated wastewater
treatment process with off-gas measurements. Environ. Sci.: Water Res.
Technol. 2022, 8 (10), 2114—2125.

(59) Wang, Y.; Cheng, Y.; Liu, H.; Guo, Q.; Dai, C.; Zhao, M.; Liu, D.
A review on applications of artificial intelligence in wastewater
treatment. Sustainability 2023, 15 (18), 13557.

(60) Bahramian, M.; Dereli, R. K.; Zhao, W.; Giberti, M.; Casey, E.
Data to intelligence: The role of data-driven models in wastewater
treatment. Expert Syst. Appl. 2023, 217, 119453.

(61) Croll, H. C; Ikuma, K; Ong, S. K; Sarkar, S. Systematic
Performance Evaluation of Reinforcement Learning Algorithms
Applied to Wastewater Treatment Control Optimization. Environ. Sci.
Technol. 2023, 57 (46), 18382—18390.

(62) Manaia, C. M.; Rocha, J.; Scaccia, N.; Marano, R.; Radu, E.;
Biancullo, F.; Cerqueira, F.; Fortunato, G.; Iakovides, I. C.; Zammit, L;
Kampouris, I; et al. Antibiotic resistance in wastewater treatment
plants: Tackling the black box. Environ. Int. 2018, 115, 312—324.

(63) Oh, S.; Byeon, H.; Wijaya, J. Machine learning surveillance of
foodborne infectious diseases using wastewater microbiome, crowd-
sourced, and environmental data. Water Res. 2024, 265, 122282.

(64) Xiong, F.; Su, Z.; Tang, Y.; Dai, T.; Wen, D. Global WWTP
Microbiome-based Integrative Information Platform: From experience
to intelligence. Environ. Sci. Ecotechnol. 2024, 20, 100370.

14869

https://doi.org/10.1021/acs.est.5c06208
Environ. Sci. Technol. 2025, 59, 14862—14869


https://doi.org/10.1016/j.scitotenv.2022.158951
https://doi.org/10.1016/j.scitotenv.2022.158951
https://doi.org/10.1016/j.scitotenv.2022.158951
https://doi.org/10.1016/j.compchemeng.2024.108584
https://doi.org/10.1016/j.compchemeng.2024.108584
https://doi.org/10.1016/j.compchemeng.2022.107898
https://doi.org/10.1016/j.compchemeng.2022.107898
https://doi.org/10.1016/J.WATRES.2019.03.030
https://doi.org/10.1016/J.WATRES.2019.03.030
https://doi.org/10.1039/D2EW00006G
https://doi.org/10.1039/D2EW00006G
https://doi.org/10.3390/su151813557
https://doi.org/10.3390/su151813557
https://doi.org/10.1016/J.ESWA.2022.119453
https://doi.org/10.1016/J.ESWA.2022.119453
https://doi.org/10.1021/acs.est.3c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envint.2018.03.044
https://doi.org/10.1016/j.envint.2018.03.044
https://doi.org/10.1016/J.WATRES.2024.122282
https://doi.org/10.1016/J.WATRES.2024.122282
https://doi.org/10.1016/J.WATRES.2024.122282
https://doi.org/10.1016/J.ESE.2023.100370
https://doi.org/10.1016/J.ESE.2023.100370
https://doi.org/10.1016/J.ESE.2023.100370
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c06208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

