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In recent decades, academia has elaborated a wide range of technological solutions to recover water,
energy, fertiliser and other products from municipal wastewater treatment plants. Drivers for this work
range from low resource recovery potential and cost effectiveness, to the high energy demands and large
environmental footprints of current treatment-plant designs. However, only a few technologies have been
implemented and a shift from wastewater treatment plants towards water resource facilities still seems far
away. This critical review aims to inform decision-makers in water management utilities about the vast
technical possibilities and market supply potentials, as well as the bottlenecks, related to the design or
redesign of a municipal wastewater treatment process from a resource recovery perspective. Information
and data have been extracted from literature to provide a holistic overview of this growing research field.
First, reviewed data is used to calculate the potential of 11 resources recoverable from municipal
wastewater treatment plants to supply national resource consumption. Depending on the resource, the
supply potential may vary greatly. Second, resource recovery technologies investigated in academia are
reviewed comprehensively and critically. The third section of the review identifies nine non-technical
bottlenecks mentioned in literature that have to be overcome to successfully implement these
technologies into wastewater treatment process designs. The bottlenecks are related to economics and
value chain development, environment and health, and society and policy issues. Considering market
potentials, technological innovations, and addressing potential bottlenecks early in the planning and
process design phase, may facilitate the design and integration of water resource facilities and contribute
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Water impact

Are we ready to perceive wastewater as a valuable resource instead of a dirty waste stream? Technologies to recover water, energy, fertilizers and other
products from your waste develop rapidly. But water utilities still need to overcome technical, economic, environmental and societal bottlenecks to recover
these valuable resources which may have a great potential to make our society more sustainable.

municipal wastewater treatment plants (WWTPs) is still poor.
This can primarily be explained by various non-technical
reasons, as well as by technical reasons. Wastewater
management plays a significant role in sustainable urban
development.' Traditionally, the goal of wastewater treatment
was to protect downstream users from health risks. In more
recent decades, protecting nature by preventing nutrient

Introduction

Although wastewater resource recovery technologies have
been extensively elaborated by the scientific community in
recent decades, their large-scale implementation in
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pollution in surface waters has become an extra goal.
Consequently, nitrogen (N) and phosphorous (P) removal
technologies have been implemented into WWTPs.”> The
most widely used wastewater treatment technology is the
conventional activated sludge (CAS) process, in which aerobic
microorganisms metabolise the organic fraction present in
the wastewater under constant oxygen supply.® Although the
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CAS process succeeds in meeting legal effluent quality
standards, it is considered unsustainable due to its low
resource recovery potential and cost effectiveness on the one
hand, and its high energy demand and large environmental
footprint on the other.*

The urge for more sustainable development, including a
more circular use of resources, and the resource inefficiency
of current wastewater treatment practices have driven a
paradigm shift within the scientific community with regard
to wastewater solutions. It now proposes a transition from
pollutant removal towards resource recovery, with wastewater
recognised as a resource rather than a waste stream.””” By
establishing more circular resource flows, the water sector
can contribute to national and European sustainable
development goals. As large-scale centralised WWTPs also
represent centralised collection points for a variety of
resources - namely water, energy, nutrients and other
products - their redesign from treatment facilities into water
resource factories (WRFs) provides possibilities to contribute
to a more circular economy. Within academia, it seems clear
that current wastewater treatment practices are based on
outdated concepts established in the early 20th century. It
seems inevitable that we will have to develop new practices if
we are to cope with population growth and improving
standards of living, which are pushing our use of natural
resources towards limits beyond sustainability.®

Although the rationale and necessity to perceive
wastewater as a resource has been emphasised, most water
management utilities (WMUs) in Europe still focus on
wastewater collection and treatment rather than resource
recovery. Despite frequent scientific output over a long period
on technological solutions to establish a more circular
economy-based water sector, the implementation of full-scale
resource recovery technologies in the wastewater sector is still
very limited.” The implementation of resource-oriented
processes can be difficult because changing the current
wastewater handling system incurs costs, creates operational
distractions and consumes resources.® Due to increasing
numbers of available resource recovery technologies, WWTP
process design is no longer a simple technical problem, but a
complex issue that requires an integrated approach in order
to make effective decisions.'® The question which of the
growing range of available technical options we should focus
on remains open. Uncertainty about which techniques are
most useful and how to combine them is standing in the way
of creating WRFs.""

In addition to technical uncertainties that are valid for
many emerging resource recovery technologies, various non-
technological bottlenecks could hinder the successful
implementation of such technologies
treatment processes. In particular, the market potential of
and competition against recovered resources introduce
uncertainties."> The water sector has hitherto been poorly
equipped to address factors outside its traditional
engineering-centred scope. Institutional
compartmentalisation within the sector impedes integrated

into wastewater
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water-resource management and must be remedied in order
to make progress in developing resource-oriented wastewater
management strategies.” Consequently, there is a need for
WMUs to strategically plan the transition from wastewater
treatment towards resource recovery. The transfer of scientific
insights to decision-makers in WMUs is an important
requirement for this planning process. Resource recovery
technologies can only be implemented and potentials can
only be exploited if decision-makers at WMUs have a clear
understanding of available and emerging technologies.

Previous reviews looking at wastewater resource recovery
provide very valuable insights into particular branches of this
broad and complex research field. Outstanding examples
include the reviews on biological recovery routes,"* energy
and product recovery from sewage sludge,'* phosphorous
recovery from domestic wastewater,"™"” platforms for energy
and nutrient recovery from domestic
bioelectrochemical recovery systems'>** and nutrient
recovery with microalgae-based treatment systems.>’ Despite
these valuable contributions, as yet there is no review
available that provides a holistic overview of the field.

This paper seeks to fill that gap by providing a holistic
overview of resource recovery from municipal WWTPs. Data
to calculate the potential of 11 resources recoverable in
municipal WWTPs to supply markets in the Netherlands and
Flanders (Belgium) was derived from a literature review.
Resource recovery technologies investigated in academia were
then comprehensively and critically reviewed. Finally,
bottlenecks discussed in the reviewed literature that have to
be overcome to successfully implement these technologies
into WWTPs were categorised and analysed. By covering the
market supply potential, the vast technical possibilities and
the bottlenecks, this paper can inform innovators and
decision-makers at WMUs holistically about wastewater
recovery. Although the effective treatment of
wastewater for safe and environmentally friendly discharge
will remain the primary objective in WWTP design, it is time
to improve these plants' sustainability performance by
integrating innovative resource recovery technologies into
treatment-process designs.*”

wastewater,'®

resource

Market supply potentials of recovered
resources

The market supply potential of resources recovered from
municipal wastewater is shown in Table 1. It indicates what
role municipal WWTPs could potentially play in a circular
economy if resource recovery routes (RRRs) were
implemented nationwide. The supply potential for each
resource is calculated on the one hand from the quantities
that could be recovered from municipal wastewater under
ideal circumstances and using the right technologies, and on
other from the demand for those resources in the country.
The calculations are based on the situation in the
Netherlands. Data to calculate the supply potential was
collected from scientific articles and from official

This journal is © The Royal Society of Chemistry 2020
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Table 1 Calculated market supply potentials of water, energy, fertilizer and other products recoverable from municipal WWTPs in the Netherlands or
Flanders

Resource demand Potential resource recovery from WWTPs Market supply potential %
Water demand Netherlands Water recovery Netherlands Water
Water abstraction® 9482m m®a!  Effluents’ 1909m m*a™' 20
Treated by MF-UF° 1622mm*a 17
Treated by MF-UF/RO? 1217mm*at 13
Energy demand Netherlands Energy recovery Netherlands Energy
Natural gas® 1227 PJa™* CH, from COD (anaerobic)” 9PJa’t 1
Electricity® 379 PJa’’ Electricity CH, (CHP)" ' 4pPya’t 1
Electricity sludge co-combustion’ 0.5PJa" 0.1
Derived heat’ 88 PJa Heat CH, (CHP) 4pja’ 4
Heat (effluent)’ 40PJa’’ 46
N demand Flanders N recovery Flanders N
N applied to crops™ 169kt Na™ Influent N” 24 ktNa* 14
N in activated sludge® 5ktNa’ 2.9
Sludge N recoverable (biodrying)” 3ktNa™’ 2
Industrial N fixation? 574kt Na™* Influent N 24kt Na" 4
N in activated sludge’ 5ktNa™’ 0.8
Sludge N recoverable (biodrying) 3ktNat 1
P demand Flanders P recovery Flanders P
P applied to crops® 24ktPa’’ Influent P” 33ktPa’ 14
P recovery as struvite” 12ktPa 5
P in activated sludge* 3.0ktPa’ 13
Sludge P recoverable (wet chemical technology)’ 2.7ktPa’ 11
Imported mined P? 44ktPa’ Influent P** 33ktPa’ 8
P recovery as struvite® 1.2ktPa’ 3
P in activated sludge® 3.0ktPa™” 7
Sludge P recoverable (wet chemical technology) 2.7 kt Pa™* 6

Cellulose demand Netherlands Cellulose recovery Netherlands Cellulose
Paper (production)* 2671 kta™* Cellulose in influent? 180 kta™* 7
Energy demand (see above)  Netherlands Cellulose to energy Netherlands
CH, from cellulose (anaerobic)® 1.9PJa™’ 0.2
Electricity CH, (CHP)"" , 0.7PJa! 0.2
Electricity (cellulose combustion)” 0.7Pja’ 0.2
Heat CH, (CHP)Y 88 pya’ 1
Heat (cellulose combustion)™ 1.2Pfa’ 1
VFA demand Global VFA recovery Netherlands VFA
Acetate® 16000 kt a™* Acetate recovery™” 142 kta™* 1
Propionate®” 380 kta™ Propionate recovery“” 64 kta™ 17
Butyrate” 500 kt a™* Butyrate recovery®’ 29kta™" 6
Alginate demand Global EPS recovery Netherlands EPS
Production” 30 kta™ Potential EPS production® 76 kta ™ 252
Fodder demand Flanders SCP recovery Flanders SCP
Fodder N consumed®” 149 kta™ Influent N 24 kta™t 16
SCP from anaerobic digestate® 4.8kta’ 3
CO, demand Netherlands CO,, recovery Netherlands CO,
Industrial CO,™ 1239 kta™* CO, from biogas in WWTPs® 53 kta ! 4

“ Water removed from any freshwater source in 2014, either permanently or temporarily; mine water and drainage water as well as water
abstractions from precipitation are included.* ? Influent into Dutch WWTPs per year = 1928 million m?>® water content in wastewater =
99%.2° © Water recovery efficiency: microfiltration-ultrafiltration unit = 85%." ¢ Water recovery efficiency: microfiltration-ultrafiltration unit =
85%, reverse osmosis unit = 75%.* ¢ Natural gas gross consumption 2017."°°/ CH, recoverable from wastewater per year in the Netherlands by
anaerobic COD digestion under ideal conditions: all COD enters anaerobic digester and is recovered at a rate of 80%.>” ¢ Supply,
transformation and consumption of electricity available for final consumption in 2016.>* * CHP electricity conversion efficiency = 38%.*
! Theoretical energy in sludge organic matter in NL = 4100 TJ a”'; energy required to evaporate the water content of the sludge = 2900 TJ a™;
actual potential energy of sludge incineration NL = 1200 TJ a™*;*” electrical efficiency of coal-fired power plant = 40%.>°/ Supply, transformation
and consumption of heat energy available for final consumption and derived from gas, coal or biomass combustion in 2016.*° ¥ CHP heat
conversion efficiency = 40%." ! Total recoverable heat energy from effluent by heat pumps in the Netherlands, assuming AT = 5 °C and

operation time = 100%.>> " Represents the total anthropogenic N fertiliser input in Flanders (organic waste, manure, processed manure,
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synthetic fertiliser) and excludes atmospheric N fixation from legumes.?® ” Calculated based on,>* N fluxes into WWTPs assuming that influent
N could be fully recovered. > Assumed fraction of influent N ending up in sludge = 20%.%"*> 7 N removal efficiency from sludge applying the
biodrying concept = 70%.>* ¢ N produced with Haber-Bosch process.?® " Calculated based on,** N fluxes into WWTPs assuming that influent N
could be fully recovered. * Assumed fraction of influent N ending up in sludge = 20%.*"** * N removal efficiency from sludge applying the
biodrying concept = 70%.>* “ Represents the total anthropogenic P fertiliser input in Flanders (organic waste, manure, processed manure,
synthetic fertiliser).?® ¥ Calculated based on,* P fluxes into WWTPs assuming that influent P could be fully recovered. * Influent P recovery rate
as struvite = 35%.>" * Influent P ending up in activated sludge = 90%.** ¥ Influent P ending up in activated sludge = 90%; P recoverable from
sludge with wet chemical technologies = 90%.%* * Ref. 23. “* Calculated based on,* P fluxes into WWTPs assuming that influent P could be
fully recovered. “ Influent P recovery rate as struvite = 35%.>* “ Influent P ending up in activated sludge = 90%.** “ Influent P ending up in
activated sludge = 90%; P recoverable from sludge with wet chemical technologies = 90%.* “* Comprises the sum of graphic papers, sanitary
and household papers, packaging materials and other paper and paperboard; excludes manufactured paper products such as boxes, cartons,
books and magazines.*> ¢ Ref. 36; assuming the full influent cellulose fraction is sieved out.’” “ Total COD into Dutch WWTPs per year =
946 000 t;” cellulose fraction in influent COD = 31%;*® biodegradability of cellulose in separated anaerobic digester = 100%;>® share of COD
load anaerobically converted into biogas = 80%;"° CH, content of biogas = 65%.%” “* CHP electricity conversion efficiency = 38%." “ Total
cellulose entering Dutch WWTPs per year = 180000 t;*® heating value of pellets = 13.8 MJ kg'; combustion energy conversion efficiency to
electricity = 29%.>* ¥ CHP heat conversion efficiency = 40%.* “* Total cellulose entering Dutch WWTPs per year = 180 000 t;*° heating value of
pellets = 13.8 MJ kg™*; combustion energy conversion efficiency to heat = 50%.>* “ Global VFA market sizes."" “" Total COD in Dutch influent =
946 000 t;*” influent COD up-concentrated = 75% (bioflocculation HL-MBR); VFA yield per COD in optimised alkaline fermentation = 33%;
acetate fraction in VFA fermentation broth = 60.5%; propionate fraction in VFA fermentation broth = 27.5%; butyrate fraction in VFA
fermentation broth = 12.5%.*> “" Total COD in Dutch influent = 946 000 t;*” influent COD up-concentrated = 75% (bioflocculation HL-MBR);
VFA yield per COD in optimised alkaline fermentation = 33%; acetate fraction in VFA fermentation broth = 60.5%; propionate fraction in VFA
fermentation broth = 27.5%; butyrate fraction in VFA fermentation broth = 12.5%.** “ Total COD in Dutch influent = 946 000 t;*” influent COD
up-concentrated = 75% (bioflocculation HL-MBR); VFA yield per COD in optimised alkaline fermentation = 33%; acetate fraction in VFA
fermentation broth = 60.5%; propionate fraction in VFA fermentation broth = 27.5%; butyrate fraction in VFA fermentation broth = 12.5%."
% Global conventional alginate production.*” “? EPS recovery: total COD into Dutch WWTPs per year = 946 000 t;*” sludge yield per COD =
40%;"* EPS content in granular sludge = 17.5%;"> assumed EPS downstream process yield = 100%. " Total N in fodder consumed in Flanders.>®
% Calculated based on,*® P fluxes into WWTPs assuming that influent N could be fully recovered. “ Assumed fraction of influent N ending up
in sludge (sludge N) = 20%;*"** assumed fraction of sludge N that is solubilised in the liquor after anaerobic sludge digestion = 100%; assumed
N conversion efficiency into protein = 100%.%> ““ CO, contained in biogas recovered in Dutch WWTPs in the year 2012.® “” CO, contained in

biogas recovered in Dutch WWTPs in the year 2012.%°

institutional reports. For the calculation of the nutrient
supply potential, data collected in Flanders (Belgium) was
used. The reason for choosing this source® is that it provides
a very thorough, complete and up-to-date quantitative
analysis of N and P flows within Flanders. No comparable
analysis for the Netherlands is available. We assume,
however, that N and P flows in Flanders are comparable with
those in the Netherlands and so the calculated supply
potentials for Flanders are also applicable there.

Water supply potential

Water reuse from municipal WWTPs can significantly reduce
a city's freshwater demand.> A well-studied success story of
water reclamation and reuse is the city of Windhoek
(Namibia), where 25% of the city's potable water supply
stems from wastewater.* Other urban examples include the
city of Chennai (India), where the reuse of 40% of the
generated wastewater satisfies 15% of the city's water
demand.”” At Xi'an University in China, a decentralised
treatment system produces water for various non-potable
uses, such as toilet flushing, gardening and waterfront
landscaping, and has cut freshwater consumption on the
campus by 50%."° In the water-scarce city of Monterey
(California, USA), a large agricultural area is supplied with
almost 80000 m® per day of nutrientrich reclaimed
municipal wastewater to irrigate and fertilise crops.*® At the
state level, Israel and Singapore are two examples of
countries with nationwide wastewater reuse schemes. In
Israel, almost a quarter of the country's water demand is met

880 | Environ. Sci.: Water Res. Technol., 2020, 6, 877-910

by reclaimed wastewater,*® while Singapore achieves 40%
with its NEWater reclamation plant.*’

However, entering a municipal WWTP
contains only water used domestically, fractions of industrial
water and storm water. Water used in the agricultural sector,
which is the second largest consumer of water in Western
countries, after industry,”® does not reach these plants.
Therefore, even if a large fraction of WWTP influent is
reclaimed, it can only partly satisfy total regional demand for
fresh water. As shown in the examples in Table 1, the
effluents discharged by Dutch WWTPs equate to 20% of the
total volume of fresh water abstracted in the Netherlands.
Although the application of filtration technologies to these
effluents implies water losses, advanced treatments could
produce different water qualities suitable for various reuse
purposes, depending on the process applied. Microfiltration
and ultrafiltration could reduce Dutch freshwater abstraction
by 17%, while reverse osmosis could reduce it by 13%. Only
the latter technology could reclaim water of high enough
quality to enter the potable supply, so the others would only
be useful if the reclaimed water was intended to be used in a
non-potable context.

wastewater

Energy supply potential

A municipal WWTP can provide a significant share of the
total energy consumption of its operating local authority.>!
On the other hand, the potential chemical energy held in
typical municipal wastewater has been measured as being
five times higher than that needed for CAS process

This journal is © The Royal Society of Chemistry 2020
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operations.** As shown in Table 1, 94 petajoules (P]) per year
is the theoretical maximum energy that could be recovered
from Dutch WWTPs as CH,, assuming that all the chemical
oxygen demand (COD) in the influent were to enter an
anaerobic digester to be converted into biogas at 80%
efficiency. Currently, only about 25% of this maximum
potential is exploited.*”

Even under ideal conditions, however, CH, recovered from
wastewater would substitute less than 1% of Dutch annual
natural gas consumption. If the recovered CH, were
converted into electricity and heat in a combined heat and
power (CHP) unit of typical efficiency (ca. 40%), less than 1%
of the Dutch electricity consumption and only 4% of the
derived heat currently used in the Netherlands could be
supplied. Assuming that all excess sludge were dewatered
and then co-combusted in coal-fired power plants, the
amount of electricity obtained would be a negligible 0.1% of
overall consumption. The main reason for the low energy-
recovery potential of sludge incineration is that a
considerable amount of energy is required to evaporate its
water content, as sludge is often 80% water even after
mechanical dewatering.>”

The total thermal energy contained in WWTP effluent by
far exceeds the on-site demand for heat, indicating that these
plants have huge potential to feed district heating networks
or provide heat for industrial purposes.””> With a view to
process optimisation, using this heat for sludge drying is also
a promising possibility. The yearly average effluent
temperature in Dutch WWTPs is 15 °C. Assuming that a heat-
exchange or heat-pump system were installed to recover heat
energy of 5 °C, 24 hours a day, 365 days a year, the total
recoverable heat from municipal WWTP effluents in the
Netherlands would be about 40 PJ.>® This equates with more
than 40% of the total heat energy derived from gas, coal or
biomass combustion processes. Moreover, heat recovered
from Dutch WWTP effluents has an energy recovery potential
approximately ten times higher than that of heat derived
from recovered CH, combustion in a CHP unit (see Table 1).

Fertilizer supply potential

Close to 100% of the phosphorous (P) eaten in food is
excreted by the human body. On a global scale, about 17% of
all mined mineral P ends up in human excreta. Cities are P
‘hotspots’ and urine is the largest single source of the P
emerging from them.”® Table 1 shows that in the Flanders
region (Belgium), for example, the total P entering WWTPs is
equal to 8% of Flemish industrial P ore imports and 14% of
the total fertiliser orthophosphate P used in the region. Since
P could be recovered from sludge incineration ash with
efficiencies of about 90%,* this recovery pathway would lead
to a realistic supply potential of 11% of Flemish fertiliser
demand or 6% of Flemish industrial P ore imports. By
contrast, if soluble P is recovered as struvite, the influent P
recovery percentage lies between 10 and 50% depending on
the treatment process applied.**** The supply potential of

This journal is © The Royal Society of Chemistry 2020
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the struvite recovery route is thus significantly lower (3%)
than that of the sludge recovery route.

Thirty per cent of global N fertiliser demand could be met
through wastewater N recovery practices. But in countries with
intensive agriculture systems, like the Netherlands, this figure
shrinks to just 18%, representing the fraction of fertiliser N
that enters WWTPs.>> As shown in Table 1, much the same
applies in Flanders, where 14% of total N fertiliser demand or
4% of that for industrially fixed N could theoretically be met
from wastewater N recovery practices (assuming a 100%
recovery rate of influent N concentrations). But since only 20%
of influent N is retained in the sludge after the CAS process,
recovery rates using the technologies currently available are
significantly lower."*> The biodrying concept, for example,
which converts sludge into an energetically favourable state
and simultaneously recovers ammonium sulphate,*® could
satisfy only 2% of total Flemish demand for N fertiliser or less
than 1% of that for industrially fixed N.

Supply potential of other products

As exemplified for the Dutch case, in addition to fertilizers,
multiple products - for example, cellulose, volatile fatty acids
(VFAs), extracellular polymeric substances (EPS), single-cell
protein (SCP) and CO, - can be recovered from wastewater.
In principle, more products can be recovered from
wastewater, but data on such routes is still limited, which
gives rise to uncertainties. The Dutch Foundation for Applied
Water Research (STOWA), the Joint Scientific Centre of the
Dutch water boards, is currently developing wastewater
resource recovery strategies focusing on five of the products
mentioned above, namely cellulose, EPS, VFA, PHA and
CO0,.”°

Cellulose fibres may represent 50% of the total suspended
solids and a significant fraction of the inert solid fraction in
municipal WWTP influents. In the Netherlands, more than
80% of consumed toilet paper ends up in WWTPs and could
be recovered by taking a real cradle-to-cradle approach -
although it does remain questionable whether customers
would accept recycled toilet paper.®*® As shown in Table 1, if
the cellulose fibres were used as raw material for the Dutch
paper and paper board industry, they would have the
potential to satisfy 7% of demand from this sector. In all,
180000 t of toilet paper are flushed down Dutch toilets every
year. As this represents approximately 180000 trees,*® annual
deforestation of 45 ha could be avoided by recycling toilet
paper, assuming that the normal density of Dutch forests is
4000 trees per ha.”” Using sieved cellulose as feedstock for a
separated anaerobic digestion unit, as tested by,** would only
produce quantities of CHy, electricity and heat equivalent to
less than 1% of total societal demand. Not surprisingly, a
similarly low energy-supply potential is expectable were the
fibres to be dried, pressed into energy pellets and combusted
for electricity and heat generation, as investigated by.*®

VFAs produced in the Netherlands from up-concentrated
COD combined with long sludge retention times could,
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depending on the VFA type, meet 1-17% of global market
demand. But published figures on the global production
volumes of the three main VFAs differ considerably,*">*°
which makes this estimate uncertain. Country-specific
market data about VFAs is not readily available for academic
use, the only source being commercial market analysts
selling reports for several thousand euros each.*' If COD-
derived VFAs were converted into PHA, it is likely that a
significant share of European PHA production could be
supplied by the combined Dutch WWTPs. However, estimates
of annual PHA market sizes vary greatly from almost 150 000
tonnes European market size®' to 100000 tonnes global
market size,°* which makes it difficult to estimate a reliable
supply potential.

If Dutch influents were invariably treated using aerobic
granular sludge processes, and assuming that EPS can be
substituted for alginate due to their similar material
properties, the potential supply of EPS recovered from Dutch
municipal WWTPs would exceed global alginate production
by a factor of around 2.5. If such a scenario were realised, it
would certainly have a severe impact on the global alginate
market, including prices.

Intensive livestock production relies on protein-rich
fodder. If all Flemish influent N could be converted into
protein fed to animals, 16% of the consumption of
conventional fodder N stemming from protein-rich plants
like soya beans could be avoided. The production of single-
cell protein from wastewater as proposed by ref. 32 could be
much more environmentally efficient than the production of
conventional fodder. Its potential to satisfy Flemish demand
for fodder, however, is rather limited: it could substitute only
3% of conventional fodder N because only the sludge N
fraction is converted; most of the influent N remains in the
water line as ammonium or is denitrified.

Upgrading recovered biogas by extracting a rather pure
CO, stream could contribute substantially towards achieving
the greenhouse-gas emission-reduction target of the Dutch
water boards. It could also satisfy some industrial CO,
consumption needs (4%) - although this should still be
considered an important potential contribution, because the
energy demand of CO, from biogas is around 80% lower than
that from conventional processes.*®

Resource recovery technologies

By reusing resources contained in municipal wastewater, we
could tackle water scarcity problems, lower fossil energy
consumption and address global nutrient needs. In addition
to water, energy and nutrient recovery, it should not be
forgotten that a variety of other products can be recovered
from wastewater.® This section critically discusses RRRs for
these four resource categories. We define an RRR as the route
taken by a resource entering a WWTP, extracted from the
flow and then refined before finally being used. While
resource extraction happens on site at the WWTP, refining
and usage can be undertaken elsewhere.
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Water reclamation and reuse technologies

Around 99 wt% of the matter contained in wastewater is
water,>® so reclaiming and reusing this could be a more
sustainable option than, for example, desalination or long-
distance fresh-water transfers.®® Furthermore, the main
driver for the reclamation and reuse of domestic wastewater
is water scarcity caused by generally uneven global fresh-
water distribution and climate change-related water stress.*®
Secondary wastewater treatment processes do not fully
remove biological oxygen demand (BOD) and only eliminate
95% of total suspended solids (TSS) from effluents, which
also contain residual concentrations of  organic
micropollutants, such as pharmaceuticals, polychlorinated
biphenyls (PCPs) and pesticides. To meet the strict legal
standards for microbe and micropollutant concentrations in
reclaimed water, the effluent from secondary wastewater
treatment processes needs to be further processed on
advanced treatment lines.®* Advanced treatment technologies
can be divided into filtration, disinfection and advanced
oxidation processes (Fig. 1).

Membrane filtration

Membrane processes allow reliable advanced treatment and
are considered a key technology for advanced wastewater
reclamation and reuse strategies. Their advantages include
the need for less space, being a physical barrier against
particle material, and efficiency at retaining microorganisms
without causing resistance or by-product formation.
Membranes are included in several prominent large-scale
advanced treatment designs used worldwide for artificial
groundwater recharge, indirect potable reuse or industrial
process-water production. Ultrafiltration membranes (UF)
remove colloids, proteins, polysaccharides, most bacteria and
some viruses, and produce high-quality treated
effluents.®® Techniques using membranes with smaller pore
sizes - namely nanofiltration (NF) and reverse osmosis (RO) —
are useful to separate ions and dissolved solids from water.®°
A successful example of the use of NF/RO membrane
technology to recover water from wastewater for indirect
potable reuse can be found in Singapore, as part of the
NEWater project. The process consists of several treatment
steps and generates significant amounts of reclaimed water
to refill natural drinking-water reservoirs in the city state.®”
Membrane bioreactors (MBRs) might be especially useful for
wastewater reuse applications because they include an initial
membrane filtration step. A pilot application within the
NEWater  project, using MBR/RO/UV  after  primary
sedimentation, successfully recovered water of potable quality.®”
MBRs combine the activated sludge process with microporous
membranes for solid-liquid separation and have been
frequently applied, on a large scale, for municipal wastewater
treatment.®® Possible advantageous features of MBRs are the
separate control of sludge and hydraulic retention times, and
higher mixed liquor-suspended solids concentrations, which
allow for smaller reactors. On the other hand, MBRs can also

even
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have several disadvantages compared with the CAS process; for
example, greater process complexity, less readily dewaterable
sludge and greater sensitivity to shock loads. In addition, MBRs
are associated with higher equipment and operational costs,
due mainly to membrane cleaning and, at high loading rates,
higher aeration requirements.*

Although membrane technologies can provide very high
quality effluent, useful for any type of water reuse, they are
costly in operation. Membrane fouling in wastewater
applications can be a significant problem, too, especially at
high fluxes. Applying low fluxes reduces operational costs but
increases capital costs, as more membrane units are
necessary.’’ To decrease potential fouling and clogging,
effective operation requires extensive pre-treatment of
secondary effluents.®® An additional cost factor for efficient
large-scale membrane-technology application for wastewater
reuse arises from disposing of the complex retentate.””
Moreover, high pressure is generally needed for membrane
filtration. The energy requirements for MF/RO systems are
approximately 3 kWh per m® (ref. 18) and may far exceed the
recoverable chemical energy in the wastewater.”* calculated a
total lifecycle cost of about US$0.3 per m® for water reclaimed

This journal is © The Royal Society of Chemistry 2020

by an UF/RO treatment.” Estimated an overall cost of
approximately €0.8 per m® for the CAS process followed by
UF/RO, including costs for retentate discharge and revenues
from water valorisation. Reclaiming potable water for
households and/or industries from wastewater was shown to
be cost ineffective for the Amsterdam region due to high
process costs by comparison with conventional options.'
Membrane-based filtration processes always require
considerable electricity input,’® although lower water
viscosity in warm climates may decrease these energy
requirements. In our resource-constrained world, however,
increasing the consumption of one resource in order to make
another available has to be considered very carefully.”

Activated carbon filtration

Activated carbon (AC) filtration as an advanced treatment
process can produce higher quality effluent that is useful
for water reuse. AC units can be made from various raw
materials, including coal, peat, petroleum coke and
nutshells. These carbonaceous substances are activated by
physical and/or chemical agents under high temperatures,
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endowing them with effective filtering capacity for COD,
total organic carbon (TOC), chlorine and a wide range of
hydrophobic organic pollutants like pharmaceuticals.”* Two
major driving forces cause the adsorption of solubilised
pollutants to the surface of AC filters: (i) the solubility of
the dissolved pollutant and (ii) the affinity of the
contaminant for the adsorbent. AC is applied as a powder
(PAC) with a grain diameter of less than 0.07 mm or as
granular activated carbon (GAC). PAC can be added directly
to the activated sludge unit prior to advanced filtration
steps, whereas GAC is used in a separate pressure- or
gravity-driven filtration unit. While PAC needs to be
disposed of after use together with the sludge, GAC can be
regenerated cost effectively on site.”

Various studies have shown the effectiveness of combining
AC filtration with other advanced treatment steps for the
removal of water pollutants.”® showed that AC coupled with
oxidation by ozone removes 90% of various types of
pesticides during the production of drinking water. AC in
combination with ozonation improves the removal/
degradation of various emerging pollutants, since AC can
function as a catalyst in the ozonation reaction while ozone
increases the pore size and active surface area of AC.””7°
Furthermore, if AC is applied upstream of membrane
filtration units, the filtration performance of the membrane
systems is significantly improved.**®* But, compared with
other alternatives, the cost effectiveness of AC as a
membrane pre-treatment step may be questionable. Possible
shortcomings of AC filtration are that compounds of low
molecular weight and high polarity - such as amines,
nitrosamines, glycols and certain ethers - are not adsorbed.®*
In addition, contaminants are transported from the water to
the filter but are not degraded, so subsequent filter disposal
or cleaning has to be considered as an additional cost.**

Advanced oxidation processes

The removal of emerging pollutants like pharmaceuticals is a
growing concern in wastewater treatment®® and certainly
needs to be considered in water-reclamation processes.
Advanced oxidation processes (AOPs) form hydroxyl radicals
('OH) as highly reactive oxidant agents for the destruction of
a wide range of non-biodegradable organic contaminants like
pharmaceuticals, dyes or pesticides, as well as bacteria,
protozoa and viruses. AOPs are often run by external energy
sources such as electric power or light. They are usually
applied as the final polishing and disinfection step after
biological treatment, but can also be used as a pre-treatment
step that breaks down organic contaminants to enhance
subsequent biological treatment measures.”> AOP systems
can be configured according to the contaminant composition
and concentration and the required effluent quality. Besides
the sequential application of various AOPs to enhance the
selectivity of several classes of different pollutants, the
combined application of single AOPs can significantly
enhance the oxidation rate of organics.*® Various
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publications provide a thorough overview of the vast range of
possible combinations of AOPs to treat recalcitrant pollutants
in industrial or municipal wastewater.®>*>%7% But the
application of AOPs may also have shortcomings, like high
costs for reagents such as ozone and hydrogen peroxide or
for the required energy source, such as ultraviolet light.*
The following paragraphs briefly describe ozone and
ultraviolet irradiation, the most widely used AOP techniques.
Unless membrane treatment in the form of RO is already
applied, an additional disinfection unit may be needed for
safe wastewater reuse.

Ozone (0O3) is a commonly used oxidising agent, often
produced on site from dry air or pure oxygen. It is useful for
the elimination of bacteria, viruses and protozoa and
therefore a suitable process for water reuse. While higher
pressure, pH value and contact time enhance pollutant
degradation efficiency, a higher temperature limits it. The
main disadvantages of ozonation are its high energy demand
and the short stability of ozone itself, which can make the
process costly. For water that contains certain levels of
bromide, there is a potential risk of its conversion to bromate
during ozonation, which can lead to the formation of
carcinogenic bromated organic compounds. This is especially
relevant in seawater desalination and drinking-water
treatment, and to a lesser extent in wastewater effluent
polishing. After ozonation, activated carbon filtration is often
applied to reduce the content of biodegradable compounds
in the flow.”

Ultraviolet (UV) irradiation is considered a fast, efficient,
safe and cost-effective process, and is thus one of the most
prominent alternatives to chemical disinfection.”® UV light
wavelengths hold enough energy to let pollutant molecules
release electrons and therefore become unstable. In addition
to this direct photolytic action on compounds dissolved in
the water, UV technology may degrade other contaminants
through the photochemically-assisted production of oxidants
like hydroxyl radicals and through photochemically-assisted
catalytic ~ processes.”’  Microorganisms have evolved
mechanisms to repair their partially denatured DNA after UV
light exposure, however, which can lead to DNA reactivation
after the treatment. This potential risk is dependent on the
UV dose applied, the stability of added disinfectants, contact
time, pH, temperature and the number and type of
microorganisms present in the wastewater. Moreover, the
physiochemical parameters of the treated effluent, such as
turbidity, hardness, suspended solids, iron, manganese and
humic acids content, can be disruptive factors preventing UV
light waves from reaching all microorganisms.”® After
treating advanced municipal wastewater effluent with UV
light,* concluded that microbial communities change after
the treatment in respect of the types of bacteria present, but
that the total amounts of bacteria in the water can increase
to the same level as in non-disinfected effluent within only
five days. UV irradiation therefore requires careful
adjustment of the factors just described in order to ensure
sufficient contaminant removal from wastewater.”>
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To eliminate bacteria, viruses and protozoa for safe water
reuse, chlorination is the most widely applied method.
Chlorine is applied around the world for wastewater
disinfection, as chlorine gas, hypochlorite solution or in solid
form.” Despite its effectiveness in destroying pathogens,
chlorination is accompanied by potential risks. Harmless
substances can react with the disinfectant and form harmful
molecules, so-called chlorination by-products.”® In addition,
research has shown that some viruses and bacteria are
resistant to chlorination. It is therefore advisable to combine
this technique with additional and advanced treatment
methods for safe wate