Document downloaded from:

http://hdl.handle.net/10251/141642
This paper must be cited as:

Robles Martinez, A.; Aguado Garcia, D.; Barat, R.; Borras Falomir, L.; Bouzas Blanco, A.;
Bautista-Giménez, J.; Marti Ortega, N.... (03-2). New frontiers from removal to recycling of
nitrogen and phosphorus from wastewater in the Circular Economy. Bioresource
Technology. 300:1-18. https://doi.org/10.1016/j.biortech.2019.122673

The final publication is available at

https://doi.org/10.1016/j.biortech.2019.122673

Copyright E|sevier

Additional Information



New frontiers from removal to recycling of nitrogen and phosphorus from wastewater in the
circular economy

Angel Robles 2, Daniel Aguado®, Ramén Barat ®, Luis Borras 2, Alberto Bouzas 2, Juan Bautista Giménez 2, Nuria
Marti 2, Josep Ribes 2, Maria Victoria Ruano 2, Joaquin Serralta , José Ferrer °, Aurora Seco @

aCALAGUA - Unidad Mixta UV-UPV, Departament d’'Enginyeria Quimica, Universitat de Valéncia, Avinguda de la
Universitat s/n, 46100, Burjassot, Valéncia, Spain

®CALAGUA - Unidad Mixta UV-UPV, Institut Universitari d'Investigacié d’Enginyeria de 'Aigua i Medi Ambient -

[IAMA, Universitat Politécnica de Valéncia, Cami de Vera s/n, 46022, Valéncia, Spain.

Abstract

Nutrient recovery technologies are rapidly expanding due to the need for the appropriate recycling of key elements

from waste resources in order to move towards a truly sustainable modern society based on the Circular Economy.

Nutrient recycling is a promising strategy for reducing the depletion of non-renewable resources and the
environmental impact linked to their extraction and manufacture. However, nutrient recovery technologies are not
yet fully mature, as further research is needed to optimize process efficiency and enhance their commercial
applicability. This paper reviews state-of-the-art of nutrient recovery, focusing on frontier technological advances
and economic and environmental innovation perspectives. The potentials and limitations of different technologies
are discussed, covering systems based on membranes, photosynthesis, crystallization and other physical and
biological nutrient recovery systems (e.g. incineration, composting, stripping and absorption and enhanced

biological phosphorus recovery).
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1. Introduction

1.1.Circular Economy in waste treatment

The Earth has gone through different geological eras in its history, during which extreme climatic
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conditions have alternated with periods of climate stability. For the last 10,000 years, or Holocene Period,

the environment has remained unusually stable and environmental change has been autoregulated by

means of different interconnected natural systems. Nonetheless, the industrial revolution was the starting

point of the Anthropocene Period, a new era in which the climate changes are derived from human

activities (Rockstrom et al., 2009).



The post-industrial economic model has remained unchanged since its very beginning, and has
followed a linear consumption pattern that overlooks the finite nature of raw materials. So far, innovation
has been used as a means of creating economic value rather than reducing the human impact on the
biosphere, so that the focus has been on optimizing existing systems rather than steering innovation
towards sustainability (Westley et al., 2011). Indeed, as a result of the marked dependence of industrial
economies on fossil fuels and intensive farming, which produce massive flows of wastes, the natural
regulatory capacity of the Earth’s systems is currently being exceeded and threatens the Holocene’s
prevailing environmental stability (Rockstrom et al., 2009).

In accordance with the prevailing linear economic model, current production and consumption practices
only consider treating waste streams when they involve a potential risk to the environment, whilst
recovering valuable resources is only considered when it entails an economic benefit to the production
process. However, many companies are already noting increased exposure to steadily rising and less
predictable resource prices as a result of the expanding population and urban agglomeration, and the
depletion of easily reachable resources, which increases the environmental cost associated with
exploitation (MacArthur, 2013). Working towards optimizing goods production alone, in terms of reducing
the specific demand for raw materials and energy, will only postpone the eventual depletion of resources.
Acknowledging the finite nature of the stocks and the detrimental effect of their discharge into the
environment is giving rise to an increasingly concerned society that recognizes the urgent need for
innovation systems focusing on biosphere-conservation that will lead to sustainable production and
consumption habits by minimizing resource wastage. In this respect, the adoption of a Circular Economy
(CE) is required, entailing a demand-based stock control, the minimum use of resources and recycling
used goods into the production cycle.

The term CE denotes an economic model aimed at restoring the environment. CE attempts to
maximize benefits whilst relying on renewable energy, eliminating the use of toxic chemicals and focusing
product design on waste reduction. Products are conceived as an assembly of components that serve for

a specific purpose during their lifetime, after which they are dismantled and the components are used in



new products (MacArthur, 2013). This approach has already been proved effective in several industries,
where the reintroduction of used components has significantly offset the requirements for raw materials
(Dobbs et al., 2011). CE techniques applied to waste treatment involve not only the removal of
contaminants to prevent environmental damage, but also recover them as valuable products to be re-used
in other production cycles.
1.2.The role of inorganic nutrients in the Circular Economy

Rockstrom et al. (2009) reported a framework based on the definition of ‘planetary boundaries’, which
define ‘the safe operating space for humanity with respect to the Earth system’, that anthropogenic
reactive forms of nitrogen (N) and phosphorus (P) are large enough to destabilize their natural fate.
Intensive farming is considered as the major contributor to N- and P-induced environmental change as a
result of the massive use of fertilizers and the N-fixation capacity of leguminous crops. According to these
authors, the combined effect of all terrestrial processes converting atmospheric N2 into reactive N-forms
yields around 35 million tons per year, which account for one fourth of the atmospheric N2 converted by
human processes. Unlike N, P is obtained from phosphate rock-mining. Around 20 million tons of P are
mined every year and it is used in a wide range of applications. Most of the human-converted reactive N
and mined P end-up in the environment, eroding the resilience of important Earth subsystems (N2O as
greenhouse gas increases radiative forcing, turbidity and anoxia in water bodies with distorted N- and P-
cycles), while advancing towards depletion (not the case with N, but the energy-intensive Haber-Bosch
process used to activate N mostly depends on fossil fuels). Indeed, P was included in the Critical Raw
Materials list of the European Union in 2017 due to the supply risk and its economic importance. P
deposits are unevenly distributed and even today fertilizer quality issues frequently arise (Glinther et al.,
2018). Other authors forecast that P production will peak within this century (Cordell and White, 2013) as a
result of the increased need for food production, so that a future P shortage could limit food production.
This risk is especially important in Mediterranean countries with high levels of food production such as
Spain and Italy, who provided around 33% and 51% of the European production of fruit and vegetables,

respectively, in 2017.



As a result of their several uses, most of the N and P used for human activities eventually find their
wastewater-borne way to the oceans, increasing the risk of anoxia and eutrophication. Current wastewater
treatment plants discharging to eutrophication sensitive areas remove N and P from their effluent, mostly
by air stripping (nitrification/denitrification) and biological and/or chemical precipitation, respectively.
However, the recovery of these nutrients from wastewaters would not only prevent this risk, but also
encourage the transition towards a CE-based development model. In the CE pattern, wastewater
treatment facilities are designed to fit a materials cycle in which waste does not exist and are rather
conceived as water resource recovery facilities (WRRF). Nutrients should be properly recovered in order
to be reintroduced into the biosphere to safely produce new natural capital.

The present review describes the state-of-the-art of current technologies devoted to N and P recovery
from wastewater and the extent of the contribution of each technology to the transition towards a CE-
based development model is discussed.

2. Membrane-based systems for nutrient recovery
2.1.Membrane-based technologies

Membrane systems can be considered as an effective and selective technology for nutrient recovery
from wastewater. Forward osmosis (FO), hollow-fiber membrane contactors (HFMC), electrodialysis (ED)
or bioelectrochemical system (BES) are highly selective on N and/or P and can replenish resources for
biofertilizer production, overcoming negative environmental impacts of wastewater treatment (Yan et al.,
2018). For instance, N can be recovered as ammonium sulfate by using sulfuric acid solution by HFMC,
while P can be fractioned as phosphoric acid by ED (Xie et al., 2016). Anaerobic membrane bioreactors
(AnMBR) and direct membrane filtration (DMF) can be applied as a previous step for fertigation or other
nutrient recovery system. The different membrane-based treatment schemes thus have the potential to
overcome the challenges of nutrient recovery from wastewater and potentially represent a paradigm shift
in wastewater nutrient management (Xie et al., 2016). Figure 1 shows some examples of membrane
hybrid systems for N and P recovery from wastewater.

2.1.1. Forward osmosis



FO is regarded as a potential low-energy solution for nutrient recovery (Lutchmiah et al., 2014). In this
technology, the driving force for the transport of water molecules through the membrane is the naturally
occurring osmotic pressure. The advantages of FO for nutrient recovery include: rejection of salts, low
energy input due to the low hydraulic pressure required, production of good quality water, and lower
fouling propensities than other systems (Lutchmiah et al., 2014).

Different configurations have been tested for recovering nutrients and reclaimed water for sustainable
agriculture and water recycling in arid regions, such as FO-reverse osmosis (RO) process configuration,
osmotic dilution process, osmotic membrane bioreactor (OMBR), and fertilizer-drawn FO (FDFO) process
(Awad et al., 2019). By way of example, Singh et al. (2019) achieved recoveries of phosphate (PO4%-) and
ammonia (NHs, FAN) of 75% and 66%, respectively, using divalent magnesium chloride as the draw
solution. Volpin et al. (2019) recovered 93% of the P and 50% of the N from dilute human urine. The
economic analysis revealed that the revenue from the fertilizers produced could potentially offset the
overall costs of the system. However, integrating pressure-assisted osmosis and FDFO could further
enhance the economics of the process due to enhancing water fluxes (Kim et al., 2019).

2.1.2.  Membrane contactors

HFMC are a promising technology for N recovery. In these systems, ammonia passes through a
microporous hydrophobic membrane and a sulfuric acid solution is used as draw solution to recover N as
a valuable product (e.g. ammonium sulfate). The difference between NH3 concentrations on both sides of
the membrane is the driving force. The small pore size and the hydrophobic nature of the membrane
prevent the liquid phase from entering into the pores due to surface tension (Darestani et al., 2017). Two
different membrane configurations can be applied for N recovery: pumping N-rich solution into the lumen
side and acid solution into the shell side, or vice versa. Several authors have proved that a higher mass
transfer coefficient is obtained when the feed solution is pumped into the lumen side (Agrahari et al.,
2012). However, fouling should be avoided within this configuration by a pre-treatment based on
microfiltration or ultrafiltration membranes. Other authors proposed pumping the feed solution into the

shell side or using submerged membrane modules without any outer shell (Waeger-Baumann and Fuchs,
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2012).

The diffusion rate of NH3 through the membrane depends on the NH3 concentration in the feed
solution, which in turns depends on pH and temperature. The feed solution pH can be raised by adding
alkali to assist the transformation of ammonium (NH4*) into NH3, enabling it to go through the microporous
hydrophobic membrane. pH can also be raised by aeration (Daguerre-Martini et al., 2018), which reduces
the cost.

HFMCs have been successfully applied for the recovery of N from different streams, such as reject
water from sludge dewatering systems (Seco et al., 2018) or animal manure (Fillingham et al., 2017),
among others. To our knowledge, the first application of full-scale HFMCs was recently reported by
Richter et al. (2019).

2.1.3.  Electrodialysis

ED is a well-known process that has been applied for more than 50 years on a large industrial scale for
drinkable water production from brackish water sources and has recently been combined with bipolar
membranes or with ion-exchange resins for different purposes, such as nutrient recovery from wastewater
(Zhang et al., 2013). ED processes use an alternating series of cation and anion exchange membranes
between the terminal anode and cathode. The applied current generates an internal electrical potential
gradient that is used to concentrate or dilute ions from an aqueous solution through ion migration. ED has
been applied for N and/or P recovery from different streams, such as municipal wastewater (Rotta et al.,
2019), the anaerobically digested organic fraction of municipal solid waste (Oliveira et al., 2018), source-
separated urine (Tarpeh et al., 2018) and pig manure (Shi et al., 2018), among others.

All ED-related technologies suffer from membrane fouling during wastewater nutrient recovery. The
build-up of fouling layers increases cell resistance (current drop), reduces migration yield and ion
selectivity and eventually alters membrane characteristics due to irreversible fouling. Different
mechanisms can be used to reduce membrane fouling, such as periodically reversing the electrode
polarity, reducing current density, improving hydraulic conditions in the stack compartment by increasing

the flow rate or gasket with flow pattern, and in-place cleaning with acidic or basic solutions. Shi et al.



(2019) achieved N recovery efficiency higher than 80% when treating pig manure digestate with
electrodialysis reversal. Several authors have combined ED with struvite crystallization for simultaneous
NH4* and P recovery, which resulted in reduced membrane scaling (Thompson Brewster et al., 2017).
2.1.4. Bioelectrochemical systems

BES technology uses the electrons produced during the oxidation of organics to produce energy and
other value-added compounds. During electricity generation, NH4* ions are driven from the anode to the
cathode to maintain charge neutrality. In the cathode chamber, NH4* is transformed into NH3 due to the
high pH value. NH; can be recovered from the cathode chamber via volatilization and subsequent
absorption into an acid solution.

NH4* has been successfully recovered as NHs in BES fed with different ammonium-rich wastewaters,
such as synthetic wastewater, urine, swine wastewater and landfill leachate (Qin et al., 2016). Different
mathematical models have also been developed to explain the ion transport mechanism taking place
during NHs recovery and BES operation (Recio-Garrido et al., 2016). Although P recovery has not been
evaluated as much as N recovery, several authors have applied BES to recover P as struvite from
different wastes, such as swine manure and urine (S. Lu et al., 2019). P can also be recovered from iron
phosphate sewage sludge (Blatter et al., 2019). In this case, the electricity produced in the microbial fuel
cell is used to reduce the FePOs present in the digested sludge, dissolving precipitated phosphate into
soluble forms, which can be recovered in the form of struvite in a subsequent crystallization process.

BES have been recently upgraded by integrating membrane technology, achieving improved energy
recoveries and wastewater treatment efficiencies than conventional BES (Yang et al., 2019). For instance,
Chen et al. (2017) developed an advanced microbial nutrient recovery cell for municipal wastewater
treatment, achieving more than 95% recovery efficiencies in organic matter and nutrients. P recovery
efficiency was around 60%.

2.15. AnMBR
AnMBR is regarded as an energy-efficient and cost-effective system that can help shift wastewater

treatment towards the CE. These systems consume less energy than aerobic-based processes, since



oxygen is not needed for the recovery of organics, leading to a lower amount of biosolids to be handled
and transforming biodegradable organics into the gaseous energy carrier CHs, suitable for energy
production (Robles et al., 2018). Anaerobic digestion (AD) mineralizes organic N and P in the form of NH4*
and PO4%, allowing its recovery (e.g. struvite crystallization, microalgae cultivation, fertigation, etc.).
Hence, negligible N and P removals (only microbial assimilation for biomass growth) are expected in
AnMBR systems. The combination of AD and membrane filtration has an intrinsic advantage: the inherent
retention of pollutant solids, which results in excellent permeate qualities because of micron level filtration
of the effluent, regardless of its initial quality (including microbiological decontamination by removing even
viruses when the appropriate membrane cut-off is implemented). This effluent control quality facilitates
nutrient recovery by different techniques.

Fertigation is another interesting option for nutrient recovery in AnMBRs. As previously commented,
water scarcity and limited availability of essential nutrients represent a crucial risk to food production.
Directly using the AnMBR effluent for fertigation purposes would alleviate not only water scarcities but also
the dependence on chemical fertilizers, thus drastically improving the water-energy-food nexus (Lazarova
et al., 2012). Moreover, fertigation would drastically reduce the environmental impact of AnMBR related to
eutrophication (Pretel et al., 2016). However, when fertigation is not possible, AnAMBR must be combined
with a complementary post-treatment process for nutrient recovery, e.g. membrane contactors (Jacob et
al., 2015), ion exchange (Calabria et al., 2019; Gu et al., 2019; Mai et al., 2018), or photosynthetic
bioreactors (Gonzalez-Camejo et al., 2019b; Gonzélez et al., 2017; Seco et al., 2018; Viruela et al., 2018),
among others.

2.1.6.  Direct filtration

DMF can maximize the recovery of resources from wastewater by separating the soluble and
suspended fractions of pollutants (Lateef et al., 2013). In this way, it is possible to increase the amount of
nutrients that can be recovered from wastewater in a side-stream process. For instance, Lateef et al.
(2013) showed that it is possible to recover about 75% of organics (including nutrients) from wastewater

by DMF. These authors suggested that DMF could be used for retrofitting current wastewater treatment



plants (WWTPs), maintaining the currently working footprints. Ravazzini et al. (2005) evaluated the
performance of DMF technology for treating raw sewage and primary settler effluent for irrigation, showing
its potential to produce high-quality nutrient-enriched water. However, only 10% of N and 20% of P were
present in the reclaimed water produced in the main line. Ma et al. (2013) evaluated the recovery of
organics from municipal wastewater by dynamic membranes and proposed an innovative concept for
municipal wastewater treatment in which N and P recovery could be conducted on mainstream and side-
stream, respectively.

Although DMF is a promising energy-efficient technology for concentrating organics from different
streams (Sancho et al., 2019), there is still limited information regarding their feasibility for efficient full-
scale implementation. Further research is needed on energy demand optimization and membrane fouling
mitigation (Mezohegyi et al., 2012).

2.2. Potentials and limitations

Membrane processes are a promising technology to separate and/or concentrate nutrients in different
streams. However, it is clear that there is great room for improvement in order to stimulate the competitive
full-scale implementation of membrane-based technologies for resource recovery. In this respect, recent
research mainly focuses on the optimization of membrane fouling and process economics. Membrane
fouling is a big challenge for the recovery of nutrients from wastewater, since it deteriorates membrane
productivity, increases power requirements and reduces economic feasibility (Yan et al., 2018).

The recovered nutrients can be directly or indirectly applied to agricultural purposes. For instance, the
energy input of the filtration process in AnMBR or DMF technology for sewage treatment is commonly
below 0.4 kWh per m? of treated water. Taking into account a wastewater with an ammonium
concentration of 50 ppm, the cost of nitrogen recovery with the produced water would be below 8 kWh-kg!
N. A key aspect to consider is the necessity of enhancing the process barrier against virus transmission
(Amarasiri et al., 2017), especially in the case of water reclamation in agriculture (e.g. AnMBR or DMF).
Similarly, the presence of pathogens in reclaimed waters is also responsible for some important health

problems, and must therefore be adequately controlled and monitored. The use of membranes in the
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ultrafiltration range makes it possible to retain the pathogens and a large part of the viruses and
represents a viable alternative for the regeneration of wastewaters. There are also indications of the
competitive advantages of ultrafiltration systems for the mitigation of priority and emerging substances and
persistent organic pollutants (Harb et al., 2019), including antibiotic-resistant bacteria (ARB) and antibiotic
resistance genes (ARG) (Harb and Hong, 2017). However, further research is needed to validate the
performance of long-term operations.

The combination of AnMBR with fertigation can be considered as a membrane-based technology for
nutrient recovery ‘ready’ to be implemented for full-scale low-loaded wastewater treatment. However, this
combination still faces technological and regulatory barriers that need to be solved. These bottlenecks
were tackled within the Innovation Deal approved by the European Commission in 2016, dealing with
AnMBR technology for low-loaded wastewater treatment, in which several case studies for water reuse
were assessed (Jiménez et al., 2019, submitted). On the other hand, BES are one of the most promising
membrane-based methods for nutrient recovery, although further research is needed from the laboratory
context to pilot-scale scenarios in order to get enough information for scaling up BES to the industrial
level. Furthermore, when applying BES to P recovery, struvite precipitation takes place on the cathode
electrode and the collection of these precipitates and replacement/regeneration of the cathode electrode
has not yet been solved.

HFMC seems to be a suitable option for N recovery from nutrient-rich streams (e.g. urine, swine
manure or reject water in urban WWTPs) since the large towers required for NHs stripping are replaced by
small membrane devices, which have larger surface areas per volume of device unit. HFMC offers the
prospect of being: selective to NHs recovery, able to operate with lower energy inputs than other systems
(e.g. air stripping), and highly selective of NH4* (Darestani et al., 2017).

The technical, economic and environmental viability of these membrane-based processes should be
studied in depth for future full-scale implementation, taking into account not only power requirements and
membrane fouling, but also other aspects such as the carbon footprint, system robustness, capital and

expenditure costs, the quality of the generated product and market demands.
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3. Photosynthetic-based systems for nutrient recovery
3.1. Photosynthetic-based technologies

Photosynthetic wastewater treatment has also emerged as a sustainable and cost-effective alternative
in the context of the CE (Garcia et al., 2019).

One possible photosynthetic alternative is recycling nutrients from wastewater streams with microalgae
cultures (Garrido-Cardenas et al., 2018; Santos and Pires, 2018), which has been reported to consume up
to 24% less energy than conventional wastewater treatments and it is possible to recover up to 90% of the
nutrients from wastewater effluents (Romero-Villegas et al., 2018). Indeed, in the last decade, there has
been a noticeable scientific interest in microalgae-based technology for nutrient recovery from
wastewaters (Judd et al., 2015), with a 20-fold increase in the number of publications on microalgae
research worldwide (Garrido-Cardenas et al., 2018). Several studies confirm that microalgae cultures
successfully uptake N and P from different wastewater types (Guldhe et al., 2017), such as secondary
effluent, primary clarifier effluent, AnMBR effluent, and AD supernatant, the effluents from farms mainly
manure and centrate from anaerobic digestion of manure and other residuals. Moreover, using wastewater
as nutrient substrate and flue gases as CO, has emerged as a potential cost effective strategy for large-
scale microalgae production (Guldhe et al., 2017).

Photosynthetic bacteria (PSB) wastewater treatment has appeared as a novel technology that can
perform wastewater treatment and nutrient recycling at the same time (Chen et al., 2019; H. Lu et al.,
2019). Although, PSB has been used to treat some kinds of wastewaters since the 1960s, mainly non-
toxic industrial wastewaters, in the past ten years it has achieved increasing attentions due to its potential
as a resource recovery technology (Meng et al., 2018). The application of PSB, mostly the purple non-
sulfur bacteria (PNSB), has significant potential for sustainable wastewater treatment due to their high
yield of hydrogen, their tolerance of toxicity and temperature fluctuations, and more versatile metabolic
pathways than microalgae that can assimilate carbon (C), N and P in a single stage (Gonzélez et al.,
2017). PSB cells are not toxic and contain many high-value substances (carotenoids, coenzyme Q,

vitamin B, nicotinic acid, pantothenic acid, protein, etc.) that can be used as fertilizers, animal feedstock
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and functional ingredients in agriculture and the food and medical industries (Chen et al., 2019). Thus,
PSB wastewater treatment is economically and environmentally sustainable, not only because of nutrient
recovery within the high value PSB cells but also due to the reduced sludge production.

A few studies have compared PSB resource recovery from wastewater and microalgae-bacteria
consortia (Garcia et al., 2019; Hulsen et al., 2018). The findings basically showed that although
microalgae-based systems presented higher nutrient recovery efficiencies, PSB showed higher
robustness versus dynamics in operating conditions.

Nutrient recovery efficiencies and valuable biomass productivity from photosynthetic-based systems
generally depend on wastewater characteristics, process technology, phototrophic organisms and
environmental/operating conditions.

3.1.1.  Microalgae-based technology

A large number of algal species have been used in wastewater treatment. Many authors have
evaluated pure microalgae cultures, but in large scale outdoor conditions, the mixed microalgae cultures-
bacteria consortia is what naturally occurred (Gongalves et al., 2017; Gonzalez-Camejo et al., 2019a).
Different microalgal-bacterial consortia are obtained according to the wastewater characteristics and
environmental and operating conditions. This symbiosis favors low energy consumption and carbon
footprint since the CO- generated during heterotrophic organic matter degradation is photosynthetically
fixed and the oxygen required to degrade the organic matter is released by the microalgae (Uggetti et al.,
2018). The relative importance of these processes (O2 production, CO2 production, nutrient fixation, etc.)
is based on the composition of the consortium (Acién Fernandez et al., 2018). In this respect,
microorganisms such as nitrifying bacteria compete with microalgae for nutrients, affecting the N recovery
potential of the process. Particularly, nitrifying bacteria can reduce microalgae growth by depleting the
ammonium concentration in the media, hence limiting microalgae N uptake, thus reducing nitrogen
recovery (Gonzalez-Camejo et al., 2019b; Viruela et al., 2018). In addition, nitrifying bacteria oxidize the
ammonium to nitrite which has been reported to negatively affect microalgae, in spite of also being a

nitrogen source for microalgae growth.
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Green microalgae genera (e.g.Chlorella sp., Monoraphidium sp. and Scenedesmus sp.) have been
extensively reported as ideal for wastewater treatment due to their adaptability to this medium (K. Li et al.,
2019; Vo et al., 2019). Other authors have used cyanobacteria instead of green algae because of their
ability to produce metabolites such as phicobiliproteins and polyhydroxybutyrates. Cyanobacteria are
easier to digest due to their soft cell wall (Arias et al., 2017). In contrast, nutrient uptake efficiencies are
usually lower than those for green algae. Autotrophic, heterotrophic and mixotrophic metabolism for
microalgae-based cultivation can be found, in which biomass anabolism is carried out by fixing CO2 with
an energy input from either light or an external inorganic electron donor, by organic carbon sources
without light, or alternatively, according to the operating conditions (K. Li et al., 2019). Although
heterotrophic metabolism has huge advantages, such as growth in dark conditions (Turon et al., 2016),
microalgae are primarily photosynthetic and only a few are facultative heterotrophs (K. Li et al., 2019).

Microalgae-based wastewater treatment depends on many factors (Guldhe et al., 2017; Vo et al.,
2019), some of them related to environmental conditions (outdoor/indoor, light, temperature, etc.),
wastewater characteristics (C:N:P ratio, nutrient levels, toxics..) and others associated with operating
conditions (batch/continuous, CO2 addition, hydraulic and solids retention time, mixing, pH etc ) and
reactor configuration (light path, open systems, photobioreactor, attached-growth, etc.).

The factor that most affects nutrient recovery efficiency and biomass productivity is the average
irradiance of the cells, which is a function of the light available and water depth. Shallow depths are used
to increase performance yields and greater depths to increase treatment capacity (Acién Fernandez et al.,
2018). This means a difficult trade-off must be made to optimize reactor design. In addition to light
intensity, light frequency and photoperiods have also been assessed in the literature (Gonzalez-Camejo et
al., 2019b).

The photobioreactor design is another important factor for achieving both cost-effective and high-
efficiency wastewater treatment. Basically, they can be classified into open systems, closed
photobioreactors and newly designed hybrid photobioreactors (K. Li et al., 2019; Vo et al., 2019). Mainly

for cost-effective reasons, the most frequently used system for wastewater treatment is the open pond
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reactor, which consists of a shallow depth carrousel (15-40 cm) in which the water is recirculated by
paddlewheels (Arbib et al., 2017). The key issue in this technology is process control, since it is
significantly affected by ambient factors, N and COz losses and the large surface areas required (X. Xu et
al., 2019). Different configurations of closed photobioreactors have been widely reported: tubular, flat
panel, vertical columns, soft frame and hybrid photobioreactors. The increasing interest in optimizing and
assessing new photobioreactor configurations is based on developing a high-efficiency treatment system
that reduces their typical high investment and operating costs (Vo et al., 2019). In this respect, hybrid
systems have been proposed such as membrane photobioreactors in which biomass and hydraulic
retention times can be decoupled, enabling higher efficiencies (Gonzalez-Camejo et al., 2019b). Another
recent hybrid technology is microalgae biofilms, with different attached materials and reactor designs
(Gross et al., 2015).

Microalgae-based processes for the recovery of nutrient from wastewater can be divided into the
following steps: (i) pre-treatment, (i) nutrient uptake and biomass production, (iii) biomass harvesting, and
(iv) transformation of the biomass into end products. Harvesting microalgae is a challenging step due to
the low recovery efficiencies of some technologies and their high capital and operating costs (Alkarawi et
al., 2018). Separation of microalgae biomass is attained by gravity sedimentation, flocculation, flotation,
centrifugation, filtration or a sequence of any of these. When recovering nutrients from wastewater, only
low energy-demanding and cost-effective technologies must be considered. Centrifugation is the most
widely used (Acién Fernandez et al., 2018) and membrane filtration appears as one of the most
competitive separation methods (Judd et al., 2015). Depending on the final application, a dewatering step
is also required, such as sun-drying, drum drying, etc. The final step involves biochemical (anaerobic
digestion, alcoholic fermentation, transesterification, etc.) or thermochemical processes (pyrolysis,
hydrothermal carbonization, etc.) (Santos and Pires, 2018).

Producing microalgae from wastewater allows the recovery of nutrients as valuable biomass, obtaining
from 1 kg to more than 10 kg of dry microalgae per cubic meter of sewage and manure, respectively

(Acién Fernandez et al., 2018). This valuable biomass can be used for non-human related applications,
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i.e. energy, livestock (aquaculture and animal feeding) or agricultural uses. Valuable compounds such as
pigments, omega fatty acids, proteins, vitamins, etc. can be synthesized from microalgae biomass
(Garrido-Cardenas et al., 2018) and it can be converted into renewable energy source such as biogas,
biodiesel, bioethanol, biohydrogen, etc. (Guldhe et al., 2017). In all the different options related to biofuel
production, the harvesting and dewatering step plays a key role, since it is a very energy-demanding
process and accounts for around 3-15% of the total production costs of microalgae biomass (Fasaei et al.,
2018). In nutrient recovery, microalgae biomass can also be used as fertilizer for the agricultural industry
(Marazzi et al., 2019). In this application, downstream processes are also crucial, such as harvesting and
dewatering, for instance, using biomass as a bio-char for hydrothermal carbonization (HTC). Using wet
biomass appears as a promising solution as it eliminates drying costs (Santos and Pires, 2018).
3.1.2.  Photosynthetic-bacteria-based technology

PSB can be classified into four main families: PNSB, purple sulfur bacteria (PB), green sulfur bacteria
(GSB) and gliding filamentous green sulfur bacteria (GFB). PNSB is the most widely reported for
wastewater treatment due to their more versatile metabolism. They assimilate organic compounds as e.g.
polyhydroxybutyrate (PHB) but also recover nutrients by inorganic polyphosphate (poly-P) formation and N
by denitrification and assimilation (Hulsen et al., 2014). C, N and P are assimilated in 13%-99%, 22.0%-
98.2% and 64.7%-96.1%, respectively, (H. Lu et al., 2019) in a single stage and then concentrated in the
biomass phase for subsequent recovery (Hllsen et al., 2016). PSB-based treatment processes mainly
depend on light-oxygen conditions (photoperiods, infrared light intensity, etc.), pH, trace-level elements
and C:N ratios (Zhou et al., 2015). There are significant lab-scale studies for easily-biodegradable loaded
wastewaters (500-40,000 mg-L"), mostly from food and alcohol processes (H. Lu et al., 2019; Meng et al.,
2018), while a few more recent works deal with the application to domestic wastewater (Gonzélez et al.,
2017; Hulsen et al., 2016, 2014). However, the need for more favorable C:N:P ratios such as those found
in industrial wastewaters is a key limiting factor (Hulsen et al., 2016; H. Lu et al., 2019).

The PSB-based process for nutrient recovery from wastewater is divided into the following steps: (i)

pre-treatment, (ii) PSB growth with/without inoculation, (iii) PSB separation and (iv) downstream process
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(H. Lu et al., 2019). Pretreatment such as pre-fermentation is required, since PSB can only utilize micro
organic molecules (organic acids, alcohols and some sugars), after which a proper reactor configuration is
applied to favor PSB growth and the assimilation of C, N and P in a single stage (most of the studies
inoculated PSB directly into the wastewater). Photobioreactor technology is the one most frequently
applied and coagulation and centrifugation are the common PSB separation processes used. Due to the
poor settling properties of PSB, membrane downstream process photobioreactors are now being studied
(Gonzélez et al., 2017). There have also been recent advances in additives for enhancing PSB
wastewater treatment with promising results in both treatment efficiency and yield of high-value
substances (Chen et al., 2019).

Table 1 gives some recent examples of average biomass productivities and nutrient recovery
efficiencies for the different reactor configurations and photosynthetic-based systems found in literature.
3.2. Potentials and limitations

Both photosynthetic-based systems are promising alternatives for nutrient recovery from wastewater,
not only due to their ability to assimilate nutrients and their smaller carbon footprint than conventional
technologies, but also because of the high-value biomass produced with competitive yields (see Figure 2).
Microalgae biomass can be used for energy, livestock or agriculture, in aquaculture, as a soil additive and
bio-chemical raw materials. However, further safety criteria need to be drawn up for the utilization of PSB
biomass obtained from wastewater (H. Lu et al., 2019).

There are still remaining challenges that often make the up-scaling of photosynthetic-based
technologies to outdoor conditions uncertain, entailing both cost-effectiveness and high-efficiency. Indeed,
PSB-based technology still remains at the indoor lab applications level, in contrast to the widespread
application of microalgae cultivation (Garcia et al., 2019; H. Lu et al., 2019). In this respect, further
improvement of the available technologies is required, the main issues being reducing the space
requirements and operating costs, maximizing light availability and biomass separation. As microalgae
and PSB are difficult to harvest from the wastewater, more efficient and cost-effective technologies than

the traditional ones (coagulation-flocculation) are being investigated, such as membrane photobioreactors,

17



photo-granular processes, biofilm, additives and so on. So far, the land requirements of the current
photosynthetic-based technologies limit their application for nutrient recovery from industrial wastewater,
and also tertiary sewage treatment for microalgae-based technologies. PSB-based systems must be
adapted to treat sewage since they require a supplementary carbon addition, which currently makes them
unable to recover 100% of the nutrients from sewage (ideal C:N:P ratio close to 100:6:1).

Another challenging task is the development of reliable mathematical models, since so far few have
been reported (Puyol et al., 2017). These models would help to clarify the performance of phototrophic
organisms and their interaction with other microorganisms. Cost and environmental life cycle assessment
studies are also scarce, even for microalgae-based systems. These would help to assess the economic
and environmental feasibility of photosynthetic-based systems for different wastewater sources and
different application scenarios.

4. rystallization-based systems for nutrient recovery
4.1. Crystallization-based technologies

Over 30 processes for P recovery from wastewater treatment plants have now been identified and tested
on different scales (Cieslik and Konieczka, 2017), including phosphate salts precipitation/crystallization,
which at present is one of the most promising technologies for recovering P and N in wastewater treatment
plants (B. Li et al., 2019a; Lu et al., 2017; Peng et al., 2018), achieving a technology readiness level (TRL)
of 7 or above (B. Li et al., 2019b). Unlike other nutrient recovery processes (biological, electrochemical, ion
exchange, or membrane systems), struvite crystallization shows notable recovery rates with acceptable
economic efficiency and generates a marketable product with a limited environmental impact (Peng et al.,
2018).

Struvite crystallization can remove between 80 and 90% of PO43- and a lesser percentage of NH4* (20—
30%) due to the equimolar stoichiometry of struvite (Le Corre et al., 2009). P recovery rates improve when
streams with a low solids content (<2000 mg L-*) and P concentrations higher than 50-60 mg P-PO4 L~ are
treated (Mehta et al., 2015; Salehi et al., 2018). P recovery by crystallization could thus be carried out directly

from different P-concentrated waste flows such as urine, thickener supernatant, digester supernatant or
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even industrial effluents (mainly agro-food processing industries). Table 2 gives examples of many P
recovery technologies on lab, pilot or industrial scales with information on wastewater characteristics,
magnesium source for P recovery, reactor types, recovery efficiencies and characteristics of the struvite
obtained.

41.1. Struvite

Struvite is magnesium ammonium phosphate (MgNH4PO4-6H20) and is usually found precipitated on
metal surfaces during anaerobic digestion and dewatering in wastewater facilities (Ohlinger et al., 1998).
These precipitation problems lead to high maintenance costs and also reduce the amount of P recovered
from WWTPs. This uncontrolled precipitation, along with struvite's potential as a fertilizer, have encouraged
the development of many technologies for nutrient recovery, such as struvite from wastewater (Cieslik and
Konieczka, 2017; Le Corre et al., 2009). WWTPs present a good opportunity for P recovery due to the
relatively high and constant nutrient load in sewage.

Crystallization consists of a two-step process (nucleation and crystal growth) controlled by a combination
of physical-chemical parameters. Temperature, pH and supersaturation of the solution, mixing energy and
the presence of foreign ions such as calcium are key parameters in the crystallization process (Pastor et al.,
2010). Great efforts have been made by researchers to study nutrient recovery from different streams, such
as landfill leachate (Huang et al., 2014), centrate (Lahav et al., 2013; Pastor et al., 2010) or source-
separated human urine (Aguado et al., 2019; Dai et al., 2014), among others (Peng et al., 2018; Yetilmezsoy
etal., 2017).

However, the number of industrial scale applications is small due to gaps and shortcomings such as
product quality, economic feasibility or the legal framework (B. Li et al., 2019a; Yetiimezsoy et al., 2017).
41.2. Vivianite

Although struvite crystallization for P recovery has been broadly adopted in Europe and North America,
there are some aspects that hinder its recovery as struvite: (1) high-cost low-value products; (2) complex
operating conditions (pH 8.0 - 9.5); (3) low recovery efficiency (10-50%) and (4) the need for an enhanced

biological P recovery (EBPR) system already implemented in the WWTP (Wu et al., 2019). P recovery as
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vivianite (Fe3(PO4)2:8H20) has been studied mainly due to its predictable economic value and its natural
abundance.

Iron (Fe) is present in natural water due to the presence of dissolved iron minerals. In wastewater, as
the Fe ions usually come from the Fe salts used as flocculants to chemically remove P, using this Fe to
precipitate P could be a good choice.

Using vivianite as a fertilizer is four to six more efficient than calcium phosphate, but not more efficient
than struvite or hydroxyapatite. As hydroxyapatite, vivianite is a slow-release fertilizer, but vivianite can also
mitigate chlorosis caused by iron deficiency (Diaz et al., 2010) which is an advantage over struvite or
hydroxyapatite.

An important vivianite application is the production of LiFePOs, an essential compound in the
manufacture of Li-ion batteries (Priambodo et al., 2017). This means the demand for vivianite is likely to
increase steadily over the next few years in the hybrid and electric car industries.

For all the above reasons, vivianite formation from P recovered from wastewater is not only a way of
avoiding P depletion, but also offers potential economic opportunities (Wu et al., 2019), as it achieves high
market prices (approximately €10,000 per ton), much higher than that of struvite (€100-500 per ton) (Peng
etal., 2018; Wu et al., 2019).

Despite the advantages of recovering P as vivianite, some of the drawbacks should be highlighted: (1)
vivianite is formed in the sludge phase as crystals or aggregates between 10 and 150 pm, which are difficult
to separate from sludge; (2) vivianite particles usually contain impurities (i.e. magnesium or calcium). In
contrast to pure vivianite, which can be stable for several weeks, impure vivianite is oxidized within 48 h
(Wilfert et al., 2018), and vivianite separation and purification methods are not yet well developed. Some of
the outstanding separation methods studied include: (1) a few works on crystallization, (2) magnetic
separation, which has high energy demands (Frederichs et al., 2003), and (3) centrifugation based on the
different densities of sludge and vivianite (1 and 2.68 g/cm? respectively). Removing the organic matter
mixed with vivianite is also a challenge (Wu et al., 2019).

4.1.3. Other precipitates
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Most processes for P recovery from wastewater produce struvite. However, the lack of N in industrial
wastewater can be a limiting factor for struvite production. For example, wet phosphoric acid production
plants can precipitate hydroxyapatite and then put it back into the process itself (Cichy et al., 2019) or even
use it for fertilizer production. Apart from struvite and vivianite, at least nine other phosphate precipitates
have been described in WWTPs: newberyite (MgHPO4:3H20), dittmarite (MgNH4PO4-H20), bobierrite
(Mg3(PQ4)2:8H20), monenite (CaHPO4), amorphous calcium phosphate (Cas(POas)2:nH20), brushite
(CaHPO4:2H20), hydroxyapatite (Cas(POs)3(OH)), K-struvite (MgKPO46H20) and Na-struvite
(MgNaPO4-6H20). Of these, the last five have been most widely studied and are a viable alternative for
wastewaters with low NH4* content (Delgadillo-Velasco et al., 2020; Huang et al., 2019). Calcium
phosphates, especially hydroxyapatite, have lower agronomic characteristics (P release for plants) than
struvite or vivianite, which limit its selling price.

4.2. Potentials and limitations

Phosphate salt precipitation/crystallization seems appropriate for recycling nutrients such as N,
magnesium, calcium, but mainly P. Precipitate phosphate salts can be used as a direct fertilizer or as
precursors or intermediates for fertilizer manufacturing (e.g. superphosphates or di-ammonium phosphates)
to mitigate the future scarcity of raw materials for traditional fertilizer production. Struvite can also be used
as raw material for several chemical industries (food additives, fire-retardant agents or construction
products.

Despite the implemented P crystallization recovery systems appear to be technically and even
economically feasible, as has demonstrated by various commercial processes for P and N recovery (Egle
et al, 2016, 2015; Melia et al., 2017). Further work should focus on: increasing P availability for
crystallization by enhancing organic P release and P extraction before digestion units, improving the
economic balance of the P recovery process, testing the fertilizing properties of the struvite produced, and
promoting the legal framework and social acceptance of wastewater-derived products.

P recovery by struvite crystallization in the liquid phase (i.e. secondary treated effluent, digester

supernatant, thickener supernatant or separated urine stream) produces better quality fertilizing materials
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than P recovered from sewage sludge ash (SSA). However, the P recovery rates (<25% relative to the
WWTP input) are relatively low in comparison with those achieved in SSA (~40-50% relative to the WWTP
input) (Egle et al., 2016). In order to enhance the relatively low P recovery rates from liquid phase streams,
optimized WWTP P management is required. For example mathematical modeling has proved to be crucial
for assessing different operating P recovery optimization strategies in WWTPs (Lizarralde et al., 2019; Marti
etal., 2017). In full-scale WWTPs with an EBPR process, over 85% of P in municipal wastewater influent is
transferred into the sewage sludge (Melia et al., 2017; Tarayre et al., 2016) as poly-P inside the
polyphosphate accumulating organisms (PAQ). The poly-P is then released into the liquid phase during
anaerobic sludge digestion and thus high P, NHs* and magnesium concentrations are reached in the
rejected liquors from sludge dewatering. The high-concentrate streams are very suitable for P crystallization
(Pastor et al., 2010: Lahav et al., 2013). However, most of the potentially soluble P can be re-fixated
throughout the sludge line due to uncontrolled precipitation with Fe, Al, Ca, and Mg or through adsorption
on the surface of solids (Barat et al., 2009; Marti et al., 2008). Some studies have proposed modifications
of the sludge line configuration to promote PO43- extraction previous to the digestion process by means of:
including a redissolution tank (Lizarralde et al., 2019), elutriation in the gravity thickener of the mixing
chamber sludge (Bouzas et al., 2019; Marti et al., 2017) or including an anaerobic holding tank coupled to
a thickening centrifuge (Cullen et al., 2013). These strategies have been shown to be useful for reducing
uncontrolled P precipitation by 43-45%, sludge disposal by 5.1-6.6% and obtaining a two-fold increase in P
available for crystallization. However, around 50% of P in the sludge line from organic matter degradation
is still lost by precipitation inside anaerobic digesters (Bouzas et al., 2019), which offers a great opportunity
for improving P recovery.

The chemical cost has been identified as one of the major items of the global P recovery process via
struvite crystallization (B. Li et al., 2019a). The costs, without savings and revenues, of struvite crystallization
P recovery systems are approximately €6 to €10 per kg of P recovered, or 0.8 to €1.7 PE per year (Egle et
al., 2016). Moreover, as previously mentioned, reduced P concentration in the crystallizer inlet significantly

increases the overall process cost. Regarding the main direct benefits of selling struvite, reduced dewatered
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sludge disposal as well as polyelectrolyte consumption must be considered (Egle et al., 2015). The
economic analyses carried out to assess the feasibility of several P crystallization technologies in
wastewater treatment plants show that the revenue from P recovery is small (Egle et al., 2016; B. Li et al.,
2019b; Peng et al., 2018), but a specific case-by-case analysis should be done, since different boundary
conditions may determine the economic payback from P recovery. When economic reasons are weak,
governments should encourage P recovery by providing incentives to recover products by means of
legislation.

Some countries have introduced legislation to enforce P recovery from wastewater, as in Switzerland,
the first to make P recovery mandatory from sewage sludge and slaughterhouse waste, and others such as
Sweden, Austria and Germany have followed suit (Gunther et al., 2018).The current legal framework for
recovery of phosphate salts varies across the different EU Member States. Precipitated phosphate salts can
be legally used as fertilizers in the Netherlands, Belgium, Germany, France, Denmark and the UK. The
European Commission has recently revised EU legislation on fertilizers (EU Fertilizing Products Regulation
(EU) 2019/1009), expanding its scope to secondary-raw-material-based fertilizing products. The goal is to
assess a future legal framework for the production of safe and effective fertilizers from recovered, secondary
raw materials, such as struvite, ashes and biochar (Huygens et al., 2019) and opens up the possibility of
boosting nutrient recovery from wastewater.

5. Other systems for nutrient recovery
5.1. Other physical and biological technologies

Despite the different methods evaluated to recover nutrients from the different sidestreams obtained
during sludge management (centrates from digested sludge, thickeners overflows, etc.), a large amount of
nutrients still remain in the sludge at the end of the process (Bouzas et al., 2019). A number of studies
have focused on the evaluation of potential nutrient recovery from final WWTP waste sludge by different
techniques such as composting, incineration, etc.

5.1.1.  Incineration

Incineration is a sludge oxidation process resulting in a gas stream mainly composed of CO2 and H20,
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ash and heat. One of incineration’s main advantages is the reduced sludge volume (around 90%) and the
complete removal of pathogens. Traditionally, the ash (around 30 wt%) is disposed of in landfills or used in
the construction sector, while the heat energy is recovered as power with turbines (Raheem et al., 2018).

However, incineration of waste activated sludge (WAS) is now being applied in more countries due to
the strict legal requirements imposed on the land application of WAS for food production (Mailler et al.,
2014). The ashes are composed of highly concentrated P, mainly due to the considerably reduced
volume. While WAS P content varies from 1 to 5%, this content rises to 5-11% in ashes (Ottosen et al.,
2013). Couto et al. (2015) observed that the P concentration in sewage sludge is around 0.12 g/L, while
the ashes from its incineration may contain from 70 to 134 g/kg. However, the high percentage of heavy
metals and the low P accessibility in agriculture is often a problem associated with incineration (Ottosen et
al., 2013). For this reason, different studies have focused on the development of ash management
strategies to upgrade incineration ashes (Raheem et al., 2018), including: thermal treatment with
polyvinylchloride (PVC) and magnesium oxide (MgO), acid leaching, and electrodialysis. It is remarkable
the improvements of thermal treatment with PVC over the quality of the incineration ashes. During this
technic the sludge ashes are thermochemically treated with PVC removing the heavy metals present in
the ashes via the chloride pathway (Vogel et al., 2013). On the other hand, this process allows to use the
PVC not recycled during the solid waste management, as a source of Cl.
5.1.2.  Sludge composting and direct land application

According to Eurostat, during the last decade approximately 40% of the sludge produced in the EU was
used for agriculture and composting (Gherghel et al., 2019). Traditionally, the direct agricultural application
of wastewater sludge has been the simplest method of nutrient recycling, this being one of the classical
preferred options due to the recoverable sludge nutrients content (Fijalkowski et al., 2017). However, this
method has now been limited or even banned in many European countries (Cieslik and Konieczka, 2017,
Egle et al., 2015) due to the environmental risks associated with heavy metals, persistent organic
pollutants and sludge pathogen content. Nutrient recovery technologies, which guarantee the safety of the

product obtained, are thus required.
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Composting involves the treatment and conversion of sewage sludge into a stabilized product that can
be applied to land as organic fertilizer or a value-added product (Anjum et al., 2016).

Although the sludge characteristics required for use in agriculture and compost are regulated in the
Sewage Sludge Directive and by the requirements for organic fertilizers, one of the aspects that is raising
interest and concern is the presence of ARGs and ARB in the final product (Xue et al., 2019). Their
presence is due to the high worldwide antibiotics consumption, which are partially metabolized and
released unchanged into the environment, contributing to the growth and accumulation of ARB and ARGs
(Yang et al., 2018). Antibiotics usually reach the WWTPs through the sewage network, making them a
hotspot for ARB and ARG accumulation, mainly in the sludge (Xue et al., 2019). It is thus important to
consider how ARB and ARG treatment affects the different sludge processes, especially those aiming at
preparing sludge for land applications (e.g. composting). Regarding this aspect, Bao et al. (2020)
observed that the addition of microporous adsorption resin during the composting process reduces the risk
of ARG transmission.

5.1.3.  Ammonia stripping and absorption

NHjs stripping and absorption is a physico-chemical process in which NHs is favored modifying the
thermodynamic equilibrium of NH3/NH4* in the liquid to be treated, increasing the temperature (60-80°C)
and/or the pH (8-12). The NH3 dissolved in the liquid is transferred to the air stream, which can be later
absorbed in a solution of sulfuric acid in an air scrubbing unit, where ammonium sulfate is generated.
Many lab- and pilot-scale research projects have studied the effect of the operating conditions (air flow
rate, temperature, pH, etc-) on stripping efficiency and have reported success in NH; stripping and
absorption in different wastewater sources (Bousek et al., 2016; Campos et al., 2013; Pedizzi et al., 2018;
Serna-Maza et al., 2015). Variants have also been proposed, like the novel process for NHz recovery
coupling vacuum thermal stripping with acid absorption developed by Ukwuani and Tao (Ukwuani and
Tao, 2016). In this process, NHs is stripped from anaerobic digestion effluent using a temperature below
boiling point by a vacuum-driven force. These authors have shown on a pilot scale that crystals of high-

purity ammonium sulfate can be obtained by adjusting the content of sulfuric acid and keeping the acid
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solution saturated with ammonium sulfate. Full-scale applications of NH; stripping and absorption process
have also been reported in different parts of the world. Jamaludin et al. (2018) tested alternative scrubbing
agents (chilled water, mineral salts and organic acids) for NHz recovery, to avoid the use of sulfuric acid,
normally restricted in small municipalities due to to safety and environmental concerns. They identified
citric acid as the most sustainable and efficient scrubbing agent to obtain an organic biofertilizer
(ammonium citrate) when reacting with the stripped NH3 gas.

Additional advantages, like odor removal and the production of biofertilizers can make the NH3
stripping and absorption process more attractive in regions with a notable N demand than other
technologies that are in theory cheaper for NHz removal (e.g. anammox process). The effluent discharged
from the stripping process usually presents high pH and alkalinity, which could adversely affect the
receiving aquatic environment (Lyu et al., 2018). To avoid this, a post-neutralization step could be
implemented prior to the effluent discharge, increasing the operating costs and the complexity of the
treatment train.

5.1.4.  Emerging enhanced nutrient recovery
5.1.4.1. Conversion of non-reactive P into reactive P

To maximize P recovery, Venkiteshwaran et al. (2018) have recently highlighted the need to unlock the
unavailable pool of non-reactive P (NRP). The NRP fraction includes organic and inorganic P and can be
in soluble form (e.g. polyphosphates, parathion, DNA, Glyphosate, etc.) or particulate form (e.g.
intracellular polyphosphates, iron phosphate precipitates, etc.). However, full P characterization is rarely
performed and reported, being in most cases only total phosphorus (TP) and soluble reactive phosphorus
(sRP) reported. This limited P characterization prevents a complete understanding of its environmental
fate, as well as the design of effective strategies for P mitigation and recovery (Venkatesan et al., 2018).
Different pathways such as redox and hydrolysis have been identified as possible mechanisms for NRP
conversion to RP. This conversion can be accelerated or even initiated via thermal, biological or physic-
chemical processes. The data that will allow selecting the most appropriate NRP conversion technology

for each application does not yet exist. For high-organic wastes, organically bound P release via
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hydrolysis can be accomplished together with the energy recovery of the organic content in the anaerobic
digestion process. Once P is present as phosphate, it can be captured in a reusable form (Rittmann et al.,
2011). Effective thermal conversion of polyphosphates to sRP has also been demonstrated at lab, pilot
and full-scale. However, the effect of heat on the release of other NRP components is still lacking.
5.1.4.2. Innovative P recovery processes combined with granular sludge systems

High volumetric loading capacity and microbial retention capacity make granular sludge processes
attractive. Biologically induced phosphorous precipitation has been reported in these granular systems
(Johansson et al., 2017), giving rise to combined systems as a new alternative for P recovery. Ma et al.
(2018) have recently proposed a process that simultaneously allows both P recovery and N recovery
through combining two processes in an expanded bed reactor: anammox and hydroxyapatite precipitation.
The lab-scale reactor was operated for 81 d, obtaining a granular sludge with high P content (over 13%),
with anammox bacteria predominating in the outer layer of the granules, while a homogenous calcium
phosphate matrix was present within the granules (in the inner core). The long-term operation has recently
been evaluated (Lin et al., 2019) and some practical application guidelines for the coupled process have
been established from the results,.
5.1.4.3. Innovative P recovery processes associated with sulfur cycle

Sulfur is one of the most important elements in nature. Sulfur can be found as gypsum (CaSQs), metal
sulfide (FeS) and elemental sulfur (So) and in seawater as sulfate (SO4%). One potential application of
sulfur in the transition towards the concept of biorefinery is the combination of biological sulfur oxidation
with biological phosphorous recovery. Different studies have observed that a group of sulfur oxidizing
organisms (SOO), such as the Thiomargarita, Thioploca and Beggiatoa genera, show a similar
metabolism of PAO. This group of SOOQ is able to uptake sulfide and store it intracellularly as elemental
sulfur as an energy source jointly with polyphosphate. Wu et al. (2014) proposed a sulfur cycle-associated
with EBPR, in which SOO (e.g. Thiohalomonas, Thiotrichaceae and Thiobacillus) use sulfur and poly-P as
the energy source to perform biological P recovery (Guo et al., 2016). According to Rubio-Rincon et al.

(2017), the presence of Thiothrix caldifontis enhances P removal in wastewaters with low organic matter
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concentrations rich in sulfide.
5.1.4.4. Nutrient recovery via adsorption and ion exchange

Different materials can be used to adsorb nutrients from the liquid stream to be treated, such as
activated carbon, bio-char and zeolites. Adsorption processes can highly concentrate nutrients from the
liquid stream in the adsorbent. In these processes, nutrients are attracted from the liquid to the surface of
the adsorbent where they are held by intermolecular forces. One of the main advantages of ion exchange
is that it offers an approach to jointly remove and recover nutrients after adsorbent regeneration. The
adsorption capacity of renewable adsorbents such as different types of bio-char (which can be produced
from different wastes), has received considerable attention in the last decade (Huong et al., 2019). In
addition to the porous carbon structure, abundance of surface functional groups and high specific surface
area, their natural properties can be modified to improve the adsorption capacity of anions. For example,
the affinity for PO4%- has been increased in lanthanum-modified adsorbents. Lab-scale studies
have demonstrated high adsorption capacities (which are significantly reduced in the presence of
competing anions) together with notable desorption and regeneration capabilities (Huong et al., 2019; Q.
Xu et al., 2019). Regeneration of the adsorbent is essential for proper operation in industrial applications.
Different approaches have been described and applied for the regeneration of the adsorbents, including
elution with (1) 1 M NaOH solution for 2-3 h at room temperature, (2) 6 M HCI solution and (3) a mixed
solution of NaOH(15 wt%)-NaCl (5 wt%). Then, the regenerated adsorbent is washed with deionized water
getting ready to be used for the next reuse-regeneration cycle.

Solid phase zeolites are currently being applied in ion exchange processes. Different kinds of
natural zeolites with high adsorption capacities are frequently used as NH4* exchangers in
WRRFs. Calabria et al. (2019) demonstrated the potential of N recovery from an AnMBR permeate with
natural zeolite (clinoptilolite) using a regenerating stream of tap water. These authors used tap water
regeneration reagent with a flow rate of 60 ml/min (1.33 bed volumes/min). Guida et al. (2019) studied, on
a demonstration scale, the feasibility of P and N recovery through an ion exchange process. For this, they

used a synthetic zeolite and hybrid anion exchanger (HAIX) for the recovery of N and P, respectively,
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achieving 90% NH4-N recovery and 95% PQ4-P removal. The regenerant solutions were made of 10% KCI
and 2% NaOH to regenerate the synthetic zeolite and the HAIX, respectively.
5.2. Potentials and limitations

Different technological solutions have traditionally been applied for nutrient recovery from waste sludge
and the different sidestreams associated with sludge handling. However, nutrient recovery strategies
should also be applied to the mainstream to maximize nutrient recovery within a biorefinery perspective.
For instance, different authors have shown that EBPR systems can obtain maximum mainstream P
recovery while meeting the legal effluent requirements (Acevedo et al., 2015; Guisasola et al., 2019).
Nonetheless, mainstream EBPR should be combined with other advanced P recovery systems to avoid
different problems related to waste sludge management, such as uncontrolled P precipitation, which
increases maintenance costs, and high concentrations of soluble P supernatants returning to the
mainstream, which reduces overall P recovery.

Regarding sidestream recovery, large-scale incineration has been tested, reaching high process
efficiencies. However, this technology is economically viable only in large WRRFs, mainly because of the
high capital expenditure associated with the facilities needed to meet the environmental criteria for WAS
incineration (Cieslik and Konieczka, 2017).

In the case of sludge composting, some controversy can be found in the literature regarding the
persistence of ARGs and ARB after the composting process. By way of example, Riber et al. (2014) found
that the amount of ARGs and ARB decreased in the sludge after composting. However, other studies have
shown that sludge composting would be enriched in ARGs (Youngquist et al., 2016). These opposing
results suggest that further research is needed to optimize the sludge composting operating parameters to
reduce ARG and ARB accumulation and guarantee safe land applications.

NHjs stripping and absorption have been widely tested and full-scale applications worldwide are now in
operation. According to Vaneeckhaute et al. (2017) the capital costs of this process are lower than NH4*
removal via biological activated sludge systems, but depend significantly on the technique used to

increase the pH. As operating costs vary greatly with operating conditions (pH, temperature, flow rate),
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future research should focus on reducing scaling and fouling problems, testing citric acid as a scrubbing
agent on a larger scale and testing the obtained biofertilizer on farmland with safe land application
perspectives.

Potential NRP conversion technologies include thermal, biological, chemical and physical methods. To
identify the most effective NRP conversion processes as well as the most suitable for a given application,
a thorough comparison of different NRP conversion techniques is absolutely necessary, considering the
environmental impact, economic feasibility and technological efficiency. These data will have to be
obtained in future investigations.

The sulfur cycle-associated processes combined with enhanced biological phosphorous recovery
represent an interesting option for treating wastewaters with high sulfur concentrations. However, the
precise P recovery mechanism and the organisms able to perform this process are still unclear, requiring
further research. Also in this line, the promising lab-scale results obtained when coupling anammox and
hydroxyapatite precipitation processes require further testing on a larger scale to obtain more information
to facilitate full-scale application and evaluate their economic feasibility and efficiency.

Regarding ion exchange processes, the new abundant adsorbent biomaterials that are being explored
present attractive advantages such as low cost, simple operation, high efficiency, and absence of sludge
formation. However, the presence of competing anions in the liquid to be treated reduce their potential
application. Further pilot-scale studies could address different challenges for full-scale implementation,
such as reversible fouling of the adsorbent, irrecoverable fouling of the adsorbent (i.e. capacity reduction
after several adsorption regeneration cycles) and cost-benefit analyses.

6. General remarks and future perspectives

Nutrient recovery from wastewaters provides several benefits: meeting the effluent nutrients levels
required by legislation, reducing eutrophication problems and providing a potential fertilizer of agricultural
and economic value, reducing the dependence on inorganic fertilizers derived from phosphate rock (Melia
etal., 2017).

Traditionally, direct agricultural application of wastewater sludge was the simplest method for nutrient
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recycling. However, as commented before, this method has been limited or even banned in many
European countries due to several environmental risks. Thus, nutrient recovery technologies guaranteeing
the safety of the obtained product are required. It is necessary to clarify different aspects, such as the fate
and environmental impact of priority and emerging substances and persistent organic pollutants, including
ARGs and ARB. In this respect, an extensive agronomical validation of the obtained marketable products
from wastewater is required.

The overview of nutrient recovery processes within the CE perspective reveals the existence of a
notable potential for nutrient recycle. However, there is no single optimal technological solution for all the
situations. As Table 3 shows, some technologies are specifically targeted to treat nutrients concentrated
streams whereas others can be applied to diluted streams because of their relatively low specific cost per
m3. Recovered materials quality as well as treatment costs are usually affected by the type and
characteristics of wastewater depending on the selected technology and the obtained product. Some
technologies allow nutrient recovering as slow-release fertilizers with negligible heavy metal contents (i.e.
crystallization, electrodialysis) or even as pure substances (ammonia stripping, bioelectrochemical
systems) whereas others cannot separate toxic materials (i.e. photosynthetic bacteria, microalgae).
Regarding the treatment/recovering costs of the different technologies, few information can be found in
literature and it is not comparable since many of these technologies are still at lab scale development or
they are not optimized to nutrient recovery from same type of streams. An integral approach is required for
each case study, taking into account not only the technical feasibility of the solution but also the legal
requirements and the local agricultural and industrial demands that affect the total cost. Moreover, as
previously commented, governments could incentivate the nutrient recovery products market by means of
legislation when economic reasons are weak, including environmental targets in production chains, while
implementing nutrient recovery systems also has indirect benefits. For instance, the overall performance
of the facility is enhanced, e.g. by avoiding maintenance costs due to the reduction in uncontrolled
precipitation or in nutrient back flow with supernatants. Other environmental benefits can also be

achieved, e.g. prevention of eutrophication in aquatic environments, reducing the environmental impact of
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phosphate mining, or reducing the energy demand for chemical fertilizer production. The benefits of
nutrient recovery technologies should thus be considered, not only for economic targets but also taking
into account social and environmental aspects. Life cycle assessment could be a useful tool to study
specific advantages or drawbacks as well as the potential environmental impact of nutrient recovery.

New technologies aimed at increasing nutrient recovery from wastewater also require new modeling
approaches (Seco et al., 2019, submitted). Different models can be used to fit the type of recovery
process (P crystallization, NHs stripping, etc.), helping to assess nutrient recovery from a new global
perspective, including the evaluation of different wastewater management systems. For instance,
modeling alternative scenarios based on source separation or decentralized systems are being developed
and will require new methods of assessing the benefits of these new decentralized facilities. Recent
studies have shown that it is more beneficial to recover fertilizers and energy from undiluted streams (Ishii
and Boyer, 2015), while mixing food waste with sewage will increase the possibilities of energy production
in centralized and decentralized WRRFs (Pretel et al., 2016).

Global modeling approaches together with multi-objective optimization techniques will be needed to
evaluate all the possible scenarios. These integrated models should not only describe the treatment and
recovery processes, but also assess the life cycle, product quality and techno-economical aspects as
important additional criteria associated with resource recovery. This combination would help decision
making when selecting the best plant design and operating conditions, taking different objectives into
account (e.g. operating costs, environmental impact, etc.) of different technological solutions for resource
recovery. For instance, Solon et al. (2019) evaluated the integration of recovery techniques from
wastewater, evaluating the effects of the recovery process on the overall plant performance and providing
a basis for the conceptual design of new plant layouts for WRRFs (Fernandez-Arévalo et al., 2017;
Lizarralde et al., 2019; Marti et al., 2017). In these new approaches, the system boundary definition and
evaluation of uncertainties are key aspects when considering future process optimization (Solon et al.,

2019).
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7. Conclusions

There is great room for improvement of the design, operation and optimization of new technological
solutions for nutrient recycling, which would optimize system performance and widen their applicability.
Nutrient recovery potential varies greatly and depends on the nature of the matrix to be treated. A better
understanding of the key interactions between biological, chemical and physical processes would favor the
competitiveness of different hybrid systems. However, although the recovered nutrients may enhance the
economics of these processes, government policies and regulations should also look after the
environment when there are insufficient economic incentives or social awareness for nutrient recovery.
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Table 1. Average biomass productivities and nutrient removal efficiencies for different reactor configurations of photosynthetic-based systems. AnMBR: anaerobic membrane bioreactor; HRAP:

high-rate algal pond; MBR: membrane bioreactor; MPBR: membrane photobioreactor; NHs.N: ammonium; NOs-N: nitrate; PBR: photobioreactor; POs-P: phosphate; PSB:photosynthetic bacteria;

TAN: total ammoniacal N; TN: total N; TP: total P

Photosynthetic-based system Wastewater Type Technology Type Biomass productivity Nutrient removal ratio References
Sewage Photo anaerobic MBR TN, 18.9%-92.2% ; TP, 39.0%-97.5% Hiilsen et al., 2016
AnMBR effluent from sewage MPBR TN, 39% ;TP= 0% Gonzélez et al., 2017
o Agro-industrial wastewater Flasks NH4.N, 80%; POs-P, 55% Hiilsen et al., 2018
Diluted Piggery wastewater PBR 5.4-16.6 g'm2-d-! TN, 48%-83%;TP 81%- 89%; Garcia etal., 2019
Diluted Piggery wastewater PBR 10.4-18.4 g'm2-d-! TN, 47%-87%;TP 83%- 91%; Garcia etal., 2019
Microalgae-Bacteria Agro-industrial wastewater Flasks NH4-N, 91£29%; POs-P, 73+27% Hiilsen et al., 2018
AnMBR effluent from sewage MPBR 17.6 g'm2-d-! TN, 66% TP 73%; Gonzalez-Camejo et al., 2019b
Diluted Centrate from sewage HRAP 3242 g'm2-d-t TN, 90% TP, 82% Romero-Villegas et al., 2018
Microalgae
Secondary Effluent HRAP 3242 g'm2-d-t TN, 82% TP, 91% Arbib et al., 2017
Microalgae/cyanobacteria Secondary Effluent PBR 0.039 g-L1-d TAN, 95%; NOs3-N, 91% PO4-P, 95% Arias et al., 2017




Table 2. Characteristics of the potential flows for P recovery by crystallization

Recovery
Source PO.P NH4-N pH Reactor . .
Source characteristics  (mg/L) (mglL) Mg source adjustment  type Scale Technology efﬂ;:ol/c:)ncy Crystal shape and size Reference
No-mix2 196 378 MgCl2; seawater NaOH CSTR Pilot - >87 X-Shaped crystals (>100 um) Aguado et al., 2019
No-mixa 88437 5615+ 266 NaOH
MgClI2; MgOH ! CSTR Pilot - 55 Coffin shaped crystals (>100 um) Wei et al., 2018
Urine Undiluted 384139 1447 £ 203 aeration
No-mix2 217+19.8 4591 +85.3 MgCl2 NaOH CSTR Lab - 990 X-Shaped crystals (91 pum) Rotentalp et al., 2010
Undiluted 227 £17 3700 + 600 MgCI2 None FBR Pilot - 85-99 Round pellets (0.3 - 6 mm) Zamora et al., 2016
_ Elutriated 96+14  102+9 MgCI2 NaOH  CSRT Plot  PHORWATER® 87 Coarse crystals (>200 um) Bouzas et al., 2019
Thickener sludge
supematant  Elytriated . PEARL®/
sludge na na MgCI2 NaOH UFBR  Industrial WASSTRIP ® 83-90 Round pellets (0.9 - 3 mm) Cullen et al., 2013
Industrial UASB efflents ~ 55-150 na MgCl2 NaOH CSTR  Industrial NuReSys® 72-90° Round pellets (1 - 3 mm) nuresys.be
Wastewater
Anaerobic Digested 387-400 na MgCI2 Aeration Airlift Industrial AirPrex® 14-21 Coarse crystals (>200 pum) Zhou et al., 2019
sludge sludge 220 na MgCI2 Aeration  CSTR  Industrial NuReSys® 86P Round pellets (1 - 3 mm) nuresys.be
na na MgCI2 NaOH UFBR  Industrial PEARL® 83-90 Round pellets (0.9 - 3 mm) Egle et al., 2015; Li et al., 2019
200-260  2100-3600 MgCl2 NaOH CSRT Pilot STRUVIA™ 80-95 Coarse crystals (100-500 pm) cordis.europa.eu/project/rcn/105528
Digester Dewatering na na MgCI2 NaQH ' UFBR  Industrial DHV 70 na van Houwelingen et al., 2018
supernatant centrate aeration Crystalactor®
60-407 150-800 MgO Aeration CSRT  Industrial ~ PHOSPAQ™ 75-95 Coffin shaped crystals (~0.7 mm) Abma et al, 2010; Hendrickx et al., 2015
450 na MgClI2 NaOH CSTR  Industrial NuReSys® 950 Round pellets (1- 3 mm) nuresys.be

a: Dilution 1:4; b: Precipitation recovery; na: not available
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Table 3. Comparative analysis of different technologies

Technology Wastewater type

Recovered product

Products' properties

Main applications

Potentials

Limitations

Cost ()

Urine
Thickener supernatant
Industrial wastewater
Anaerobic sludge
Digester supernatant

Crystallization

Struvite
(MgNH4PO4-6H20)

X-Shaped crystals
Coffin shaped crystals
Round pellets
Coarse crystals

Fertilizer
Precursor for fertilizer
manufacturing
Raw material for
chemical industry

Notable recovery rates
Marketable product (100-500 euros/ton)
Limited environmental impact
Reduction of uncontrolled P precipitation
Reduction of polyelectrolyte needs and
dewatered sludge disposal in WWTPs

Product quality/fertilizing properties
Economic feasibility
Legal framework
Social acceptance
P recovery strategies needed

(16-10 Euro-kg' P
recovered

Thickener supernatant
Digester supernatant
Raw sewage

Crystallization

Vivianite
Fes(PO4)2:8H20

White-Blue crystals
Monoclinic prism
Particles between 20-
150 ym

Fertilizer
Production of LiFePO4

Slow-release fertilizer
Can mitigate chlorosis from iron deficiency
Marketable product (10 euros/kg)

Difficult to separate from sludge
Difficult to remove impurities (Mg, Ca) and
organic matter
Instable product if not pure

n.a.

Secondary effluent
Primary settler effluent

Microalgae-based bio-
fertilizer after harvesting
and composting or
thermochemical processes
(biochar)

Organic fertilizer
Rich in trace elements
and natural
phytohormones which
improves crops quality

Biofertilizer

Improves soil properties
Reduce nutrient losses through a
consistent release of nutrients
Small carbon footprint (C sequestration)
Competitive yields
Up to 90% of nutrient content in WW

Further treatment needed for biofertilizer
Low degradability of the cell wall
Depends on solar radiation availability
Extensive surfaces are required
Harvesting phase still challenging

10.1-2 Euro-kg!

Microalgae AnMBR effluent
Digester supernatants
Manure
Photosynthetic ~ Non-toxic industrial wastewaters
Bacteria Domestic wastewater

PSB-based biofertilizer
after harvesting

Organic fertilizer
Rich in carotenoids,
coenzyme Q, vitamin B,
protein...

Biofertilizer

High yield of hydrogen
High tolerance over disturbances
Assimilates C, N and P in a single stage
Content of many high-value substances
Reduced sludge production

Further treatment needed for biofertilizer
Poor settling properties
Depends on infrared light availability
Still at lab scale
Further safety criteria needed

High ammonia concentration
(NH4-N) > 2000 mg/L streams
N-rich digestate and manure

Ammonia stripping

Ammonium sulfate
(alternatively, ammonium
nitrate or ammonium
citrate, depending on the
scrubbing agent used)

Fertilizer rich in direct

available macro-nutrients

(N, S)

Agriculture

High N removal efficiencies (up to 98%)
Odor removal
Attractive biofertilizer for regions with N
demand

High operating costs
High alkalinity and pH of the effluent
Scaling and fouling problems

@High
) Med

Nitrogen-rich solutions (i.e.

Ammonium sulfate

Appropriate for crops
such as corn or wheat,
pre-seeding fertilizer

Fertilizer

High N removal efficiencies (> to 99%)
Reduce nitrogen load and aeration energy
consumption.

Membrane fouling needs further research
prior to develop full scale applications

M3 $kg'N
recovered

Membrane ) :
centrate streams, industrial
contactors
wastewaters
Diluted streams (urban
Electrodialysis wastowater)

Concentrated streams (pig
manure, centrate, urine)

Solution with high N and/or

P concentrations to

produce ammonium sulfate

and struvite

Struvite: Slow-release
fertilizer with negligible
heavy metal content

Fertilizer

Concentrates N and P from dilute streams
such as urban wastewater.
P recovery from sewage sludge ashes

Lab scale applications only

23.56.5 kWhkg' N

Diluted streams (urban

Bioelectrochemical wastewater) and ammonium-rich

Free ammonia gas that can

be absorbed in an acidic

Can be used for

Chemical industry

High N removal efficiencies (70-90%)

(1) Costs < revenues

) . . . . Suitable for nitrogen rich streams: reject Not full scale applications evaluated yet ~ for N removal from
systems wastewaters (urine, swine . industrial purposes Agriculture ) ) .
: solution water, urine, landfill leachate. urine
wastewater, landfill leachate)
— . Simultaneous energy, water and nutrient Not full scale applications evaluated yet
- ’ < 3
AnMBR Diluted streams (urban Nutnentl ”.Ch Wat?f with Appropriate for Agriculture recovery Sensitive areas require nutrient removal 0.4 kiWh per s of
negligible solids S L . . ) i . treated water (<8
DMF wastewater) X fertirrigation Urban irrigation Enables decentralized anaerobic treatment  Regulation for nutrient-rich water use in )
concentration of UWW agriculture kWh-kg-1 N)

(*): Costs referred to: (1) Total costs, (2) Operating costs, (3) Capital costs.
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N&P consumption by
human and animals

WAST EWATER

Bio-NP-fertilizer

AD+N&P recovery

DM

r———) Crystallization

OMBR n

E LiEET Fertigation
AnMBR
< HFMC Recovered P
F
L BES Recovered N
B ED

Figure 1. Some possible pathways for nutrient recovery using membranes. Green lines are N and P manufacturing and use. Orange lines are wastewater. Blue

lines are membrane-based technologies for N and P recovery from wastewater. Grey lines are complementary steps for N and P recovery. AD: anaerobic

digestion; AnMBR: anaerobic membrane bioreactor; BES: bioelectrochemical system; DMF: direct membrane filtration: ED: electrodialysis; FO: forward osmosis;

HFMC: hollow-fiber membrane contactor; N: nitrogen; OMBR: osmotic membrane bioreactor; P: phosphorus; RO: reverse osmosis.
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“ Z/ WASTEWATER PAR

N

4 Stable over dynamics
Lab-scale development
Photo-anaerobic metabolism
Industrial wastewater

\COD, N and P uptake in a single stage

Figure 2. Comparison of microalgae and PSB-based systems for nutrient recovery from wastewater.

: Unstable over dynamics
4 / Industrial-scale development

Microalgae-bacteria consortia
Industrial and domestic wastewater
Higher nutrient recovery

HARVESTING
DEWATERING
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Figure 3. Possible layouts to implement a P-recovery system based on crystallization processes (adapted from Bouzas et al. (2019) and Marti et al. (2017))




