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Pathways to advanced resource recovery 
from sewage

Min Zheng    1,2, Zhetai Hu    2, Tao Liu    3, Mathieu Sperandio4, 
Eveline I. P. Volcke    5, Zhiyao Wang    2, Xiaodi Hao6, Haoran Duan    1,2, 
Siegfried E. Vlaeminck    7, Kangning Xu    8, Zhiqiang Zuo9, Jianhua Guo    2, 
Xia Huang    10, Glen T. Daigger    11, Willy Verstraete    12, 
Mark C. M. van Loosdrecht    6,13 & Zhiguo Yuan    14,15 

The ongoing paradigm shift in sewage management from pollution control 
to resource recovery is an integral part of a circular economy. Efforts have 
traditionally concentrated on the recovery of organic carbon as bioenergy, 
and nitrogen and phosphorus as nutrients. In the past decade, technologies 
have been developed to recover high-value commodities. Simultaneously, 
innovative processes have been proposed to produce chemical agents 
that can be immediately reused in the sewage system to facilitate sewage 
management. This Review evaluates these latest developments and 
the underpinning scientific discoveries, identifies the key challenges, 
and outlines a roadmap towards greener and more sustainable sewage 
management.

For over a century, sewage treatment has primarily focused on pollu-
tion control, with organic matter oxidized to carbon dioxide (CO2), 
reactive nitrogen (N) converted to dinitrogen gas and less- and 
non-biodegradable materials condensed into a solid stream for disposal 
as a waste. These technologies have served well to protect human health 
and our aquatic environments, but they perform poorly in resource 
efficiency.

The imperative to transition to a circular and low-carbon economy 
is resulting in a paradigm shift in the perception of sewage, from a 
mere waste to a stream encompassing valuable resources1. Sewage 
treatment plants (STPs) are being recognized as trinity production 

facilities, coined as Nutrient + Energy + Water (NEW) factories, which 
are expected to recover nutrients, energy and recycled water effi-
ciently2. As an example, by 2013, the Sheboygan STP in Wisconsin, USA, 
was able to offset 90–115% and 85–90% of its in-plant electricity and 
heat consumption, respectively, by utilizing power and heat gener-
ated with biogas produced from anaerobic digestion (AD) of excess 
sludge and imported food waste2. Similarly, the Strass STP in Austria 
achieved energy self-sufficiency rates of 108% via AD of the organic 
carbon upfront separated from sewage and 200% via co-digestion 
of sewage sludge and imported kitchen waste3. These examples have 
successfully showcased the potential for energy recovery from sewage. 
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Sewage contains considerable heat energy from bathing, laundry 
and cooking, as well as the relatively warm micro-climate in houses. 
Much of the heat is conserved in sewers and STPs. There have been 
many commercial applications for thermal energy recovery directly 
from sewage16, which has often been problematic due to operational 
difficulties (fouling and corrosion). Also, a decrease in the sewage tem-
perature usually results in undesired decreases in biological activities 
at the STP. In general, the temperature of treated effluent, albeit lower 
than the influent temperature, is still well above that of the receiving 
water body, making it a suitable place for heat recovery ((2) in Fig. 1). 
Technologically, water source heat pumps can be an effective means 
to recover heat from the STP effluent for heating or cooling. For exam-
ple, the heat recovered can be used to dry excess sludge to reduce the 
volume of disposed sludge. With a coefficient of performance of 3–5, 
the net electrical equivalent of water source heat pumps can be as high 
as 1.77 kWh m−3 for heating, six to eight times larger than the chemical 
energy recoverable via biogas17.

Nutrient recovery
Sewage contains notable amounts of N and phosphorus (P). However, 
their recovery directly from the sewage is economically challenging 
due to their low concentrations at 40–50 mg N l−1 and 5–10 mg P l−1. In 
practice, research has focused more on their recovery in the sludge 
line, where N and P are at much higher concentrations.

Phosphorus as a non-renewable resource critically supports 
global food production, necessitating its recovery18. About 25% of 
the P applied as fertilizer in agriculture finds its way to sewage (calcu-
lated on the basis of data reported in the literature19). The demand for 
phosphate rocks could be reduced by 15–20% if all the P in sewage were 
recovered and recycled20. Selective ion exchange, such as the hybrid 
anion exchange process, has been proposed to recover P directly from 
sewage, but the afterlife of the hybrid anion exchange resin and its dis-
posal remain a challenge21. Through chemical precipitation or biologi-
cal uptake, the current wastewater treatment technologies remove P 
in sewage to negligible levels, with almost all P in sewage enmeshed in 
the sludge, as biomass, intracellular polyphosphate and/or chemical 
precipitates. The final fate of P depends on how the sludge is treated 
and used or disposed of.

The most widespread P recovery approach consists of phosphate 
precipitation in the form of struvite (MgNH4PO4, or MAP) in the anaero-
bic sludge digestion liquor, which contains phosphate at concentra-
tions of 50–150 mg P l−1 (ref. 22). The process involves the addition of 
Mg(OH)2 to elevate the pH and Mg2+ levels, leading to favourable condi-
tions for MAP formation and achieving P recovery efficiencies of over 
90% ((3) in Fig. 1). The recovery of P as MAP also results in the recovery 
of a small amount of N. As an alternative to MAP, calcium-phosphate 
compounds (CaP) such as hydroxyapatite ((Ca5(PO4)3)(OH)) or trical-
cium phosphate (Ca3(PO4)2) could also be used for P recovery from 
the anaerobic sludge digestion liquor, typically achievable via the 
addition of lime to elevate pH and Ca2+ levels. Both MAP and CaP are 
well recognized as slow-release fertilizers. However, the marketability 
and profitability of these processes are hampered by the products not 
consistently meeting the market requirements of well-defined and 
uniform products in large quantities. It is worth noting that the original 
reason for MAP or CaP precipitation at STPs was to prevent blockage of 
the downstream pipes and facilities due to uncontrolled precipitation, 
which is still a strong driver even at present.

With the above pathways, the recovered P represents only 10–25% 
of the P mass load to the STPs23, as anaerobic sludge digestion does 
not fully liberate P embedded in sludge. If the biosolids are recycled 
to agricultural land, the remaining P is recycled via this pathway. How-
ever, the direct agricultural reuse of sewage-derived biosolids is not 
always possible due to legal restrictions addressing real or perceived 
risks associated with pathogenic organisms, heavy metal contents 
and organic pollutants24. In some countries, sewage-derived biosolids 

Substantial progress has also been made in nutrient recovery, although 
full-scale cases remain sparse. Water reuse and water recycling have 
been even more successful than energy and nutrient recovery, with 
numerous installations worldwide at STPs, industrial wastewater treat-
ment plants, and commercial and residential sites4.

In parallel to the recovery of water, energy and nutrients, consider-
able efforts have been devoted in recent years to the direct recovery 
of raw materials from sewage and valuable chemicals produced in 
sewage treatment. These products have much higher value than the 
NEW products and represent important opportunities. Some of these 
materials have also been proposed for use in the treatment process 
itself, enabling a direct reuse and circular economy within the water 
utilities themselves.

In this paper, we review and discuss these latest advances and 
identify pathways to advanced resource recovery from sewage. Water 
reuse has been extensively reviewed and discussed elsewhere4 and is 
not covered in this paper. Similarly, the energy and nutrients in animal, 
food and food-processing wastes are not covered, although they often 
have mass flows higher than in sewage1.

State-of-the-art technologies for harvesting 
resources from sewage
Bioenergy and heat energy recovery
Sewage is a reservoir of chemical energy, primarily encapsulated in 
organic compounds. This latent energy can be recovered via AD, a 
process that converts organics to biogas in the absence of oxygen. 
The resulting biogas is predominantly composed of methane and CO2. 
Biogas can be converted to heat and electricity by combined heat and 
power generators ((1) in Fig. 1). On a global scale, AD has emerged as a 
robust technology installed at many medium to large STPs. In Europe 
alone, 11% (~2,600) of STPs have adopted AD as of 20215, collectively 
producing around 3.5 TWh of electricity per year. In comparison, 7.5% 
(~1,200) of STPs in the United States have adopted AD6. The uptake of 
AD in China is currently less than 5% (~60), largely owing to the lower 
sewage organic content in most parts of China7.

From secondary sludge, AD typically yields 110–145 l of methane 
(at 25 °C, 1 atm) per kilogram of volatile solids added8, about two to 
three times lower than the yield from primary sludge. To compensate 
for the relatively low methane yield of secondary sludge, many pre-
treatment technologies have explored options to enhance methane 
production. Thermal hydrolysis pretreatment, which enhances biogas 
production by 20–50%, is the most prevalent, with nearly 100 full-scale 
facilities operational. These methods also substantially increase the 
dewaterability of the AD sludge and hence dramatically reduce sludge 
disposal costs. Other widely studied and pilot-tested pretreatment 
methods include mechanical (for example, ultrasound) and chemi-
cal (for example, free nitrous acid (FNA) and alkali) treatment, which 
increases biogas production and volatile solid destruction by 10–40%9.

Anaerobic treatment of mainstream sewage has been adopted 
in developing countries such as Brazil, Mexico and India, where cost 
reduction (due to lower sludge yield and lower energy consumption) 
is the key driver10. The produced methane, including the dissolved 
methane in the effluent, is not always collected, although collection is 
essential to avoid substantial emissions of methane as a potent green-
house gas. Mainstream anaerobic sewage treatment has the potential 
to double methane production compared with sludge11. Its adoption is 
mainly impeded by high retrofitting costs and operational challenges, 
including inadequate N removal12, which may be solved by autotrophic 
nitrogen removal (for example, partial nitritation and anammox)13.

The value of biogas when converted to power and/or heat is rela-
tively low. Biogas can be upgraded to higher-value biomethane (a gas 
akin to natural gas), volatile fatty acids (VFAs) or hydrogen gas (H2) 
(through methane reforming)14. CO2 in biogas can also be converted 
to biomass or VFAs by photosynthetic microorganisms or acetogenic 
bacteria15, but research is still in its infancy.
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are incinerated. Phosphorus is left in the ash in this case, which could 
be safely stored for future mining. Following mono-incineration of 
sludge, P mining from the ash (containing 50–100 g P per kg total 
solids) is established using wet-chemical leaching or thermochemi-
cal approaches, potentially enabling a high recovery rate of 60–90%, 
relative to the influent sewage P load25.

Iron salts (Fe2+ or Fe3+) are often used in sewage systems for sulfide 
control (in sewers), chemical phosphate removal or sludge settleability 

improvement. In these cases, vivianite (Fe3(PO4)2) is often the dominant 
form of iron phosphate in the sludge26, even when iron salt is initially 
added to the sewer network27. Vivianite is a paramagnetic material that 
can be directly recovered with a magnetic separation process28. This 
allows 60–80% of the influent phosphate to be recovered. The recov-
ered vivianite can be used in agriculture as an iron fertilizer29. There is 
also the option to separate iron and P as K3PO4 (or H3PO4) and FeCl2. Iron 
can be reused within the STP, while P can be used as a fertilizer ((4) in 
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• Bioenergy recovery via AD
• Mature technology and wide implementation 

in many medium to large STPs

• Low financial return due to high CO2 content
• CH4 leak in storage tanks after digesters
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Sewage
resources

Highlights Challenges and opportunities 

• Heat recovery in biogas combustion or from 
treated sewage (e�luent)

• High recoverable heat energy: six to eight 
times larger than chemical energy

• Limited application scope, as reclaimed heat 
energy is typically used within the plant or by 
the local community due to grid constraints

• Recovery from AD liquor via chemical 
precipitation of dissolved P

• Wide applicability in STPs equipped with AD 
and dewatering processes

• Low recovery e�iciency representing only
10 − 25% of the P mass load to the STPs

• Limited market price, relatively low 
quantities and varied quality upon 
decentralized production

• Biosolids as a nutrient-containing, 
slow-release fertilizer for agricultural reuse

• High recovery e�iciency with more than 80% 
of the P mass load to the STPs retained in 
biosolid fertilizer

• Perceived risks tied to pathogens, heavy 
metals, and organic and emerging pollutants 
in biosolids

• Recovery of cellulose from used toilet paper 
via physical separation using a rotating belt 
filter

• Reuse for biofuel production and paper 
manufacturing, among other opportunities

• Advancements in sewage treatment 
technologies enable more e�icient recovery 
of cellulose

• Market increase is expected from US$17.6 
billion in 2022 to US$42.24 billion by 2032

• Protein recovery from sludge through 
microbial fermentation with competitive 
price over traditional protein sources

• Protein as feedstock for animal feed, 
aquaculture and potentially human 
consumption as a protein supplement or 
meat substitute

• Increased commercial viability by advances 
in fermentation and purification processes

• Market increases due to environmental 
concerns and regulations—for example, for 
SCP, from US$13.1 billion in 2022 to US$ 
75.9 billion by 2032

• Extraction of PHA and EPS from sludge 
o�ering environmental benefits over 
traditional plastics

• PHA use in packaging and consumer 
goods as eco-friendly alternatives to 
petroleum-based plastics

• EPS as potential bioflocculant, raw material 
for biocomposites and flame-retarding 
materials

• Higher production costs than conventional 
plastics

• Increasing demand for global sustainability; 
for example, PHA market size is expected to 
increase from US$93 million in 2022 to 
US$195 million by 2028

Fig. 1 | Technologies and commodities. State-of-the-art technologies for harvesting important sewage resources and some marketable high-value commodities  
in an STP.
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Fig. 1). The European Union is preparing legislation to demand at least 
50% recovery of influent P; recovery as vivianite is currently the only 
technology that can reach this goal other than biosolid land applica-
tion and sludge incineration. Notably, another iron-phosphate solid, 
FePO4, can be formed in sludge. Like AlPO4, it is generally not available 
for plants and is difficult to recover. Furthermore, the natural occur-
rence of non-phosphate P species, which are in diverse (and sometimes 
even unknown) forms with different properties30, poses additional 
challenges to recovery.

Unlike P, which is a finite resource (and hence its recovery or stor-
age for future recovery is compulsory), reactive N (NH3) can be pro-
duced using the Haber–Bosh process, with the expenditure of methane 
at 25 GJ per tonne N in modern plants. This means that a comprehensive 
economic analysis based on energy balance and life-cycle assessment 
is needed to determine the overall costs and benefits of N recovery.

Ammonia stripping is currently the most mature technology for 
N recovery. It is generally considered economically sensible only if the 
wastewater stream contains ammonium at a minimum concentration 
of 1 g N l−1, achievable in digestion liquor of well-operated anaerobic 
sludge digesters. To recover N from wastewater with 1 g N l−1, the energy 
consumption is approximately 23.6 kWh per kg N (11.6 kWh per kg N 
for a 10 °C temperature elevation plus 10 kWh per kg N to produce 
NaOH for pH elevation to above the pKa value of ammonium plus 
2 kWh per kg N for sulfuric acid production, required for capturing 
NH3 in ammonium salts (database: ecoinvent 3.8, OpenLCA)). This is 
roughly equivalent to the sum of the energy required for synthesizing 
ammonium using the Haber–Bosh process (12.5 kWh per kg N) and that 
required for N removal via nitrification and denitrification (12 kWh 
per kg N)31. Nitrogen removal via partial nitritation and anammox has 
a lower energy consumption of 4.2 kWh per kg N31, which means an 
even higher wastewater N concentration is needed for N recovery to 
be sensible.

Other N recovery technologies including membrane-based 
separation, ion-exchange adsorption, and electrochemical and 
bio-electrochemical systems are also being researched32. They are sub-
ject to the same economic constraints outlined above. All these tech-
nologies are at early stages, with electrodialysis through ion-exchange 
membranes being the only one demonstrated at pilot scale with real 
AD effluent. Nitrogen recovery was achieved with an energy consump-
tion of 4.3–6.5 kWh per kg N33,34, but a rapid loss of current density was 
observed due to membrane scaling and clogging, a major challenge 
shared by all systems using membranes. A key unsolved challenge for 
adsorption-based processes is the regeneration of the adsorbents, 
critical for their economic viability.

A promising strategy is to combine the above technologies to 
recover N from streams with relatively low concentrations. Such a 
hybrid approach could address the limitations of individual tech-
nologies, delivering a cost-effective and environmentally favourable 
process35.

Approximately 80% of the N, 40% of the P and 90% of the potas-
sium (K) in sewage originate from urine, which represents <1% of the 
sewage flow36. There is therefore a compelling case for urine separation 
and nutrient recovery directly from urine. The key issue is the high 
costs associated with the construction and maintenance of highly 
decentralized systems. However, there is a good potential to install 
such systems in commercial buildings, where urinals collect large 
amounts of urine without faecal contamination. The direct use of urine 
as a liquid fertilizer was common in arid areas for centuries. The World 
Health Organization guidelines require urine wastewater to be stored 
for at least six months to inactivate pathogens37 or to be put through a 
partial nitrification process38; both require costly large-volume storage 
facilities. To reduce the volume, urine dewatering by evaporation, distil-
lation, membrane filtration or freezing has been studied, but the high 
capital or operational costs remain an issue39. Nutrient extraction from 
source-separated urine offers an alternative. For instance, P and K can 

be recovered as K-struvite (MgKPO4·7H2O)40, an analogue of struvite, 
or as a concentrated nutrient stream with the potential of recovering 
pure NH4HCO3 crystals41. These technologies are feasible in large-scale 
centralized urine treatment plants where urine is transported through 
pipe and truck transportation.

Emerging technologies for transforming wastes 
into high-value commodities
Technologies have emerged in more recent years to derive products 
with much higher values than the common NEW products. Some are 
readily present in sewage, while others are formed during sewage treat-
ment. Three specific examples, recovering cellulose, biopolymers and 
proteins, are reviewed here for their strong commercial potentials ((5), 
(6) and (7) in Fig. 1).

Cellulose recovery from sewage
Cellulose is a primary component of toilet paper and a slowly biode-
gradable organic substance. Toilet paper is physically disintegrated 
in the sewer network and reaches STPs in the form of linear cellulose. 
Estimated to be over 100 mg l−1, cellulose accounts for approximately 
35% of the total suspended solids (SS) in sewage42. It can be recovered 
via physical separation using, for example, a rotating belt filter. A 
commercial technology, CellCap, has been installed at a few full-scale 
installations to harvest cellulose from sewage. The recovered cellulose 
has been used as a raw material for biocomposites and construction.

The upfront recovery of cellulose in sewage substantially reduces 
sludge production in STPs, as cellulose is hardly biodegradable and 
accumulates in sludge. A 50% recovery from sewage containing cel-
lulose at 100 mg SS l−1 is estimated to reduce the mixed liquor SS con-
centration by up to 1.5 g SS l−1, assuming a hydraulic retention time of 
12 hours and a sludge age of 15 days (0.1 g SS l−1 × 50% × 15 d/0.5 d = 1.
5 g SS l−1). This substantially reduces solid loading rates to secondary 
clarifiers and excess sludge production.

Biopolymer recovery from sludge
Organic carbon removal in sewage treatment generates polymeric 
byproducts that accumulate in sludge. These include intracellular 
carbon storage polymers (polyhydroxyalkanoates or PHAs) and extra-
cellular polymeric substances (EPS); both are of particular interest and 
have been recognized as high-value materials, around 10–20 times 
the value of biogas that can be produced from the same amount of 
organic carbon.

PHA is a biodegradable polymer that can replace polyethylene 
or polypropylene in the plastics market. Bacteria in activated sludge 
produce and consume PHAs in response to the availability of organic 
carbon43. PHA is produced and stored by bacteria when ample readily 
biodegradable carbon substrates are available, and it is consumed as 
a carbon and energy source when external carbon substrates deplete. 
The PHA content in sewage sludge can reach roughly 50% of the vola-
tile SS, and it can reach 80–90% in sludge from treating organics-rich 
industrial wastewater44,45. Many technologies are available to extract 
PHA from activated sludge, among which solvent extraction is the most 
commonly used46. Extraction refers to separating PHA from non-PHA 
molecules (or residual biomass). The PHA accumulation and extraction 
processes have been demonstrated in numerous laboratory studies and 
implemented at a pilot plant scale (25 kg per day) in the Netherlands. 
PHA potentially replaces non-biodegradable plastics but lacks a strong 
economic driver at present. New applications are needed to develop 
a full value chain, for which adhesives might be an interesting option.

Bacteria produce EPS to form flocs, granules or biofilms. These 
polymers represent a considerable fraction of the sludge. While the 
specific EPS compounds are not well characterized47, EPS in floccular 
sludge and in granular sludge generally resembles polyelectrolytes 
and gelling polymers, respectively48. Gelling polymers are particu-
larly in high demand since it is difficult to produce these polymers 
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from oil-based chemicals. The gelling polymers in granular sludge can 
be extracted with the same technology used for alginate extraction 
from seaweed48. There are currently demonstration facilities in the 
Netherlands with a production capacity of a few hundred tonnes per 
year. Following extraction, the remaining sludge residue can still be 
used for biogas production. The recovered EPS have found their first 
application in agriculture for fertilizer pelletization or seed coating, 
replacing non-biodegradable polymers49. The good water-binding 
capacity of EPS gels also makes them a good soil amendment in irri-
gated agricultural land50. Furthermore, granular EPS have very good 
heat and flame resistance, with properties suitable for application in, 
for example, the aviation industry as fire-retardant materials or the 
construction industry as good binders in the production of composite 
materials51. These high-value applications make strong business cases 
for EPS recovery from granular sludge.

Protein recovery from sewage
Sewage-based protein concepts typically rely on open symbiotic cul-
tures of bacteria (and/or eukaryotic microalgae) that are dried52. Even 
though proteins constitute a major mass fraction, other compounds 
including carbohydrates, lipids, nucleic acids, vitamins, trace elements 
and antioxidants are also present. Such single-cell protein (SCP) pro-
vides an alternative protein source in the agri-food chain but has a 
much lower environmental footprint than other protein sources such 
as soybeans53.

SCP production directly in the sewage treatment line, termed 
‘mainstream SCP’, enables the largest production potential (in tonnes 
of SCP per year). However, its use may, for safety reasons, be restricted 
to soil applications. Aerobically, high-rate activated sludge processes 
can redirect higher portions of organics and N to SCP, but purple pho-
totrophic bacteria, which assimilate all organics with light energy, give 
the highest production potential54. Microalgae provide an autotrophic 
(or mixotrophic) phototrophic alternative, often in conjunction with 
aerobic heterotrophs in so-called microalgae–bacteria flocs, typically 
considered for nutrient recovery after part of the organics is removed55.

Risks can be more easily managed in the sludge line, increasing 
the value of ‘sidestream SCP’. Anaerobic conversion is typically used 
to convert the organic carbon in sludge to VFAs or methane. Biogas is 
free of pathogens and non-volatile contaminants (for example, heavy 
metals) through the gas phase transition and has been tested to pro-
duce SCP by methane-oxidizing bacteria56. VFAs can be extracted with 
membranes, which avoids the transfer of faecal pathogens, and used 
as carbon sources by purple phototrophic bacteria or aerobes57. As 
discussed above, nutrients recovered from the sludge line, for instance 
with ammonia stripping/scrubbing and/or struvite precipitation, can 
be used to fertilize SCP production58,59.

Converting wastes into chemical agents for 
circular use in sewage management
A challenge in sewage resource recovery is the absence of a well- 
developed marketable value chain for sewage-derived commodities. 
Water utilities traditionally operate without selling products in a com-
mercial market, while materials and chemical industries are not used to 
buy resources from distributed production sites under governmental 
oversight. The lack of such an efficient and reliable value chain poses a 
substantial limitation to the scalable recovery of high-value commodi-
ties from sewage. Considering this, innovative processes have been 
developed to recover chemical agents that can be immediately reused 
in the sewage system to facilitate sewage management, including the 
enhanced recovery of other resources. As these products do not enter 
the market as commodities, the quality requirements are much more 
relaxed, incurring much lower production costs. Compared with the 
recovery and utilization of resources for other markets, the utilization 
of resources within a sewage system tends to be more feasible, acces-
sible and widely applicable.

Carbonaceous chemicals
As a classic example, VFAs derived from sludge fermentation have 
proved exceptionally adept at facilitating cost-effective denitrification 
and biological P removal60, due to their high biodegradability61. VFAs 
produced from sludge fermentation are not marketable products due 
to low concentrations and contamination. However, when replacing 
externally imported organic carbon (for example, methanol or acetate) 
to support N and/or P removal, their value is elevated to that of the 
marketed VFAs, with the additional benefit of saving transport and 
dosing costs. Indeed, VFA production has become a standard feature 
in many STPs, which incorporates either a sidestream or a mainstream 
sludge fermentation unit62,63.

Maximum bioenergy recovery requires upfront carbon separa-
tion for biogas production, which creates difficulties for biological 
N removal. Although the mainstream anammox process can theo-
retically remove N without the need for organic carbon, the effluent 
often contains a relatively high level of nitrate produced by anammox 
bacteria or unwanted nitrite-oxidizing bacteria64. Over the past decade, 
innovative processes have been developed to use methane in biogas 
as the organic carbon source for high-level N removal from sewage, in 
conjunction with anammox bacteria. These technologies have been 
demonstrated in biofilms65–68, granules69 and membrane bioreactors. 
These forms of growth were needed to retain the slow-growing micro-
organisms performing nitrite/nitrate-dependent anaerobic methane 
oxidation (n-DAMO)70,71. A mere 5% of the biogas produced is sufficient 
to facilitate complete nitrate removal in a partial nitritation–anammox 
process72. This is because n-DAMO organisms have low yields, ensur-
ing highly effective use of the electrons in methane for nitrate/nitrite 
reduction. This also substantially reduces excess sludge production, 
compared with heterotrophic bacteria growing on traditional carbon 
sources. More recently, the n-DAMO and anammox consortia have 
been exploited to remove N from the effluent of anaerobically treated 
mainstream sewage, where dissolved methane in the anaerobic efflu-
ent, accounting for up to 40% of the total methane produced, was used 
for nitrate/nitrite reduction73. This process also substantially reduces 
the stripping of dissolved methane into the atmosphere as a potent 
greenhouse gas.

Nitrogenous chemicals
FNA at parts-per-million levels is biocidal to a broad range of microor-
ganisms, causing cell death and lysis74. Several technologies have been 
developed that use FNA to improve sewage management. These include 
the dosage of FNA to sewers to control anaerobic sewer biofilms, thus 
alleviating sewer odour and corrosion (Fig. 2a), as demonstrated in 
full-scale applications75; and the use of FNA to pretreat secondary 
sludge prior to AD (Fig. 2b)76,77. In the latter case, both laboratory- and 
pilot-scale experiments have demonstrated 30–40% increases in biogas 
production and volatile solid destruction due to improved sludge bio-
degradability. The capacity of a digester could be doubled due to the 
much-improved sludge hydrolysis rate76 and much-reduced sludge 
viscosity77. The response of functional microorganisms to the biocidal 
effects of FNA varies. Specifically, ammonia-oxidizing bacteria are 
more resistant to FNA than nitrite-oxidizing bacteria78. This inherent 
discrepancy has been strategically harnessed to selectively eliminate 
nitrite-oxidizing bacteria from activated sludge, thereby fostering inno-
vative, energy-efficient nitrogen removal (Fig. 2c), as demonstrated in 
both laboratory-scale79 and pilot-scale studies80,81.

Instead of importing chemicals (nitrite and acid) for the above 
applications, processes have been proposed to produce FNA on-site 
at STPs82. An anaerobic sludge digester liquor contains ammonium at 
0.5–1.5 g N l−1, which can be converted to nitrite by ammonia-oxidizing 
bacteria. Due to the consumption of alkalinity in ammonia oxidation, 
the processed digestion liquor contains a high level of nitrite and a 
negligible level of alkalinity. The FNA production unit can be easily inte-
grated with the FNA treatment unit, leading to an innovative process 
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that simultaneously achieves high-level N removal and enhanced bio-
energy recovery. This stands as an exemplary illustration of the reuse 
of a ‘recovered’ chemical in sewage management.

The reuse of in situ produced FNA has recently been extended 
to aerobic digestion of waste activated sludge83 and anaerobically 
digested sludge84. Both types of sludge contain a high level of organic 
N, which is released as ammonia, the oxidation of which produces 
nitrite and acid. Operational strategies have been developed that 
lead to the persistent accumulation of nitrite, which, coupled with 
a low pH (<5), gives rise to FNA levels up to 10 mg N l−1 (ref. 83). Such 
conditions substantially improve sludge degradation and pathogen 
destruction84. FNA production and accumulation have also been 
achieved in a mainstream sewage treatment reactor via the use of 
a novel acid-tolerant ammonia-oxidizing bacterium, ‘Candidatus  
Nitrosoglobus’85. FNA at 2 mg N l−1 could be maintained at a nitrite 
concentration around 40 mg N l−1 and a low pH of 4.65, tolerable by 
‘Candidatus Nitrosoglobus’.

Analogous to FNA, free ammonia at high concentrations (for 
example, >200 mg N l−1) is also biocidal to microorganisms. It can be 
produced at an STP by alkalizing the anaerobic sludge digestion liquor. 
Its in situ application for sewage and sludge treatment has also been 
researched86, in some cases in conjunction with FNA87.

Iron chemicals
Iron chemicals in various forms (for example, FeCl2 and FeCl3) have 
been widely used in sewage management88. They are dosed at mul-
tiple points in a sewerage system, including sewers and anaerobic  

sludge digesters for hydrogen sulfide control89 as well as STPs at 
various locations for phosphate removal and sludge settleability 
improvement90. Recent research has shown that iron salts dosed 
to sewers, removing sulfide, could be regenerated in the aeration 
basin and ‘reused’ for precipitation of phosphate and improved  
sludge settleability. The same iron is further reused in an anaero-
bic sludge digester to remove sulfide and improve sludge dewater-
ability. These multiple regenerations and reuses are caused by the  
changed redox conditions in different process units and occur natu-
rally so long as iron salts are added early in the sewerage system (that 
is, sewers).

Ferric salts are often used as coagulants in drinking water treat-
ment, generating waste iron sludge. The iron-containing drinking water 
sludge, when dosed to sewers, achieves all the benefits of imported 
iron salts, including the flowing-on effects91. No recovery of iron or 
preprocessing of the sludge is needed prior to sewer dosage.

One issue of FeCl2 or FeCl3 use in sewerage systems is the consump-
tion of alkalinity, leading to undesirable pH decreases. Ferrous carbon-
ate (FeCO3) is a potentially more desirable iron salt, as it adds alkalinity 
to sewage. An electrochemical process was developed recently that pro-
duces FeCO3 through the precipitation of electrochemically produced 
Fe2+ (from Fe) with CO3

2− formed by capturing CO2 in biogas (Fig. 2d)92. 
The produced FeCO3 has the beneficial effects of the commonly used 
iron salts but elevates rather than decreases sewage pH92. By capturing 
CO2, the process upgrades biogas to more valuable biomethane. The 
proposed process also enables water utilities to establish a self-reliant 
and more secure supply of iron salts.
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Fig. 2 | Transforming waste into nitrogenous and iron chemical agents for circular use in sewage management. a, Use of FNA for odour and corrosion control.  
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Other emerging options and opportunities
With existing and emerging technologies extracting energy, nutrients 
and valuable chemicals from sewage, current STPs still discharge a 
substantial amount of organics as residual solids, typically represent-
ing 25–35% of that in the feed93. This fraction is poorly biodegradable 
or non-biodegradable with chemical and microbial contaminations 
and is thus often landfilled or incinerated. One potential approach to 
recycle this last part of the organics is their conversion to syngas via 
gasification, which is much less susceptible to contamination, and the 
subsequent conversion of the gaseous constituents (CO, CO2 and H2) 
to valuable products via microbial gas fermentation. This pathway 
should be used as the last resort, as there is considerable energy loss in 
gasification, and the reassembling of C1 compounds and H2 to complex 
chemicals is not energy efficient. However, syngas contains energy, 
and its conversion to chemicals is substantially more energy efficient 
than the use of CO2 (for example, in flue gases) alone. Microbial gas 
fermentation is preferable to chemical catalytic approaches due to its 
lower capital and operational costs; it is thus more suitable for small 
gas sources such as that produced at an STP. In the field of industrial 
biotechnology, numerous studies in either pure or mixed cultures have 
demonstrated the feasibility and practicality of microbial conversion 
of syngas to liquid chemicals94,95 and microbial proteins as animal feeds 
or feed supplements96,97.

For N recovery, a novel and attractive approach (alternative to its 
recovery as fertilizer or protein) is the cracking of the stripped ammo-
nia into H2 as an energy source98. This may become an important option 
in the future, considering that the value chain for recovered nutrients 
for agriculture is increasingly hampered by regulatory requirements 
and by the major technological developments in plant production 
requiring standardized fertilizers.

Most resource recovery processes applied or proposed today 
are add-on features to existing treatment processes. They are often 
driven by internal economic factors. Opportunities for more effective 
resource recovery will probably be created through re-imagining the 
overall process design and considering resource recovery as an integral 
design goal. This requires integrating new knowledge generated from 
multidisciplinary research, including the exploration, discovery and 
application of novel microorganisms and innovative materials.

It should be underscored that, to a large extent, the successful 
implementation of sewage resource recovery hinges on consumer 
acceptance and regulatory support. While technological advance-
ments have paved many ways for resource extraction, the ultimate 
success of these initiatives lies in their acceptance by both end users 
and regulatory bodies as well as in good value chains that integrate the 
sewage treatment sector with the chemical and materials producing 
industries.
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