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Executive summary

NextGen demonstrates and investigates technologies for water reuse, material recovery and
energy recovery at ten case studies distributed across Europe. The treatment of wastewater
offers synergies via certain technologies, which purify the water for water reuse and
simultaneously allow for the recovery of materials/nutrients and/or energy. This deliverable
focuses on a modelling task and technologies for material recovery demonstrated in the
NextGen project (Figure 1).

Material recovery from sludge

At three case studies in Athens (EL), Altenrhein (CH) and Timisoara (RO), different technologies
were investigated to recover materials from sludge at different technology readiness levels
(TRL, Table 1).

In Athens, a decentralised solution a so called sewer mining unit was implemented. The excess
sludge from the membrane bioreactor was thickened and together with pruning waste
composted in a rapid composting bioreactor. The yearly produced amount of compost was 5
t, which was reused on-site. An up-scaled system referring to 600 population equivalents (PE)
has the potential to produce 1 t N/a and 0.34 t P/a. This corresponds to 15% and 72% of the
N and P loads in the raw wastewater, respectively.

In Altenrhein and Timisoara, pyrolysis processes were tested as a side stream treatment of
dried digestate to produce granular activated carbon and pyrolysis gas, oil as well as biochar,
respectively. The recovery rates in Altenrhein were 50% GAC and 50% pyrolysis gas and in
Timisoara, 18% gas, 2% oil and 63% biochar. The GAC produced from sludge was suitable for
a pretreatment to remove micropollutants upstream of a conventional GAC filter to prolong
its lifetime. The pyrolysis batch experiments with the sludge originating from Timisoara
showed a potential to substitute around 3100 m3 natural gas/d with an up-scaled system.

Table 1 Summary of main outcomes of the case studies dealing with material recovery

Athens Altenrhein Timisoara

Rapid composting . .
Technology bioreactor (TRL 7) Pyrolysis (TRL 7) Pyrolysis (TRL 4)
Granular activated

Product Compost carbon (GAC) Gas
Recovery rate C: 60%; N:80%; 50% GAC 18% gas,

y P: 100% 50% gas, sieving losses 63% char, 2% oil
Flow rate 5t compost/a 1 kg dried sludge/h 2.1 kg dried sludge/h
Upscaling or 600 PE: Suitable as pre- 400 000 PE:
suitability 1tN/a &0.34tP/a treatment for 3100 m3 gas/d

’ conventional GAC filter

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°776541
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Primary
treatment

\/ﬁ -\/—} Effluent > see D1.3

Excess | Thickened sludge — RCB: compost (chapter 2.1)
Solids = Pyrolysis: gas, oil & char (chapter 2.3)

Secondary treatment

sludge
Primary sludge

Digestion
(option: TPH )
Liquor - Struvite production (chapter 5.1)
l l l —> Air stripping & scrubbing: (NH,),SO, (chapter 4.1)

Solids - Membrane stripping: (NH,),S0, (chapter 4.2)

- GAC production (chapter 2.2)

ANMBR - PK-fertiliser production (chapter 5.2)

-> Hydroxyapatite production (chapter 5.3)

— Liquor
|§| mmmmm) > |EX: saturated regenerants = Membrane stripping: (NH,),SO, (chapter 4.3)

lSoIids l Effluent = see D1.3

==) -> Photobioreactor: protein production (chapter 3)

Brewery
WW & urine

Figure 1 Overview about the different points of application for the NextGen material recovery technologies (AnMBR: anaerobic membrane bioreactor; RCB: rapid composting bioreactor; TPH
thermal pressure hydrolysis, GAC granular activated carbon); here: no distinction between centralised and decentralised systems

This project has received funding from the European Union’s Horizon 2020 research and innovation
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Protein production from brewery wastewater, urine and/or RO concentrates

In La Trappe (NL), a photobioreactor was demonstrated to treat brewery wastewater and
urine in a main stream to produce proteins that can be used as a slow release fertiliser. In
general, this technology is also capable to produce proteins that can be used as fodder or even
food additive. The TRL of the technology is still low between 5 and 6 and further investigations
are needed. The recovery rates were 38% for COD, 20% for N and 25% for P. The
photobioreactor produced roughly 0.48 g TSS biomass per litre wastewater. This corresponds
to a production of around 276 to 575 kg of dried biomass per year to be used as a slow release
fertiliser. In NextGen, the proteins were successfully tested as a slow release fertiliser to grow
microgreens. Furthermore, this technology is also very well suited to treat concentrates from
membrane treatments.

Table 2 Summary of main outcomes of La Trappe

La Trappe
Technology Photobioreactor (TRL 5-6)
Product Proteins as slow release fertiliser
Recovery rate COD: 38%; N: 20%; P: 25%
Flow rate 60 L wastewater/d
Suitabili Pilot: 276-575 kg dried biomass/a
urtability - Successfully tested to grow microgreens

Nitrogen removal and recovery

Nitrogen removal and recovery was tested at three case studies, in Braunschweig (DE),
Altenrhein (CH) and Spernal (UK). The TRL in Spernal reached TRL 6 suggesting, that further
investigations are necessary prior to its replication at full-scale (Table 3).

Table 3 Summary of main outcomes of the case studies dealing with nitrogen recovery

Spernal Altenrhein Braunschweig
IEX & HFMC Air stripping &
L
Technology (TRL 6) HFMC (TRL 8) scrubbing (TRL 9)
Product Ammonium sulphate Ammonium Ammonium
sulphate sulphate

1> 76%;

Recovery rate N: > 76%; N: 75% N: 85-97%

IEX >80%; HFMC >95%

Flow rate 1 m3 AnMBR effluent/d 8.5 m3 centrate/h 7-19 m2 liquor/h
Upscalin 100 000 PE: 305 000 PE: 380 000 PE:
pscaling 320t N/a 66 t N/a 175t N/a

The Spernal system was applied in the effluent of an anaerobic membrane bioreactor as a
main stream technology. It consisted of an ion exchanger to concentrate the ammonium and
a hollow fibre membrane contactor (HFMC) for ammonia stripping and ammonium sulphate

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°776541
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production. The recovery rates for the ion exchanger and the HFMC were higher than >80%
and >95%, respectively, resulting in a nitrogen recovery rate higher than >76%. Based on those
results, the production of ammonium sulphate in a full-scale system for 100 000 PE is assumed
to result in the recovery of 320 t N/a. This corresponds to 88% of the inflow nitrogen load to
the WWTP.

In Altenrhein, also a HFMC was tested, however in a side stream for the centrate of dewatered
digestate at TRL 8. The recovery rate was 75% in the pilot plant. Hence, the recovery of a full-
scale system (305 000 PE) of 66 t N/a can be expected for Altenrhein. This corresponds to 11%
of the nitrogen inflow load to the WWTP.

In Braunschweig, a full-scale air stripping and scrubbing system was implemented with a TRL
9. The recovery rates were easy to control and could be operated between 85% and 97% as
required. The potential for the production of (NH4)2SO4 solution under optimised conditions
is 2000 t/a corresponding to 175 t N/a, which is 12% of the inflow nitrogen load to the WWTP.

Phosphorus removal and/or recovery

Three different technologies were tested for phosphorus removal and/or recovery. In Spernal,
hydroxyapatite was produced as a main stream treatment using the effluent of an anaerobic
membrane bioreactor combined with an ion exchanger and a precipitator (Table 4).

Table 4 Summary of main outcomes of the case studies dealing with phosphorus recovery

Spernal Altenrhein Braunschweig

Technolo IEX & precipitation Thermal treatment CO2 stripping &
By (TRL 6) (TRL 8) precipitation (TRL 9)
Product Hydroxyapatite PK fertiliser Struvite
P: > 72%;
Recovery rate IEX >80%; P: 90-100% P: 80-97%
precipitator >90%
Flow rate 1 m3 AnMBR effluent/d 50 kg dried sludge/h 7-19 m2 liquor/h
Upscalin 100 000 PE: 305 000 PE: 380 000 PE:
pscaling 61tP/a 260t P/a 37tP/a& 17 tN/a

The ion exchanger was used to concentrate the phosphate concentration in order to
precipitate the phosphate as hydroxyapatite in the subsequent precipitator. A TRL of 7 was
reached suggesting to further optimise the system. The recovery rates for the ion exchanger
and the precipitator were >80% and > 90%, respectively. Based on those results, a full-scale
system (100 000 PE) can recover 61t P/a, what corresponds to 80% of the P load in the influent
of the WWTP.

In Altenrhein, a thermal treatment was tested using dried digestate as side stream technology.
Its TRL reached 8 and the recovery rate ranged between 90% and 100%. Since this treatment
does only partly remove heavy metals, a detailed characterisation of the feed stream is
necessary and an application using “clean” digestate or waste streams from the food industry
might be even more beneficial. Using digestate from a municipal WWTP as feed stream,
0.95 kg P/h was achieved in the pilot plant. This corresponds to the recovery of 390 t P/a for
a 305 000 PE full-scale plant. Those correspond to 12% of the influent phosphorus load of the
WWTP.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°776541
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In Braunschweig, a struvite production unit was demonstrated at TRL 9. It used the liquor of
dewatered digestate in a side stream and reached recovery rates between 80%-97%. The
recovery rate depended highly on the chemical composition of the liquor, the mixing
conditions in the precipitation reactor and the dosing rates of MgCl,. For a full year of
operation and under optimised conditions, the production of 300 t struvite is expected. This
corresponds to 16% of the phosphorus influent load and to 1% of the nitrogen influent load
to the WWTP.

Dynamic sewer modelling: impact of low-flow wastewater on nutrient concentrations

In Filton Airfield (UK), a circular economy concept shall be implemented on a regional scale in
the near future. Therefore, the nutrient concentrations in the potential wastewater were
modelled. An important aspect to consider thereby was the dependence of the nutrient
concentrations on the type of housing and the installation of water-saving appliances. Using
those, the wastewater flow rate decreases and contributes to higher nutrient concentrations
in the potential wastewater. Hence, the changes of the nitrogen and phosphorus
concentrations vary from 52% to 61% and from 27% to 42%, respectively, depending on the
house type (ecohouse with water-saving appliances vs. conventional house). For Filton
Airfield, the ion exchanger and the hollow fibre membrane contactor (see case study Spernal),
are suggested to be the most appropriate and sustainable solution among the NextGen
nutrient recovery technologies, because they can be applied as a decentralised system on a
local level as required in Filton Airfield and they profit from a high nutrient concentration in
the inflow stream.

Future recommendations and concrete steps for up-scaling to EU level

The TRLs of the technologies reached during the NextGen project mean further development
is required before their implementation at full-scale will be possible. Especially with other
wastewater compositions than demonstrated in NextGen, even for technologies at TRL 9, pre-
tests are needed to better understand the systems. Hence, more demonstrations in different
scales are needed to convince new investors. In this way, showing the benefits of
nutrient/material recovery and higher effluent qualities against costs and maintenance needs
will easily convince them.

The implementation of those technologies will be accelerated, if there are incentives or even
pressure from regulations and governments to implement for example nutrient resource
recovery technologies. Compared to the fertiliser industry, most nutrient recovery plants in
circular economy are small and decentralised. They do not have the logistics and legal
knowledge (e.g. REACH & certificate processes) to bring their fertilisers to the market as the
fertiliser industry does. Until now, the Fertilising Products Regulation (EU 2021/2086)
mentions only “precipitated phosphate salts and derivates” as renewable fertilisers
originating from sewage sludge and wastewater. This means ammonium sulphate, compost
and biochar, all originating from sewage sludge or wastewater are not explicitly mentioned in
the regulation. A further step is needed to process the recovered materials towards a usable
product. Between a fertiliser producer and a farmer for example, there act usually trading
companies. They might have an advantage, when they blend the renewable fertilisers with
the “traditional fertilisers”.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°776541
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EU added value of the technologies

NextGen demonstrated and further developed technologies that are in line with the ambitions
of the European Green Deal its Action Plan for Circular Economy to reduce strongly the EU
greenhouse gas emissions, to provide clean water, maintain healthy soil, make industry
resilient and produce cleaner energy.

The collection and open access presentation of the technologies and the results presented in
this deliverable, together with the other project results such as the technology evidence base
(D1.7, Kleybocker et al. 2022), will support decision makers and investors to gain a fast
overview about the opportunities and proven concepts of circular economy. Together with
the Marketplace (D5.5), the technology evidence base will contribute to the transition from a
linear to a circular economy in Europe.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°776541
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Disclaimer

This publication reflects only the author’s views and the European Union is not liable for any
use that may be made of the information contained therein
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1. Introduction

NextGen aims to develop and demonstrate circular economy technologies in the water sector.
Those innovative technologies contribute not only to close the water cycle, moreover, they
also close the material and energy cycles as shown in Figure 2. Therefore, within 53 months,
those technologies were designed, constructed and tested at nine case studies in Europe:
Braunschweig (DE), Costa Brava (ES), Westland (NL), Altenrhein (CH), Spernal (UK), La Trappe
(NL), Gotland (SE), Athens (EL) and Timisoara (RO). In addition, a dynamic sewer modelling
study was conducted for the airfield in Filton (UK) to determine the impact of low-flow
wastewater on nutrient concentrations and the suitability of the investigated NextGen
technologies for this case.
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Figure 2 Infographic illustrating the three cycles of water, nutrients/material and energy to be closed by the circular economy
related technologies developed and demonstrated in NextGen

This deliverable presents the different NextGen technologies for material recovery and the
case study specific results of those technologies. In addition, the strategies to valorise
materials from wastewater streams to replace conventional resources are shown. D1.5
compares the baseline situation to the NextGen implemented situation and discusses the
challenges and recommendations for future replications of those technologies. Table 5
provides an overview about the developed technologies and their produced materials for the
involved case studies. Detailed information about the baseline conditions of all case studies
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can be also found in D1.1 Assessment of baseline conditions for all demo cases (Kleybocker et
al. 2019).

Table 5 Overview about the NextGen technologies for material recovery and their products

Material recovery technologies and produced materials in NextGen

Case study

Technology

Rapid composting

Recovered material

Athens Compost

Material
) . Renewable granular

recovery from Altenrhein Pyrolysis .
sludge activated carbon

Timisoara Pyrolysis Biochar, gas & oil
Protein Protein-based slow
production from" BERIE]] Photobioreactor release fertiliser and

wastewater

fodder

Braunschweig

Air stripping & scrubbing

Ammonium sulphate
solution

Nitrogen

Ammonium sulphate

removal and Altenrhein Membrane stripping .
Cacover solution
E lon exchanger & Solid ammonium
Spernal ..
membrane stripping sulphate
. CO; stripping & .
Braunschweig 2 'tp'f' g £ struvit Struvite
Phosphorus precipitation of struvite
removal and Altenrhein Thermal treatment PK fertiliser
recovery lon exchanger & precipi-
Spernal ) ) Hydroxyapatite
P tation of hydroxyapatite y yap
Nutrient Concentrations of
concentrations . . g . . nutrients (N, P) in
Filton Airfield | Dynamic sewer modelling ( )

in future WW
streams

future WW to consider
recovery

This deliverable is one of three deliverables summarising the results from the technological
work package (WP1) of NextGen. It is closely connected to D1.3 New approaches and best
practices for closing the water cycle (Plana Puig et al. 2022) and D1.4 New approaches and

best practices for closing the energy cycle (Kim et al. 2022), because some of the technologies
contribute to the closure of more than only one cycle regarding water, material and energy.

The results of the three deliverables are the basis for the economical (D2.2) and
environmental assessments (D2.1) in WP2 of the NextGen solutions, the microbial risk
assessments regarding human health for water reuse and the chemical risk assessments for
applying the renewable fertilisers (D2.1). The discussion of the replication opportunities and
recommendations regarding the future replication opportunities provides input for WP5.
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To further disseminate the results, non-official deliverables per case study summarise the
outcomes of the deliverables D1.3, D1.4 and D1.5. They will be accessible via the Water
Europe Marketplace at the case study section: https://mp.uwmh.eu/l/CaseStudy/.
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2. Material recovery from sludge

2.1 Rapid compost production in Athens (EL)

Authors: Istvan Kenyeres (Biopolus), Erzsébet Poor-Pdcsi (Biopolus)

2.1.1 Description of the demo site

Athens is a city of 4 million citizens, thus it suffers from great urbanisation issues such as heat
island effects, high energy demands in the summer due to extreme heat events, and emerging
water scarcity issues. The Athens demo application is located in an area called Athens Plant
Nursery, which is part of the Goudi Park, an area in the process of redevelopment and
regeneration to become one of the key Metropolitan parks of the capital. The area, which lies
in the heart of Athens, is a mixed-use area, comprising of urban green and urban agriculture
spaces as well as administration and residential uses. The regeneration is an effort to boost
both the local economy and improve quality of life for the citizens of the Attica Region.

The Plant Nursery belongs to the Municipality of Athens and covers an area of approximately
39 ha, of which 16 ha are used in the production, development and maintenance of the plants
while the rest are used for general purposes such as administration building and offices of the
Municipality of Athens. The Nursery supplies all urban parks and green spaces of Athens with
plant material and uses potable water from Athens’s Water Supply and Sewerage Company
(EYDAP) for its irrigation. Furthermore, the nursery is the staging area for all of the pruning
waste from all of the Athens urban green spaces. The green waste is not treated, only stored
on site. Over time a part of the green waste is transferred to the Athens landfill. At the same
time, the Nursery uses fertilisers supplied by the local market. With regards to the energy
needs, the Nursery gets electrical energy from the urban network and for heating they use
petrol oil. In this respect, the city seeks alternative water sources to achieve environmental,
social and financial benefits to address the water scarcity matters through autonomous and
decentralised water systems.

2.1.2 Motivation of implementing circular economy

solutions in the water sector

The summers in Athens are hot and dry. Recent studies show increasing tendency towards
drier conditions, with increased variability of extreme rainfall events (Founda et al. 2022).
Overall precipitation is expected to decrease as longer dry spells and reduced rainfall intensity
has been observed. Temperatures are projected to increase in the Athens area in the order of
7-8 °C by 2030. With the longer, hotter, drier summers, green areas are more important than
ever to reduce the urban heat island effect. Lush green parks also create a positive
environment for both the citizens and the local wildlife. Access to blue green urban spaces has
positive effects on the mental and physical health of urban citizens. The green spaces also help
provide homes for wildlife. However, green areas require both water and nutrients to remain
healthy and vibrant. Athens currently lacks adequate nutrient rich soil, and the reduced
rainfall and drier conditions mean more irrigation is required to keep green areas lush.

This situation has led to an increased interest to explore alternative solutions to reduce waste
and resource usage. The dominant behaviour of ‘take-make-consume-dispose’, which
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assumes that resources are abundant, available and competitive to dispose of needs to be
eliminated and ‘circular economy’ principles and technological innovation should be
embraced.

The Athens NextGen solution demonstrates how, through sewer mining, heat recovery and
rapid composting, wastewater can be extracted locally from sewers to be treated and further
processed, along with green wastes, to create valuable sustainably sourced resources that can
be used to nurture Athens green spaces. The solution is in line with the Athens Resilient
Strategy for a circular approach to water services by 2030 (City of Athens 2017).

2.1.3 Action and case study objective

Table 6 Action and case study objective regarding material recovery in Athens

Case Study NextGen intervention

- Technol . tifiabl
number & Sub eChNO'OBY in circular economy Quantiisule
baseline target
for water sector
Test and use down- Compost
based eco- .controlled _ organic
engineered enwronmen'_c rapid materials of
#8 Athens, [Sub-Task|growing media| composting TRL 100 |pruning waste
Greece | 1.4.10. | products via |Pioreactors to produce|s - g|kg/week and
Rapid high quality fertiliser wastewater
Bioreactor green waste and onsite
sludge. fertiliser.

2.14 Unique selling points

The NextGen solutions work to replace existing value chains (drinking water & fertiliser) with
upcycled waste chains (green waste, wastewater, and sludge) to create a circular and
sustainable solution for Athens green spaces.

Unique selling points for the implementation of the rapid composting unit are:
v" 5-times faster than conventional composting
v" Down-scaled, closed system for controlled composting for precise product (compost)
production
v" Integrated with a heat recovery unit with added temperature boosting option
v" Integrated with sewer mining unit for local, direct supply of sludge (with necessary
moisture content)

As general benefits and selling points

recovery of carbon and nutrients from excess sludge and pruning waste
enteric pathogens are destroyed during composting

excellent opportunity to recycle green waste within cities

opportunity to sell compost = generate income

The citizens of Athens shall benefit from greener parks and spaces.
Blue/green spaces have a positive effect on human health and wellbeing.

AN NI N NN
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v" These green areas have positive effects on climate change resiliency and help reduce
urban island effects, making the Plant Nursery and similar green areas increasingly
important in urban planning.

v Circular solutions that produce valuable resources from waste help promote a shift in
people’s mindsets regarding the need for a transition to circular economy.

2.1.5 Principle and main characteristics of the
technology

Composting, or controlled biological decomposition of organic and green and woody wastes
for the purpose of soil enhancement, is a well-known technology widely used in food and
agricultural waste processing.

The most common technology is called windrow composting, where the raw materials are

organised in open field longitudinal piles and special machines are turning and mixing them
to maintain aerobic conditions (Figure 3).

Qi e o- g o2y

e . Seubothiin AN RD: a1l
Figure 3 Example for windrow composting (Alamy Stock Photo)
This extensive technology requires a very large footprint and typically three to six months for
proper compost ripening, and is rather smelly and subject to changing weather conditions.
Compost quality and biological processes can be seriously affected by extremities like floods,
droughts or extreme heats. The technology is not well suited in urban environment and for
small decentralised operations.

Recent developments in biotechnology have made possible to speed up biological
decomposition processes using solid phase bioreactors operating in controlled environment.
In-vessel composting has been developed especially for composting food and animal wastes
and is becoming more preferred when large volumes of organic wastes need to be processed
in a completely closed environment. In-vessel composting technology offers reduction in time
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and space but still are typically operated in large centralised waste processing facilities (Figure

Figure 4 Example for in-vessel composting (google images)

The RCB (Rapid Composting Bioreactor) technology is a vertical flow arrangement composting
bioreactor, which has been tested in Taiwan by Benne and Greenwhich Investment in the
past years for medium scale operations in the size of 35 to 100 m3 reactor volumes. The
technology represents an in-vessel, controlled environment technology, where the raw
materials are continuously fed into a solid phase bioreactor, inoculated with selected
microorganisms, and continuously mixed and aerated, while the operating parameters
(temperature, humidity, oxygen content) are properly measured and controlled.

The RCB unit implemented at the Athens tree nursery site is a downscaled version of the
industrial RCB unit described above (Figure 5).

Figure 5 RCB implemented in Athens (image: Zoltdn Csipai)

The unit size is specifically targeting small to medium scale decentralised use, whereby
wastewater excess sludge from a local water recycling unit and plant pruning wastes from the
nearby urban environment are converted into valuable compost material, which can be used
in local green spaces. Figure 6 and Figure 7 show the overall scheme and details for its
construction, respectively.
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Figure 6 Overall scheme of the RCB in Athens
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2.1.6 Requirements for the implementation of the

technology and operating conditions

Due to this controlled environment, the Rapid Composting Bioreactor is roughly 5 times faster
than conventional composting, which produces compost-based eco-engineered media free of
enteric pathogens. The air outlet from the reactor is equipped with an air filter to ensure
odourless operation.

Prior to the rapid composting, the excess sludge from the wastewater treatment plant needs
to be thickened. The wood and green waste is shredded, homogenized and sorted — to get a
2-5 mm fraction by sieving in a pre-treatment step. In a mixing unit, the homogenised wood
and green waste is mixed with the thickened excess sludge and an inert filling material
consisting of shredded wood of 2-5 cm size. Approximately 700 L/per week are incubated in
the rapid composting unit —an in-vessel composting system - at mostly aerobic conditions due
to continuous air supply by the connected blower. Here, at a temperature between 50 °C and
70 °C, aerobic microorganisms convert approximately 20% to 30% of the volatile organic
material to CO; and water (Metcalf et al. 2013) and thus, stabilize the material. A heat pump
can be used to preheat the reactor and to accelerate the process further.

The output is a compost-based growing media product with output rate of around 150 -180 kg
per week. The output compost goes through a sieve to get back the inert filling material.

The excess sludge has to be thickened prior to the rapid composting. Its dry solids (DS) content
should be at least 5% - but based on the process assessment this value may be revised. The
ratio between the wood and green waste to the thickened excess sludge should be evaluated
before the start-up. The process is operated at a temperature of up to 70°C and the retention
time in the composting unit ranges between 10 and 20 days (Table 7).

Table 7 Requirements and operating conditions for the RCB

Parameter Units Min Max Reference
Dry solids (DS) content of excess sludge % 5 7 Own data
Ratio of green/wood waste to thickened - 1:1 1:2 Own data
excess sludge
Temperature during high rate °C 50 70 Metcalf et al. 2013
conversion of volatile compounds
Oxygen content in gas output of % 5 10 Own data
composting unit
pH for optimum aerobic decomposition - 7 7.5 Metcalf et al. 2013
Volatile solids of composting mix % 30 - Metcalf et al. 2013
Moisture content of composting mix % 40 50 Own data
Solid material retention time d 10 20 Own data

This project has received funding from the European Union’s Horizon 2020 research and innovation
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2.1.7 Results

Scaling Down Challenges & Optimisation

Several challenges were encountered when scaling down the rapid composting unit for the
Athens pilot site. The mechanical design was dependent not only on the system scale, but also
on the composition and size of the input materials. Therefore, the optimisation of the
production process was largely trial and error. Additionally, construction and installation of
the composting and heat recovery units suffered severe delays due to Covid travel restrictions
and international shipping delays.

The following is a brief summary of the optimisation process:

2021 June - September — Installation of the mechanical, electrical, and control equipment for
Rapid Composting Bioreactor Unit. The onsite Pezzolati coarse shredder (at the nursery) was
supplemented with a fine shredder (purchased for the project) in order to achieve a better
size distribution of the pruning waste. The sludge thickening process was initiated and in 1
week approximately 5-7% dry matter sludge was achieved.

2021. October 5 — Failure of the mixing wing of the rapid composting bioreactor during
equipment commissioning. The mixing arm was not able to handle the inserted material and
deformed during mixing (Figure 8). The green waste used was more woody and dry than
originally anticipated during design, therefore the overall moisture content of the mixture was
low, placing too much pressure on the mixing arm, causing deformation.

Measurements of dry matter content show that the woody waste is very dry, therefore the
ratio of wood waste to sludge was reduced from 2:1 to 1:1. The 1:1 mixture of pruning waste
(20% DS) and thickened sludge (6% DS) should provide a moisture content of 54%.

The onsite nursery coarse shredder became unavailable for use, and therefore the fine
shredder previously purchased was no longer adequate to shred the woody waste to the
desired size. A new heavy duty fine shredder was tested and installed in January 2022.

2021. October, November — Design adjustments for the repair of the new mixing arm, were
made, in order to restart the system as soon as possible. Simultaneously, the design of a new
more robust mixing arm was initiated for a more robust long-term solution (Figure 8).
Mechanical inspection of broken mixing arm showed it cannot be repaired. Installation of
pumps, heat exchanger spiral, thermal insulation, and electrical connection were installed in
preparation for the heat recovery unit.

2022. February— Installation and testing of new mixing arm.

2022. March — Restarting the composting unit found that as the dry woody material was
added to the reactor tank, the electric motor (200 W) responsible for mixing was not strong
enough to handle the weight of the new mixing arm and the dry material. A new stronger
motor and inverter were installed. The new motor worked well, and was able to handle the
mixing arm and the material.

2022. April, May — The composting unit was restarted and the composting unit was filled 60-
70% with pruning waste, with everything working well. Thickened sludge was slowly added to
the tank, replacing the pruning waste. The mixing arm and the motor held up well.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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Figure 8 Left: Deformed mixing arm; middle: adjusted design of the mixing organ; right: new mixing organ

The energy recovery unit (and its associated electrical equipment) was successfully installed and commissioned. During operation of the
composting unit, it was observed that the mixing process was not ideal, therefore the mixing arm design was optimised to improve mixing within
the tank (Figure 9). The system was restarted.
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Figure 9 Scheme of the RCB showing the mixing device before (on the left) and after optimisation (in the middle)
and finally, the new optimised mixing device (on the right)

2022. June, July — The motor and the mixing arm was functioning fine and material was added
and commissioning was continued. Operations were once again stopped when the upper part
of the mixing arm (where it is less robust because it is where the arm inserts into the reducer
of the motor) broke during operation. Further improvements were made to the mixing arm
including: welding the upper part of the arm, and securing the base with four additional holes
and industrial dowels (Figure 10).

Figure 10 Mixing arm with further improvements

After improvements, the extra weight from the reinforcements and the repairs caused
problems with the motor not being able to handle the additional weight. A mechanical
engineer reviewed the situation and found that due to the original design of the composting
unit, replacing the existing motor with an even larger one would have resulted in replacing
the motor, gearbox, and the mixing arm.

Therefore, after considering all the alternatives, the following adjustments were made to
address the problem: the existing elements of the arm were readjusted with new metal
horizontal elements with digging corners as well as new holes that were constructed to
support the blowing process (Figure 11). The construction was more robust and lighter, so
that it can work with the existing motor.
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Figure 11 Readjustment of the existing elements of the mixing arm

In addition to mechanical changes, the unit was adjusted for automation. When the motor
encounters strong resistance in the mixing arm, the PLC changes the direction of rotation. This
should prevent future failure of the arm.

2022. August - September — After 1.5 months of working normally, just before adding the
inoculum material and starting compost production, the unit stopped working suddenly. The
problem occurred after heavy rains. The composting unit was not fully waterproof and the
heavy rains seeped into the drum and hardened the material blocking rotation. The new
mixing arm construction remained intact, however; damage occurred at the weakest point
(previously repaired).

The upper thinner part of the mixing arm was reinforced by double welding it in two positions
to ensure strength. Small vertical elements were also added to improve mixing. The
composting material was-added to the unit and the composting process was allowed to
continue.

Figure 12 Reinforcement of mixing arm by double welding in two positions
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Feed Material Optimisation

Both the scale-down and the characteristics of the available waste streams at this specific
plant nursery site required additional optimisation steps. The dry woody character of the
pruning waste required special care in the shredding step, compared to a typically green and
high moisture content leafy green waste.

First, we had to find the best technology and equipment to shred this material into 2to 5 mm
fractions. Figure 13 (1-2) shows the small fine cutting device and a more robust shredder using
a hammer mill principle, this latter proved to be more suitable for the above task. Figure 13
(5) illustrates the fractionation of the shredded wood waste using sieves and screens with
different opening sizes.

Figure 13 1-small capacity fine shredder; 2-testing different shredder for wood waste; 3-shredded and screened
wood waste mixture; 4-mixing test with compost raw material; 5-wood waste fractionation; 6-sludge
thickening with filter bags; 7-testing different premixes of shredded wood waste and thickened sludge;
8-raw feed material to rapid composting

This project has received funding from the European Union’s Horizon 2020 research and innovation
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Secondly, as excess sludge dewatering was not installed in the wastewater treatment unit, a
pre-thickening step was proposed to reach the required 5% solid content of the sludge stream.
Figure 13 (6) shows this thickening step using commercially available filter bag equipment.

Finally, various tests have been conducted to find the proper ratio and mixture of the two
waste streams. Different sludge to pruning waste ratios have been tested and moisture,
organic and nutrient contents and rheological properties have been measured. Figure 13 (3,
4, 7 and 8) gives some illustrations to these tests.

2.1.8 Comparison of the baseline situation and the
NextGen KPIs

Based on the experience gained from the pilot system, we have recalculated the operating
conditions and consequently the CAPEX and OPEX values of a full scale plant. The tables (Table
8 and Table 9) are based on a system with a sewer mining/waste water treatment capacity of
250 m3/d, with an operational time of 250 days per year for the vegetative period from March
to early November.

When using a Rapid Composting Bioreactor, practically all the nitrogen and phosphorus
content of the sludge and pruning wastes can be fully converted into a high organic content
material with slow nutrient release characteristics. From the plants’ nutrient utilisation
perspective, all the 2.7 t/a nitrogen and the 0.9 t/a phosphorus can be taken into account as
fully recoverable. A value chain assessment for the Athens case was presented in D5.2.

Table 8 Key performance indicators of the RCB

Thickened excess

Parameter Unit Pruning waste Compost
sludge
Baseline + NextGen NextGen NextGen
Mass [t/a] 105 140 60.4
Dry matter (DM) | [%] 40 5 60
Volatile solids [% of DM] 60 80 50
Total N [% of DM] 2 5 2.7
Total P [% of DM] 0.2 3.7 0.9
Table 9 CAPEX and OPEX of the RCB in Athens
CAPEX OPEX Remarks
RCB full scale, with 20 m3 OPEX is calculated for 250
total bioreactor volume, days per year operation.

complfate with rav.v 200°000 EUR | 15’300 EUR/a OPE)? includes total energy
material preparation, requirements, plus labour
feeding and product and inoculum costs

handling equipment
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2.1.9 Lessons learned from technology operation

Required competence
LOW HIGH

A trained laborer is sufficient for day to day activities and should be trained for one month
(through two compost cycles)

Maintenance

LOW HIGH

* One scheduled maintenance day per year is expected, during winter shutdown.

» The duration of a normal maintenance procedure is one day for regular maintenance and
more if parts replacement is necessary.

» Until the system is fully automated, manual process control is necessary. Part-time
oversight by a technical employee (1-2 hrs per day) is required for the unit, in case of
unforeseen events.

* To conduct the maintenance procedure, an (external) engineering expert is needed to
evaluate system for aging and component changes.

Technological risks

LOW HIGH

Reasons for downtimes or technical risks: mechanical error, electrical malfunction/
power outage

Frequency of plant downtimes per year: non-stop operation 9 months per year, unless
malfunction occurs

Duration of plant downtimes: annual shut-down, 3 months per year- during winter
months; in case of malfunction, system can be restarted once the mechanical or
electrical error has been repaired

In the event of mechanical or electrical malfunction, (external) engineering experts may
be needed. For power outages, no expert is needed to restart the system.

Measures that can avoid such downtimes: regular maintenance, and the addition of a
generator or alternative power source as a backup for power outages

2.1.10 Best practice guideline to design and operate the
technology

For the construction of the plant, it is important to make sure that robust equipment is
installed to ensure adequate cutting/shredding and mixing of green/woody waste and sludge.
The motor must be adequately sized to be able to handle the weight of the equipment and
the material within the composting unit.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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For the start-up of the plant, it is crucial, to establish the proper green/ woody waste and
sludge ratio. This ratio may be fine-tuned during system commissioning. In addition, proper
inoculation is needed during start-up to establish the desired environment within the
composting unit.

The main parameters crucial for optimisation of the compost production process are
temperature and oxygen availability (in order to maintain aerobic conditions). The humidity
should be 40%, and the compost temperature should be between 50 -70 °C.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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2.2 Granular activated carbon production in
Altenrhein (CH)

Authors: Anders Nattorp (FHNW), Luca Loreggian (FHNW), Martin Schaub (CTU)

2.2.1 Description of the demo site

The WWTP of Altenrhein provides residential drainage-, wastewater- and sludge treatment of
17 municipalities in two federal states (St. Gallen and Appenzell-Ausserrhoden).

The treated water reaches Lake Constance via the mouth of the Old Rhine. Both Lake
Constance and the Old Rhine are considered priority water bodies for protection. Lake
Constance also serves as a drinking water reservoir. The topographical conditions around
these 17 municipalities vary greatly which makes the water transportation more challenging.
For this reason, special structures are required.

Sludge that is being treated in Altenrhein originates from their own water treatment and is
also being transported to the site by other WWTP of Eastern Switzerland. The WWTP of
Altenrhein (AVA) has advanced energy-efficient sludge management technologies for 300.000
PE of sludge: sludge is dried on site and is co-incinerated in cement works. The heat for sludge
drying is generated by burning of sewage gas and by heat recovery from wastewater using
heat pumps.

AVA took a full-scale removal of micropollutants by ozonation and active carbon adsorption
into operation in 2019 and an ammonia membrane stripping unit from sludge dewatering
employing an innovative membrane contactor with a novel low fouling membrane module in
2021. This represents a total investment of EUR 20 Mio in innovative technologies.

2.2.2 Motivation of implementing circular economy

solutions in the water sector

After the project AVA will have a clear idea of the technical and financial feasibility of on-site
activated carbon regeneration and production of fresh activated carbon using locally available
sludge and biomass. Long-term experience with full-scale installations for micropollutant
removal and N recovery gained with the installations at Altenrhein will reduce investment
risks, enhance chances of replicability.

AVA also gathers all the necessary information to take an investment decision regarding the
construction of a PK-fertiliser production unit. This novel thermochemical process transforms
sewage sludge into a market grade PK-fertiliser. Thereby heavy metals are partly removed and
the fully plant available mineral phase CaKPOQg is produced. The process has been piloted in a
large-scale pilot to gain further operational experience.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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2.2.3 Actions and case study objectives
Table 10 Action and objective regarding GAC production in Altenrhein
NextGen
intervention in
circular Capacity Quantifiable target
economy for
water sector

Case Study Technology

& Subtask baseline

#a
Altenrhein| Filtration Production of Production:
Sv;n':‘zgr- habhal " renewable GAC |  TRL 1ke/h Renewable GAC used for
a commefraa via pyrolysis, | 536 iltration: micro-pollutants removal
GAC after activation Filtration:
Sub-task | ozonation 0.2 m3/h
14.3

2.2.4 Unique selling points
Unique selling points to produce granular activated carbon from renewable raw material
are:

v High quality product: renewable GAC

v Can be used for adsorption of contaminants from wastewater or polluted air
v Pathogen free
v' Expected lower environmental footprint than traditional GAC from stone coal

2.2.5 Principal and main characteristics of the
technology

Activated carbon is the collective name for carbonaceous adsorbents. Activated carbon is a
non-hazardous, processed carbonaceous material with a porous structure and a large internal
surface area (Henning and von Kienle 2010). GAC are produced from any carbon source (fossil,
waste or renewable) and engineered to be used as sorbent to remove contaminants
(Hagemann et al. 2018). GAC are capable of purifying wastewater via adsorption from
contaminants such as phenols, acid dyes, pesticides and heavy metals. Their efficiency
depends on the active surface, the porous structure, and surface functional groups of the
activate carbon.

Production of GAC from a renewable biomass requires pyrolysis and activation. First, the
carbonaceous precursor is pyrolysed at temperatures between 200 and 950 °C (Metcalf et al.
2013, Smets et al. 2016). The volatile matter from the biomass is removed and the biosolids
are converted into a char characterised by a relatively high carbon content and a preliminary
porosity. After pyrolysis, the carbon undergoes activation. Physical activation of the
carbonised material consists of a partial and controlled gasification at high temperatures (i.e.,
800 °C and 950 °C) with steam, CO,, air or a mixture of those (Plaza et al. 2014, Gergova et al.
1996, Rodriguez-Reinoso et al. 1995, Smets et al. 2016). During physical activation, the
oxidising gas removes the disorganized material, and eliminates the more reactive carbon
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atoms of the structure generating the porosity and contributing to the burn-off (Rodriguez-
Reinoso et al. 1995).

Most pyrolysis systems require dried biomass in a granular form with a certain degree of
uniformity in the material and low dust content (Metcalf et al. 2013). While traditionally GAC
are produced from black coal, production of GACs from renewable sources (from here on
“renewable GAC”) such as sewage sludge and fruit stones has been explored in the recent
years (Hagemann et al. 2018, Benstoem et al. 2017, Hadi et al. 2015).

After use, GAC can be reactivated. For sustainability reasons, use of reactivated GAC is
preferred over virgin GAC. Conventional GAC can be regenerated with quality comparable to
virgin material with a weight loss of 10%. The process could potentially be implemented at
wastewater treatment plants with a capacity of 100’000 population equivalents and greater.
Considering the lower adsorption capacity of renewable GAC compared to GAC from stone
coal, the material has to be regenerated three times more often and the demand for fresh
material replenishment for this size of plant is about 50 t/year for conventional and 120 t/year
for renewable GAC from sewage sludge. In general reactivation uses wet spent GAC. Drying,
desorption, thermal cracking, and gasification can be performed in a single industrial reactor
(Metcalf et al. 2013).

Within Nextgen, the production of GAC for micropollutants elimination was investigated using
drying and granulated sewage sludge (SS) from WWTP Altenrhein, and cherry pits (CP) from
the region of Basel.

Prior to pyrolysis and activation, SS was dried and granulated, while CP were milled, and sieved
to remove the finest fraction. In fact, fines are not suitable for GAC production, they
contribute to an increased energy consumption, higher temperature in the burning chamber,
and increased consumption of activating agent, while are quickly lost in the effluent during
the first period of operation.

Thermal conversion of these biomasses was performed in one step on a PYREKA research
pyrolysis and activation unit (Pyreg GmbH, Dorth, Germany) at Agroscope (Reckenholz,
Switzerland) (Figure 14 - Figure 17). The reactor consists of a 1 m long tube where an auger
transports the feedstock. Depending on the activating agent, and the desired conditions to be
tested, the reactor was electrically heated between 700 and 900 °C, with variable residence
time of 10-30 min. The activating agents (gas, or steam) are dosed via an electronic valve
directly into the reactor. The flux of the activating agents are regulated based on the feeding
rate of the feedstock inside the reactor, its carbon content, and stochiometric calculation as
in (Hagemann et al., 2020). At the end of the reactor, the product was collected into a water-
cooled and air-tight container. The discharge tube as well as the feeder are flushed
continuously with Argon gas, to avoid atmospheric air incoming to the reactor. The discharge
tube was also heated to 400°C to reduce re-condensation of volatiles on the solids. The syngas
was combusted in a separate burning chamber. The solids yield was monitored.
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Figure 17 Pictures of the PYREKA research pyrolysis and activation unit (Pyreg GmbH, Dérth, Germany) at Agroscope
(Reckenholz, Switzerland) on the left panel, and the pilot scale GAC contactors at WWTP Altenrhein on the
right panel.

2.2.6 Requirements for the implementation of the

technology and operating conditions

The conditions for manufacturing efficient adsorbent for OMPs elimination in wastewater
depend on the type of feedstock used.

Main parameters influencing carbon quality are activation agent, temperature, and residence
time. Based on literature, a few conditions were selected for investigation with (1) sewage
sludge from WWTP Altenrhein, and (2) cherry pits from the region of Basel (Switzerland), as
feedstocks (Table 11). The best conditions for pyrolysis and activation are defined after
physical characterization of GAC, as well as evaluation of their adsorption capacity.

Pilot trials are required to identify the best conditions for pyrolysis and activation. A total of
21 activated carbons were produced, and two GACs reference materials were used (i.e.,
Cyclecarb 401V from Chemviron, and Norit AG 830 from Carbotech).

Table 11 Operating conditions, feedstock and activating agent for GAC production
Parameter Operating conditions, etc.
Feedstocks Cherry pits, municipal sewage sludge
Activating agent Steam, CO;
Reaction temperature 700-900 °C
Residence time 10 —30 min

Pilot trials with wastewater were performed in Altenrhein to define the best conditions for
operation (empty bed contact time (EBCT), and the Osdose in the upstream process). A longer
EBCT may compensate for lack of adsorption. If GAC and ozonation are used in combination,
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the ozone doses shall also be adjusted to meet legal requirements. Operators shall be aware
of potential increase of ecotoxicity (Kienle et al., 2022). In this regard, the effect of post
treatment with renewable GAC remains to be investigated.

2.2.7 Results

Properties of granular activated carbon

Conditions of pyrolysis and activation (i.e., temperature, activating agent, residence time, and
type of feedstock) affect yield of production, physical properties (i.e., ash content, surface,
density, hardness), and adsorption capacity of GAC.

The type of feedstocks, and the choice of activating agent, are the major factors influencing
the ash content and the burn off (Figure 18). Losses during pyrolysis and activation are smaller
in SS (i.e., 40%-60%) than CP (i.e., 75%-80%) (Figure 19, right panel). Steam is a more powerful
agent than COy, it results in 5% higher burn off in CP and 10% higher in SS. Residence time in
the reactor does not affect material burn off. As expected, the ash content in GAC from SS
(GACss) is higher than in GAC from CP (GACcp), respectively 90% and 85% in GACss depending
on the activating agent, and 5-7% in GACcp. With regards to the GACss, the higher the burn off
is, the higher the ash content will be. The ash content in the references (GACref) (Cyclecarb
401V and Norit 830) ranges between 8 and 12%.

Ash content Burnoff Ash content Vs Burnoff
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Figure 18 Ash content in GACss activated with steam, and CO,, in GACcp activated with steam, and CO,, as well as in GACges
(left panel). Burn off GAC during pyrolysis and activation with CO, and steam of sewage, cherry pits (central panel),
as well as all the investigated conditions sludge (middle panel). Correlation between ash content and burn off in
GACss, and GACCP.

In general, GACs from renewable biomass are less hard than GACgef (94 and 98%), produced
from coal commercially obtained (i.e., > 90%). GACcp appears to be a harder material than
GACss. High temperatures lead to more brittle material when using sewage sludge, and
significantly more, when steam is used instead of CO,. When using GACss, higher percentage
of activating agent (i.e., steam) decreases hardness (Figure 19, right panel). As in the case of
density, burn off, and ash content, the residence time in the reactor does not affect the
hardness of GAC.

Active surfaces, by the Brunauer-Emmet-Teller method (BET), increase at high temperature
(Figure 20, left panel). 700°C and CO: as activating agent appear to be insufficient to achieve
high BET surface (i.e., similar to GACges).
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Figure 20 Active surface (Brunauer -Emmet-Teller, BET) in GACss activated with steam, and CO;, in GACcp activated with steam,
and CO; at different temperature (left panel), and residence time (right panel), summary of surface measurements
of the 21 GACs samples

CO; is expected to be only a mild oxidant below 800°C, and the reaction velocity is so reduced
that the activation process ceases for practical purposes (Henning and von Kienle, 2010).
However, reaction with steam is 8 times faster than CO,. Lower temperature can be used than
in the case of steam (Cha et al., 2016). In fact, the highest BET within the dataset is obtained
when CP is pyrolysed CP at 800 °C with steam. On average, activation with steam appears to
yield higher BET surface than CO; both in the case of SS and CP (Figure 20, right panel).

Organic micropollutants elimination

The performance of all GAC was evaluated via batch experiment isotherms using absorbance
at UVzs4, or elimination of methyl orange. Additionally, selected GAC samples were tested in
similar batch configuration experiments for direct elimination of organic micropollutants (i.e.,
lead -substances listed in the Swiss Water Protection Ordinance; Table 12, Figure 21).

Table 12 Freundlich adsorption capacity parameter (Kg¢) (ug/mg) (L/mg)¥n, Freundlich adsorption intensity parameter
(1/N)(unitless), and R-squared (R?) for Amisulpride, Citalopram, Metoprolol, Benzotriazole, Irbesartan, and
Candesartan adsorption onto Cyclecarb 401V, GACss, and GACcp.

Amisulpride Citalopram Metoprolol Benzotriazole Irbesartan Candesartan
Ke 1IN R? Ke 1/n R? Ke 1/n R? Ke 1/n R? Ke 1/n R? Ke 1In R?
C401v 0.27 298 | 0.77 0.30 1.88 0.83 0.10 2.31 0.65 1.01 3.7 0.45 0.24 2.28 0.62 0.06 4.04 -0.07
GACcr | 0.05 | 021 | 069 | 002 | 023 | 074 | 002 | 017 | 042 | 121 | 029 | 043 | 0.08 | 657 | 088 | NaN | NaN | NaN
GACss | 0.06 | 121 | 082 | 001 | 020 | 010 | 0.02 | 147 | 011 | 0.02 | 061 | 007 | 0.01 | 142 | 068 | 0.01 | 496 | 0.37
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Figure 21 Comparison of single-solute adsorption isotherm for Amisulpride, Citalopram, Metoprolol, Benzotriazole, Irbesartan,
and Candesartan for Cyclecarb 401V (blue), GACss (red), and GACcp (yellow). Dashed lines represent Freundlich
isotherm on Cyclecarb 401V (blue), GACss (red), and GACcp (yellow).

Test of performances in pilot experiments
Filters with GACrer, GACss, GACcp Were operated at standard conditions of 20 minutes EBCT
until approximately 10’000 bed volumina (BV), corresponding to a specific throughput of 25
m3/kg GAC for GACref and GACss, and 50 m3/kg GAC for GACcp (Table 13, Table 14). After 5
months of operation the EBCT was increased to 50 minutes. After circa 9 months of operation
the Os; dose was increased from 0.3 to 0.5 g O3/ g DOC for the remaining 7 months of
operation.

Table 13

Geometry of the columns

Height (m) 3.6
Diameter (m) 0.32
Area (m?) 0.08

Table 14 Operational phases, conditions and duration of phases in bed volumina. The number of treated volumina were
calculated using the time dependent bed volumina

Phase 1 2 3
EBCT (min) 20 50 50
Ozone (g/g DOC) 0.3 0.3 0.5
Duration (days) 146 113 216
&.‘2 Bed volumina (BV) 10303 13865 19160
g Volume treated (m?3) 1401 1835 2462
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3 Bed volumina (BV) 9994 13304 18885
é Volume treated (m?) 1401 1835 2566
S Bed volumina (BV) 11314 14660 19230
g Volume treated (m3) 1401 1727 2136

Losses of granular activated carbon.

Losses of GAC during operation are due to stress conditions. Fine particles are generated and
lost during backwashing particles and/or continuously in the effluent. The formation of fines
increases head loss across the filter, this leads to a more severe, and need for more frequent
backwashing (Crittenden et al., 2012).

GAC filters height over time was monitored and expressed as fraction of GAC loss from the

beginning of the experiment (Table 15, Table 16, Figure 22).

Table 15 Amount of GACs at start and after operational losses

Table 16 Concentrations of different parameters in GAC, mass losses and concentrations in effluent

.. Initial . Final

Initial volume Initial mass height
height [m] [m? [kg] [m]
GACges 1.8 0.145 58 1.47
GACss 1.8 0.145 76 1.62
GACcp 1.8 0.145 38 1.12

0, 0,
- - %100
[v) [v) H H
Concentration 10% 100% | Concentration | Concentration WPO loss loss
. GAC GAC after after .. . .
in GAC limit |fraction | fraction
loss loss 10% mass 100% mass
[e/kel [mg/L] | ofthe | of the
[g] [g] loss loss . -
[mg/L] [mg/L] limit limit
[%] [%]
P 52.76 374.6 | 3745.9 0.03 0.29 0.30 10 97
Zn 1.41 10.0 100.4 0.001 0.008 0.02 4 39
Cu 0.73 5.2 51.6 0.0004 0.0040 0.0050 8 80
Cr 0.14 1.00 10.03 0.0001 0.0008 0.0050 2 16
Ni 0.06 0.43 4.25 0.00003 0.00033 0.0100 0 3
Cd 0.00 0.01 0.10 0.00000 0.00001 0.00002 4 37
Pb 0.11 0.75 7.51 0.0001 0.0006 0.0100 1 6

During an initial phase until 15000 BV, losses of GAC occurred continuously and to various
extents depending on the GACs. Up to 36% of GACcp was lost, ¥10% of GACss, and 18% of
C401V. Indeed, greater losses are expected with the lightest material (GACcp, Table 15, Table
16), and the smaller losses with the heaviest one (GACss, Table 15, Table 16) (Crittenden et al.
2012). After 15 000 BV, GAC losses were small after improving the conditions of backwashing
and its frequencies. However, previous experience from the same plant is that bed material is
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lost until the height stabilises at 1.5 m. Thus, the observed losses may be due to the design of
the columns. In the full-scale contactors, the material loss is negligible.
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Figure 22 Losses of GAC from the commercial GAC (C401V), and the two renewables GACs over the entire operation of the
pilot experiment

After 10 months, the losses in the effluent were monitored for three weeks by a
thermogravimetric method (Krahnstéver et al. 2016) in 48 h composite samples. The
concentration of the activated carbon remained below the detection limit of the method (0.06
mg/L). According to these measurements, the maximum loss of GAC in the effluent is smaller
than 2% of the total total GACss. Most of the GACss is apparently lost during backwashing.
However, hardness measurements indicate that brittle material is lost (see section
Regeneration of spent GAC), so this measurement should be repeated for fresh columns to
determine if this brittle material is lost in the effluent.

Elements generally occurring in sewage sludge and regulated in the Swiss Water Protection
Ordinance (“CC 814.201 Waters Protection Ordinance of 28 October 1998 (WPQ),” 2020) were
monitored over time in the solids. Figure 21 illustrates the concentration of elements of
interest over time in GACss. Sulfur concentration decreases from 25 mg/kg to 15 mg/kg,
probably due to dissolution. On the hand, the concentration of the other elements remains
stable throughout the entire duration of the experiment. Hence, loss of elements regulated
by law (i.e. Zn, Cu, Cr, Ni, Cd, Pb, and P) are due to loss of GAC’s particles in the effluent or
during backwashing cycles Of those only Cu shows a decreasing trend of about 15% with some
scatter (Figure 23).

Based on the information of the elemental composition of GACss (Figure 23) and knowledge
of the losses over time (Table 11, Table 16, Figure 21), it was possible to estimate elemental
concentrations in the effluent. In addition, a “worst case scenario” with 100% loss of GAC was
considered. The calculated concentration in the effluent represents some percentages of the
permitted limits between 1 to 10%; copper (8%) and phosphorus (10%) being the highest
(Table 8). These two elements are also of some concern. Cu is partially leached (Figure 23) and
P is already occurring in the effluent of WWTP Altenrhein at levels that are close to the
legislation limit (0.3 mg/L).
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Figure 23 Elemental concentrations of major elements over time in renewable GACss.
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After short period of operation, fresh GACss became 5-10% harder (see section Regeneration
of spent GAC), but did not change significantly over the next 14 months.

On the contrary, the particles size distribution changed in favor of bigger particles. The overall
contribution of particles with size between 0.5-2 mm decreased by 20%, while particles of 2-
3.15 mm increased (see section Regeneration of spent GAC). Based on these observations, it
is hypothesized that during the initial phase of operation, the weaker material is preferentially
lost, leading to an overall harder GAC. During the later phase of operation, no changes in
hardness are observed suggesting that the GAC becomes more homogeneous over time and
that material lost is representative of the whole.

Organic micropollutants elimination in pilot experiments

In the first phase, GACss, and GACcp elimination of DOC measured by UV2sanm and OMPs is
inferior to GACger elimination. In general, GACss appears to be a better absorbent than GACcp
for most of the investigated substances (Figure 24). Candesartan and Venlafaxine representing
the only exceptions. GACss on average can eliminate 40%-50% of Amisulpride and Citalopram,
40%-50% of Carbamazepine, Hydrochlorothiazide and Metoprolol, 40%-30% of Benzotriazole,
Clarithromycin and Diclofenac, and 40%-20% of Irbesartan, Candesartan and Venlafaxine.
Based on these observations, GACss alone, operated at 20 minutes EBCT, will be insufficient
to satisfy the requirements of the Swiss water protection ordinance (i.e., average of 80%
elimination over the whole WWTP process train). However, its combination with ozonation at
higher O3 dose than standard (i.e., 0.3-0.4 g O3/ g DOC) is a technically viable option that merits
further development.

Secondary treatment at WWTP Altenrhein abates 10% of OMPs on average. Hence 70%
elimination is set as threshold in the combine Oz and GAC processes to achieve the overall
80% elimination which is the legal requirement for large size WWTP by the Swiss Water
Protection Ordinance.

Below two scenarios are proposed to achieve a minimum of 70% OMPs elimination with the
combination of ozonation and GACss (Table 17), and one scenario with the combination of
ozonation and GACcp (Table 18). The needed Os dose was calculated based on the results
collected during the study. The corresponding elimination for each of the 12 OMPs was
estimated following the approach of Lee et al., (2013 and 2014).
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Table 17 GACss filter average elimination over the period at 20 min EBCT and 50 min EBCT, estimated O3 dose required to achieve the threshold required by the Swiss Water Protection

ordinance. And possible scenarios estimated overall elimination through the O3 and GAC combination in 2 scenarios at standard and enhanced EBCT.

HCT BTA AMI  MET SMZ VEN CBZ CTA CAN MCP CLR IRB DIC  avgOMPs
Avg elimination at 20 min EBCT [%] 4 2% 63 17 7 10 9 4 28 1 27 40 4 28
Avg elimination at 50 min EBCT [%] % 20 79 13 46 35 50 65 29 I 4 66 6 4
Desired Os dose [g Os/ g DOC] 05 05 05 01 02 03 03 02 05 05 03 03 01 03
Set dose [g Os/ g DOC] 03 03 03 03 03 03 03 03 03 03 03 03 03

Expected elimination at set O3 dose [%] 20 20 40 40 80 40 80 40 30 30 60 30 80 45

05 + GAC Elimination 50 min EBCT [%] 58 41 10 53 10 75 100 100 59 23 100 9 100 7

03 + GAC Elimination 20 min EBCT [%] 64 46 10 57 87 50 & 8 58 31 & 70 100 71

Table 18 GACss filter average elimination over the period at 20 min EBCT and 50 min EBCT, estimated O3 dose required to achieve the threshold required by the Swiss Water Protection

ordinance. And possible scenarios estimated overall elimination through the O3 and GAC combination in 2 scenarios at standard and enhanced EBCT.

HCT BTA AMI MET SMz VEN CcBZ CITA CAN MCP CLR IRB DIC avg OMPs
Avg elimination at 20 min EBCT [%)] 6 19 21 3 -2 -7 4 7 13 6 4 9
Avg elimination at 50 min EBCT [%] 26 37 45 7 -44 6 25 34 13 13 9 20 26 17
Desired O3 dose [g O3/ g DOC] 0.1 0.5 0.3 0.5 0.6 0.2 0.5 0.5 05 05 0.5 0.1 0.4
Set dose [g O3/ g DOC] 0.5 0.5 0.5 0.5 0.5 05 05 05 0.5 05 05 0.5 0.5
Expected elimination at set Oz dose [%)] 65 45 80 65 100 65 100 80 60 50 100 60 100 74
03 + GAC Elimination 50 min EBCT [%] 91 82 100 72 56 7 100 100 73 63 109 80 100 84
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Figure 24 Elimination of selected micropollutants ordered from those with the highest affinity (i.e., Amisulpride and

Citalopram) to adsorption on GAC to those with the lowest affinity (Irbesartan, Candesartan, and Venlafaxine) in
pilot scale filters with GACre;, GACss, and GACcp
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Characterisation of biological activated carbon (BAC)

GAC and ozone + GAC micropollutant elimination show a decline in their capacity to abate
OMPs over time. This decline reaches a plateau, especially for the ozone + GAC system. This
behavior is different from the saturation of the absorption capacity and can be explained by
the elimination of micropollutants and other adsorbed compounds by the biofilm developing
on the GAC (Gibert et al. 2013). Understanding the diversity of microorganisms may shed light
on their contribution in micropollutant elimination.

Thus, we classified bacteria based on the conserved 16s rRNA gene. DNA was extracted from
GAC at different time-points from the three GAC columns (GACgef, GACss, and GACcp). Earlier
analyses had shown that the bacterial community is similar at different heights, so a mix of
top and bottom samples was used. Samples where sufficient DNA could be extracted (only
cherry pit and conventional GAC) were sent to a sequencing facility. The distribution of
bacterial phyla remained relatively constant between 7 and 18 months of operation in case of

the 401V GAC (Figure 25).
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Figure 25 Relative abundances of some bacterial phyla in biofilm from cherry pit GAC (CP) and conventional GAC (Chemviron
401V). 3 CP replicates collected after 3 months of operation and 2 replicates after 18 months of operation. 2 401V
2 after 6 months of operation and 3 replicates after 18 months of operation.

On the other hand, in the GACcr the phyla Nitrospirota, Chloroflexi, and Acidobacteriota
increased between 3 and 14 months of operation and the abundances of Proteobacteria,
Firmicutes, and Actinobacteriota diminished. The repartition of phyla was different between
the columns in the earlier samples suggesting different physical properties for bacterial
attachment or colonization. These differences mostly disappeared in the end of the pilot
experiment.

The changes in phyla may be correlated with the micropollutant elimination data. It may also
present the opportunity of exploring the contribution of biotic (organism driven) and abiotic
(surface, carbon types, pH, temperature etc.) factors in micropollutant elimination.

To monitor the development of biologically activated carbon and to quantify biofilm growth
on GAC, thermogravimetric analysis (TGA) was performed on GAC samples collected over
time.
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Measurements revealed a progressively increasing contribution over time of the mass fraction
being volatilized between 250 and 350°C under N2 atmosphere (Figure 26). GACget fraction
burned under O, atmosphere decreases and the ash fraction increases. These fractions are
fairly constant for GACss and GACcp. It is hypothesized that suspended particles accumulation
over time and growth of biomass is responsible for changes in GAC composition. Future
investigation should pursue the quantification of growing biomass combining TGA and ATP
measurements (see Boon et al. 2008, and Velten et al. 2007).
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Figure 26 Results from thermal Gravimetry analysis of GACres(C401V), GACss, and GACcp over time

Regeneration of spent GAC

Spent GACss after 14 months of continuous operation was pyrolyzed at in to demonstrate the
feasibility of regeneration. For this purpose, the Pyreka plant was used with lower dosage of
activating agent. SS was reactivated with 10%, 20%, and 50%! CO, at 800°C for 20 minutes,
and CP with 10%, 20%, and 50% of H>0 at 900°C for 10 minutes. Samples after regeneration
were characterized for particle size distribution, hardness, thermogravimetric analysis, and
adsorption capacity by isothermal experiments using UV, as proxy for direct
micropollutants measurements.

After regeneration, the hardness of GACss decreases from 87% to 77% and 72% when 20% and
50% CO; was used (Figure 27a). The same trend is also observed with GACcp; hardness
decreases from 74% to 63% when using 20% and 50% of activating agent.

Regeneration of spent GACss leads to partial breakdown of larger particles (2-3.15mm) into
smaller ones; 38%, 19% and 17% when 10%, 20% and 50% of the activation gas was used
respectively (Figure 27b). However, the contribution of the smallest particles (<0.5 mm)
remains low; 1.9% at 10% CO», and negligible at 50% CO,.

1 The amount of activating gas is expressed mole fraction of activating agent per mole of carbon in the system
during pyrolysis and activation. Doses were calculated based on the average concentration of carbon in sewage
sludge (0.25 g C/g), and in cherry pits (0.48 g C/ g) (N. Hagemann et al. 2018).
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Burn off during regeneration was considerably lower than observed during pyrolysis and
activation of raw materials. During regeneration of GACss 3% was burned at 10% and 20% CO,,
and 6% was burned at 50% CO;. During regeneration of spent GACcp, burn off was 10%, 22%,
and 34% using 10%, 20% and 50% H,0. The differences between GACss and GACcp burn off are
attributed not only to the different starting material, but also to the choice of activating agent,
and activation temperature.
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Figure 27 a) Hardness of Fresh GACss and GACcr, spent GACssand GACcp, and regenerated GACss and GACcp using 10, 20 and
50% activating agent. b) Particles size distribution of fresh GACss, spent GACss, at the end of the pilot experiment as
well as after regeneration with 10, 20, and 50% CO; at 800°C for 20 minutes. c) Adsorption isotherms with GACss
reactivated with 10, 20 and 50% CO,.

When assessing the technical and economic feasibility of regeneration, the estimation of GAC
loss must include the loss due to burn-off and the generation of fines that are washed away
during the first period of operation. Hence, the operational costs must include additional costs
needed for replenishing the filter bed with new material.

The adsorption capacity after regeneration was demonstrated via isotherm experiments
measuring adsorption of UV2s4 as proxy for micropollutants elimination (Anumol et al. 2015,
Zietzschmann et al. 2014) on GACss only (Figure 27c). Regeneration is considered successful,
since regenerated GAC shows higher adsorption than fresh GAC. GAC with the lowest dose of
COz (i.e., 10% CO>) displays the highest elimination among the tested conditions, almost twice
as high as fresh GAC. Elimination of UV 2s4 being a proxy, direct OMPs measurements are
needed to confirm these promising results.

2.2.8 Comparison of the baseline situation and the
NextGen KPIs

Typical key performance indicators for the evaluation of the quality of production and
efficiency of the adsorbent are the active surface quantified via the Brunauer-Emmet-Teller
(BET) method, the porous volume by the Barret-Jower-Halenda (BJH) method, the hardness
of the material.

The renewable sewage sludge GAC has only a fraction of the active surface of the conventional
GAC (Table 19) and also the pore volume is smaller. It has a good hardness suggesting good
resistance to typical stresses in fixed bed contactors. The combination of ozonation and GAC
system with conventional GAC has a very long service life that is typically attributed to the
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development of biological processes using biological activated carbon filters (BAC). The pilot
experiment of Nextgen showed that also GACss has a service life of over a year.

During operation of a granular activated carbon filter, the major parameter affecting the
performance of the filter is the empty bed contact time (EBCT). Additionally, the conditions of
backwashing and the frequency of backwashing cycles shall also be considered to minimise
loss of adsorbent and extend the lifetime of a filter.

Table 19 Comparison of properties and performance of renewable GAC (SS=sewage sluge; CP=cherry pits) and conventional

GAC
Parameter Units | Baseline NextGen Reference
Henning and von
Active surface (BET) m?/g | 800-1200 46 GACss Kienle (2010),
700 GAC ¢p .
Loreggian (2021)
o B | osm | oaecs | Temest 200
2.127 0.4 GACcp 2021)
Hardness of the material % 595 90 GACss Loreggian (NextGen,
(ASTM D3802) 0 60 GAC cp 2021)
Bed volumes for 80% .
micropollutant removal Loreggian (NextGen,
at 20 min EBCT BV >100000 34000 (GACss) | 2021)
0.3 g0s/(g DOC)

2.2.9 Lessons learned for technology operation

Required competence LOW _ HIGH

A trained wastewater treatment foreman with training on the job can operate the plant.
Safety training for the use of ozone is necessary.

Maintenance cow [T -

Plant maintenance is not required. Manual process control and unforeseen events
requires about one hour per day and for this no external experts are required. Monitoring
of GAC losses over time is recommended. If occurring, optimisation of the backwashing
cycles are needed. Standard conditions may not apply for renewable GAC with lighter
densities. In this case, longer settling time is suggested in between cycles.

Technological risks LOW HIGH

Downtimes are rare. They are caused by failures of sensors, e.g. Oz sensor, controllers.
Such failure can be caused by low water flow. Downtimes typically last 0.5 h and can be
solved without external experts.
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2.2.10 Best practice guideline to design and operate the
technology

Beside the classic design factors to be considered (i.e. number of person equivalent, average
flow rate, flow regime during extreme rain weather events...), the design of fixed bed
contactors with renewable GAC shall consider the specific properties of the adsorbent, namely
the adsorption capacity and the density of the GAC.

If a less powerful adsorbent is chosen, the reduced adsorption capacity shall be compensated
via the construction of larger contactor, or more contactors in parallel. Alternatively, a higher
EBCT can be achieved by a reduced flow through the filter. However, this results a lower
volume treated per unit of time.

Filling of the bed it is typically done by wetting the GAC and pumping the suspension into the
bed to minimize the generation of dust and losses of material. This procedure is applicable for
GAC with similar density and particle size distribution (i.e. 0.4 mm -2 mm) as commercially
available carbon. GAC with higher densities and bigger particles are harder to pump. Hence,
manual filling of the bed may be considered as alternative.

The performance of GAC filters is affected by EBCT (Table 20), a longer EBCT allows for longer
equilibration between adsorbate and adsorbents, increasing the chance of adsorption and
thus improving elimination. As mentioned above, choosing the appropriate EBCT is a tradeoff
between the desired quality of the effluent and the volume that needs to be treated. The
experience within NextGen suggests that a more frequent sampling during the startup phase
may be required to adjust the EBCT to achieve the desired elimination (i.e. up to 50 min EBCT).
When GAC is installed as post-treatment after ozonation, a higher ozone dose (i.e.upto 0.5 g
03/g DOC) may be considered to compensate for the lack of adsorption in the filter.

Table 20 Comparison of conventional operating conditions with NextGen optimised conditions

Conventional NextGen optimised | Concerns
operating conditions conditions
e Higher energy and oxygen
03 0.1-0.3 g0s/ g DOC 0.3-0.5g0s/ g DOC consumption
dose e Increased ecotoxicity
e Larger amount of GAC
necessary
EBCT 15'20 min utes 20 - 50 m|nutes ) Larger contactors
necessary
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2.3 Biochar, oil and gas production via sludge pyrolysis

in Timisoara (RO)
Authors: Mihai Grozavescu (Aquatim), Marcel Murariu (Aquatim), Bogdan Radu (Aquatim)

2.3.1 Description of the demo site

Aquatim SA is a regional operator for water/wastewater services for the Timis county. The
served population is around 539.500 inhabitants. The wastewater treatment plant Timisoara
services the city of Timisoara and the adjacent settlements. The maximum treatment capacity
of the plant is 3.000 L/s. The plant is designed for 440.000 PE.

The first wastewater treatment plant in Romania was built in Timisoara in 1911. The new
wastewater treatment plant was commissioned in 2012. It was designed to eliminate carbon,
nitrogen and phosphorus including a sludge treatment. The sludge volumes generated are big:
around 13.100 m3/year. The design of the wastewater treatment plant includes an extended
aeration, this leads to the big quantities of the generated sludge. The depositing of this
guantity creates problems, because there is not enough space for this quantity. Thus,
solutions must be found to drastically reduce the sludge quantities. The produced sludge has
around 30% dried substance and is now deposited. The wastewater treatment plant Timisoara
receives the whole sludge quantity of the operating area.

An adequate solution for the wastewater sludge must be found. One solution is the pyrolysis
of the sludge. Using this technology, the quantity could be drastically reduced. Aquatim began
a case study together with Fraunhofer Institute. There, the sludge was thermally treated, to
study the quantity and quality of the obtained products (oil, char and gas). The demo site is
located within the Fraunhofer Institute for Environmental, Safety, and Energy Technology
UMSICHT. The demo site is in an experimental facility, along with other pilot plants.

2.3.2 Motivation of implementing circular economy
solutions in the water sector

Regarding the reduction of natural resources, durable and sustainable solutions must be
prioritized. The produced sludge in the wastewater treatment plant can be energetically
exploited, using different methods. This is a positive aspect, because the costs of sludge
removal are very high. The environmental impact of depositing the sludge is also significant.
The cost of energy is rising, thus the solution of energy recovery becomes interesting.

In the recent years, extensive research has been carried out on the transformation of
biological wastes into biofuels and biorefineries through pyrolysis, which may gradually be
replacing the crude-oil resources EImously et al. (2019).
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2.33 Action and case study objective

Table 21 Action and objective regarding material recovery in Timisoara
NextGen

intervention in

circular TRL Capacity Quantifiable target
economy for

water sector

6kg sludge/
experiment

Case Study Technology

& Subtask baseline

Biogas/oil/char production
depending on different
Thermal temperatures inside the

treatment of

. postreformer.
. sludge resulting TRL |with on
30% DM fin the production 4 |average:

Sub-task and of oil/char/gas -char 41.05%
1.4.6 depositing -0il 6,24%
-gas 52.71%

#10 Dewatering
Timisoara [ of excess
Romania | sludge to

>20% increase share of
recovered chemical energy
for wastewater treatment
and water reuse together

2.34 Unique selling points and benefits
Unique selling points for the implementation of a thermal treatment of the sludge from the
WWTP Timisoara:
e Major reduction of the sludge volume (~78%)
e Usingthe obtained biogas instead of the natural gas, for the generation of electrical
energy inside the WWTP Timisoara, which leads to reduced operating costs
e The current technology of the WWTP Timisoara does not include any digesters.
This means that at the moment WWTP Timisoara isn’t able to produce any biogas.
Using this technology a lot of gas will be produced.
e Major cost reduction with the transportation and depositing of the final products,
because of the major reduction of the sludge volume
e Future usage of the char, not as a waste, but a as reusable product
The TCR technology stands out from other pyrolysis processes due to its high energy
efficiency, a wide range of input materials (sludge from WWTP being one of them) and, above
all, high product quality. The heat required to operate the TCR plant is generated from the
residual biomass (sludge from Timisoara WWTP).
The process ensures high operational stability by preventing dust and tar formation and can
process feedstock with moisture levels of up to 30%. At the same time, it provides heat for
pre-drying biomass with a moisture content of over 50%. About 75% of the energy from the
calorific value of the feedstock is used in the products. If the heat provided for biomass drying
is taken into account, around 90% of the energy used is available for sustainable use.

2.3.5 Principal and main characteristics of the
technology

Pyrolysis is the heating of an organic material, such as biomass, in the absence of oxygen.
Biomass pyrolysis is usually conducted at or above 500 °C. Because no oxygen is present
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combustion does not occur, rather the biomass thermally decomposes into combustible bio-
gases, bio-oil and bio-char. Most of these combustible gases can be condensed into a
combustible liquid, called pyrolysis oil (bio-oil), though there are some permanent gases (CO.,
CO, Hy, light hydrocarbons), some of which can be combusted to provide the heat for the
process. Thus, pyrolysis of biomass produces three products: one liquid, bio-oil, one solid, bio-
char and one gaseous, syngas. The proportion of these products depends on several factors
including the composition of the feedstock and process parameters (Agricultural Research
Service, 2021). The TCR 2 thermo-catalytic process is a variant of the pyrolysis technology. The
Thermo-Catalytic Reforming (TCR ®) is an intermediate pyrolysis combined with a unique
integrated catalytic reforming step (Daschner 2022). In the “thermo-catalytic reforming”
(TCR® process), the sludge is converted into synthesis gas, bio-char and liquid bio crude oil,
which forms the starting material for synthetic fuels.

In a first stage, the sludge is gently broken down into biochar and volatile components in a
continuously operating screw reactor in the absence of oxygen at medium temperatures
(<500 °C). The formation of tar and other pollutants is prevented by optimised process
conditions in the various reactor zones. Second stage: In a post-reformer, the coal and vapors
are catalytically refined further at temperatures of up to 850 °Celsius to improve gas yield and
product quality. The vapors are then cooled. During condensation, oil and process water are
separated. The remaining gas is cleaned (Daschner 2022).

A lab-scale TCR® plant designated as TCR®-2 was used for the thermochemical conversion of
the sewage sludge pellets. The experiment involved two main stages: intermediate pyrolysis
in a horizontal auger reactor and a catalytic reforming process in a vertical postreformer.
Throughout the experiment, nitrogen was passed through the plant as a purge gas.

Figure 28 shows the scheme of the lab-scale plant and Figure 29 shows pictures with its basic

and measurement components. The basic components are:
1 Feed hooper

Feeding screw

Reactor

Postreformer 1

Postreformer 2

Condenser unit

Cooling system

Electrostatic precipitator (ESP)

Outlet screw

Coke container

Heating corper

O oo NOOTULLPA~ WN

=
= O

The measurement components are:
12 Gas Analyser M&C

13 Gas flowmeter

14 Rotary switch sensor (level sensor postreformer)
15 Level sensor coke container

16 Pressure sensor

17 Thermo-elements
18 Nitrogen distributor system
19 Electronic (control cabinet plant)
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Figure 28 Scheme of the lab-scale TCR® plant

In Figure 29, the security components (20, 21), the gas-base/acid washer (22), different valves (23-29) and motors (30-33) are also indicated.
Furthermore, the plant has a capacity of 2kg/h with a nitrogen and propane supply.
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Figure 29 Lab-scale TRC® plant
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2.3.7 Results: batch tests in thermos-catalytic reforming
plant (TCR2)

The analysed sewage sludge at Fraunhofer UMSICHT came from Aquatim. Further treatment
(pelletising) was required for processing the feedstock in the TCR lab unit. Figure 30 shows a
scaled picture of the feedstock before pelletising (on the left) and. Of the pelletised sewage
sludge (on the right).

0 2 4 6 8 10 12 om

Figure 30 Left: feedstock before pelletising; right: pelletised sludge

Proximate and ultimate analyses were carried out on the feed stock to ascertain its
elemental composition (C, H, N, S, O) and higher heating value (HHV) as well as its moisture

and ash contents. The results are shown in Table 22.
Table 22 Feedstock characterisation

Ultimate Analysis Proximate Analysis

N C H S o* HHV Ash Moisture Bulk
Content Content Density

(wt. %)  (wt. %) (wt. %) (wt. %) (wt. %) | (MJ/kg) (wt. %) (wt. %) (kg/m?)

2.95 18.66 3.57 0.70 20.24 7.799 53.58 7.43 1035.45)

The parameters for the experiments are shown in Table 23.

Table 23 Experimental parameters

V70 V71 V72 V73 V74

Trial V69
Sewage Sewage Sewage Sewage Sewage Sewage
Feed sludge sludge sludge sludge sludge sludge
pellets pellets pellets pellets pellets pellets
Date 31.05.2022  02.06.2022 07.06.22 09.06.2022 13.06.2022  15.06.2022
Throughput [kg/h] 2,1 2,1 2,1 2,1 2,1 2,1
U 450 450 450 450 450 450
reactor [°C]
Temperature of the 850 750 500 800 550 700
postreformer [°C]
e no no no no no no

irregularities irregularities irregularities irregularities irregularities irregularities
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Figure 31 shows the mass balances from the experiment, showing the yields of the different
products. Due to the small scale of the pilot plant (only 6kg per batch), some of the material
remains inside the small tubes, inside the postreformers and on the outlet screw. This leads
to less than 100% of recovery.
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m V69 0,75 11,74 57,84 28,43
mV70 0,95 14,99 65,45 17,7
mV71 4,82 18,99 65,49 9,76
mV72 0,99 13,78 60,95 22,4
mV73 3,55 19,02 63,65 12,83
mVv74 215 16,93 63,81 15,09

Figure 31 Mass balance (values given in mass-%)

Table 24 and Table 25 show the proximate and ultimate analysis of the char and the oil,
respectively, while Table 26 shows the gas compositions as recorded by an M&C Gas Analyser.
Since the M&C Gas Analyser has a cross interference, especially for the measurements of CO,
CO; and CHg, a sample of the gas was taken for each experiment. The sample was analysed
for compositions using gas chromatography (GC). The results from the GC confirm the
measurements from the gas analyser (Table 26).

Table 24 TCR-char characterisation

[] [wt. %]  [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [MJ/kg]

V69 1.35 14.15 0.51 0.61 -1.41 84.79 5.303
V70 0.94 15.00 0.30 0.94 -1.50 84.6 =
V71 1.81 14.30 0.80 0.65 2.00 80.4 -
V72 0.83 13.70 0.30 0.68 -1.60 86.1 -
V73 1.69 14.70 0.70 1.69 1.00 81.3 =
V74 1.25 14.80 0.50 0.69 -0.90 83.8 5.228
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Table 25 TCR-oil characterisation

[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [M)/kg] [mgKOH/g]

V69 7.69 70.20 6.00 1.90 6.10 6.60 33.68 11.62
V70 9.50 76.20 6.50 1.00 5.50 1.00
V71 848 7566 919 119 549
V72 9.43 73.25 6.90 1.15 9.26 3.03 34.14 8.51
V73 8.07 71.50 8.20 1.10 7.40 3.10
V74 9.76 71.60 6.70 1.00 4.60 6.20 33,51 10.91
Table 26 Gas composition from gas analyser (note: GC results in Figure 32 are more reliable)
[wt. %] [wt. %] [wt. %] [wt. %]

Ves 51.33 17.91 12.83 17.93

V70 49.50 14.66 14.24 21.61

V71 11.04 4.78 24.17 60.01

V72 52.40 20.50 12.00 15.10

V73 31.20 7.80 24.10 36.90

V74 49.90 12.10 18.20 19.80

Furthermore, the composition of the TCR®-gas as measured via GC is shown in Figure 32.
Again, the hydrogen fraction of the gas depends on the process parameters like the
postreformer temperature. For instance, the trials V69 and V72 with the highest postreformer
temperatures, 850°C and 800°C, produced the highest hydrogen fractions (45% and 46%,
respectively). On the other hand, the trials, V71 and V73, with the lowest postreformer
temperature (500 °C and 550 °C) produced the lowest hydrogen fractions (32% and 28%,
respectively). Hence, within the limits of experimental errors and postreformer reactions,
increased hydrogen production is favoured at high postreformer temperatures.

Finally, the energy balances of the first and last experiments (V69 and V74) are shown in Table
27.To simplify the energy balance, the electrical energy input as well as losses were neglected.
Thus, the energies of the fuel-products are given as fractions of that of the feedstock. It was
observed that the energy fraction of the oil was slightly higher than its mass fraction because
of its high calorific value (about 34 MJ/kg). On the other hand, the energy fraction of the char
was much lower than its mass fraction due to its low calorific value (about 5 MJ/kg).
Meanwhile, process water did not feature in the energy balance due to its very low HHV.

programme under grant agreement N°776541

- This project has received funding from the European Union’s Horizon 2020 research and innovation




) ﬂeXtGeﬂ D1.5 New approaches - material

Gas Composition V69 Gas composition V70

CO 19%

co2
12%
mH2 EN2 co2 co CH4-FID WH2 mN2 co2 co CH4-FID
ENH3 Ethene Propene Ethane Propane BNH3 Ethiene Propene Ethahe Propane
WH2S B 1-Bulene MBulane B 1-Pentene M Penlane mH2S m 1-Butene mButane M 1l-Pentene M Pentane
M 1-Hexene MHexane 1-Heptene B Heptane MDifference RIS TEtievans 1-Heptene MHeptane # Diffsrence
Gas composition V71 Gas composition V72
CH4-|
CO07% coz
31%
WH2 EmN2 coz co CH4-FID
HH2 EN2 Cco2 co CH4-FID
MNH3 Ethens Prapeng Bihane Eropans W NH3 Ethene Propene Ethane Propane
WH2S W 1-Butene  MBulane M 1-Pentene MPenlane WH2S M 1-Butene W Butane M 1-Pentene M Pentane
B 1-Hexene M Hexane 1-Heptene M Heptane HWDifference  m1-Hexene W Hexane 1-Heptene  MHeplane W Difference
Gas composition V73 Gas composition V74
co2
co 26% €02
9% 18%
WH2 EN2 co2 co CH4-FID mH N2 co2 co CHA4-FID
UL Fthene] Eropene Eilanc Propane g NK3 Ethene Propene Ethane Propane
WH2S H1-Bulene  MBulane M 1-Penlene MPenlane BH2S B 1-Butene M Butane W 1-Pentene M Pentane
M1-Hexene MHexane 1-Heptene MHeptane  MDifference m1.-Hexene M Hexane 1-Heptene M Heptane M Difference
Figure 32 Gas compositions resulting from gas chromatography
Table 27 Energy balance of first and last experiment
Experiment Char oil Gas*
(%) (%) (%)
Vies 3933 3.24 5743
V74 4277 9.24 4799

Conclusions

The feedstock from Aquatim has a high ash content with more than 50 wt-% due to its high
inorganic content and, thus, a low gross heating value (less than 8 MJ/kg). Yet, it yields
sufficient fuel products. As it were, the mass balance shows a yield of up to 80% of fuel
products (char, oil and gas).
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Nevertheless, the transfer of energy to very-high energy products (oil and gas) is only about
55%, as seen in the energy balances, since the char is observed to be of low energy value due
to high inorganic content. The other two fuel-products (upon analysis) are considered to be
of good quality. By and large, the goals of the study, including determining the effect of
process parameters (like the post-reformer temperature) on the yields as well as qualities of
the products, were achieved.

Therefore, recommendations for further steps are in order. Firstly, economic analysis for
industrial scale conversion of sewage sludge using the TCR®-technology are recommended. In
addition, determine the best applications for the commercial scale unit — with respect to the
most added value for utilisation of gas, oil and char. Due to the high quality of oil and gas,
different applications are possible, e.g. the separation of hydrogen from the syngas or the
upgrading of oil to standard fuels.

We estimate that the full-scale plant (thermal treatment) will realise a big quantity loss of the
sludge (~78%). We also estimate that 3.136 m? of natural gas/ day can be saved by burning
the produced biogas instead.

2.3.8 Comparison of the baseline situation and the
NextGen KPIs

Prior to the implementation of NextGen, in the baseline situation, the produced sludge was
deposited. This sludge depositing is a problem, because of the high sludge quantities. The
sludge has a DS content of about 30%. The quantities and flow rates in the wastewater
treatment plant Timisoara (baseline) are shown in Table 28.

Aquatim Timisoara is in the process of building its first wastewater sludge thermal treatment
unit. Aquatim chose this process to drastically reduce the sludge quantity. The plant is
supposed to begin operation in early 2024. Thus, there aren’t any specific data of the thermal
treatment process for AQT Timisoara.

Table 28 Current situation (baseline) without any measures identified in NextGen

Frequency and
Parameter Units Mean number of measurements Comments
Wastewater to the 3
WWTP Flowrate m”/d 122.313
Effluent from the 3
Flow rates WWTP Flowrate m°/d 122.871
Solids from the Massflowrate t/d average values for one
ne 13.870 year;
Wastewater to the | TN mg N /1 28 all measurements are April 2021 - March 2022
WWTP TP mgP /1 2 done continuously
N- & P- Effluent from the |TN mg N /1 59
concentrations WWTP TP mg P/1 0,8
& DM and oDM TN mg/(kg DM) 45.100
contents Solids from the |TP mg/(kg DM) 19.667
WWTP (sludge) DM % 30
oDM % DM 58

The obtained data from the case study will be shown in Table 29. They represent estimates
based on the data obtained from the case study.
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Table 29 Expected outputs for the Timisoara WWTP due to the planned implementation of the NextGen measures based on
the results from the pyrolysis batch tests

NEXTGEN - System
Parameter Units Estimation
Solids from the |Massflowrate .
Flow rates WWTP — t solids/d 38
3 i 1
Energy Energy obtaiend Gas m’/(tsolids) 316
produced (gas) .
Energy kWh/(t solids) 1.040
. Massflowrate .
Material Biochar R kg/(t solids) 580
produced ) Massflowrate .
0il srodes kg/(t solids) 8
fuel product
Quality of the . out of the o
products fuel(oil, gas) volatile 8 80
component

During the six experiments done, the temperatures of the postreformer were different. This
means that the obtained gas content was different as well. The gas is the desired product to
be obtained out of the thermal treatment of the sludge. The obtained gas will be used to
generate electrical energy (using a turbine) for the heating process.

Depending on the temperatures in the postreformer (500 — 850 °C), the gas production was
between 9.76 — 28.43%. As a rule, the higher the temperature, the more gas will be obtained.
The oil can also be reused later to produce biofuel. Depending on the temperature, oil
production can be increased or decreased. As a rule, the higher the temperatures in the
postreformer, the smaller the oil production. Future possible clients for the obtained biochar
still must be found.
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2.3.9 Lessons learned

Wastewater sludge has become an important approach to meet the current requirements of
energy and oil alternatives. One promising pyrolysis route is the intermediate pyrolysis, which
opens the field to the valorisation of a high variety of biological residues into biofuels including
gases, liquid chemicals, and carbonaceous residues. In the present work, the Thermo-Catalytic
Reforming (TCR) technology based on an intermediate pyrolysis with integrated catalytic
reforming was discussed, showing a high productivity and higher quality of biofuels compared
to traditional pyrolysis systems.

For the case study, one technology was tested with wastewater sludge from the Timisoara
WWTP. The purpose of the investigation was to test if this technology is feasible for the whole
guantity of sludge from the WWTP in Timisoara. In this regard, six tests were done with the
sludge. The main objective of the case study was to determine the optimal conditions for the
gas production. Gas is the desired product for Aquatim, to substitute the necessity of natural
gas. The gas will be used to generate electric energy inside the WWTP. The estimative gas
volumes that will be produced are around 250 m3 gas/t DM.

Taking into account the calorific values of the natural gas (35.000kJ/m3) and the obtained gas
from pyrolysis (11.840kJ/m3), the resulted energy from the pyrolysis gas can substitute around
3.136 m? of natural gas/ day.

Another major advantage of the thermal treatment of the sludge represents the big quantity
loss of the sludge. The reduction of the quantity of sludge is major (~78%). This means lower
costs for transportation and depositing mainly of the char (what remains after the sludge
thermal treatment). Furthermore, Aquatim will look for solutions to use the resulting char.

Regarding the advantages of this technology, Aquatim decided to start a full-scale thermal
treatment plant. At the moment the stage of the full-scale implementation is at the beginning,
in the technical designing phase.

Required competence ow BT v

Operation of the system may only be carried out by properly trained and instructed persons.
Trainings and instructions for staff have to be repeated regularly. The training of the team
sent from Aquatim took one week. The training included a theoretical part, where the
fundamentals and the working principle were discussed. The instruction included labor
protection and specific work safety. After the theoretical part, the team went on to the
practical part, where they assisted in the operation of the TCR 2 plant.

At least two persons are required for the operation of the system; working alone is
prohibited. The operation of the plant includes the preparation (warm up), the operation
itself, and the follow-up work (warm down), where the proper functioning was assessed.

Safety equipment must be checked before each use.
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Maintenance ow BT v

Maintenance must be done by a certified person only.

The operation was conducted on a pilot scale plant. The plant isn’t running the whole year.
It is running only when there are batches to be analyzed. This being the case, the
maintenance is performed when necessary. Plant maintenance depends on composition
and characteristics of the feedstock (dried sludge).

The maintenance includes operations such as:

-visual check of every individual component before the start-up of the plant

-cleaning of the sensors of the plant

-changing of the condense water containers

-changing of the oil containers

-preparation of the gas analyzer before the start-up of the plant

-checking that the system is empty before starting the plant up

-emptying and cleaning of the coke container

-short start-up of the plant to ensure the plant is empty for the next batch

The duration of the maintenance depends on the necessary operations for the preparation
and start-up of the pilot plant. The pilot plant is a small plant, so the maintenance work is
often of a short duration, but it may take longer depending on the problems that may
appear.

Technological risks LOW — HIGH

The plant is operating at high temperatures.

Regarding the downtimes of the pilot plant, they are dependent on the number of
batches that this plant will analyse.

In case of any complications during operation, the plant must be stopped immediately.
Press the plant kill switch or the main kill switch to cut the power. However, when
possible, try to shut down and cool down the plant in a controlled way.

Reasons to stop plant operation immediately:

- Rapid pressure increase. Maximum plant pressure is 120 mbar!

- Sudden loss of pressure (indicating that there is a potential leakage).

- ESP break down.

- Cooling malfunction.

- Ventilation break down.

- CO alarm.

- CO warner/alarm not functioning properly.

- Control software (PC) malfunction (no plant control).

- Smoke/fire.

- Heavy vibration and/or unusual sounds (e.g. indicating a conveying screw get stuck)

The pilot plant was operated by the personnel from the Fraunhofer Institute, hence, no
external experts were required.
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2.3.10 Best practice guideline to design and operate the
technology

Firstly, an appropriate technology must be chosen. The sludge characteristics must be
considered. Then it must be considered what products shall be obtained primarily. Depending
on the temperature/retention time, different proportions of gas/char/oil can be obtained.
Durable and sustainable solutions for the resulting products must be considered.

The energy/materials consumption must be as low as possible. An important factor that must
be taken into account, is the energy regeneration and the possibility of its reuse.

Aquatim is a regional operator, this means that it has many wastewater treatment plants.
These plants generate sewerage sludge, each with different characteristics. The quantities are
small comparing to the Timisoara wastewater treatment plant. This means the sludge logistics
must be considered.

Crucial for the start-up of the plant would be the technology used and the physical location of
the plant. Timisoara being by far the biggest regional sludge producer. So it is the best location
for the new plant.

The parameters that are crucial for the optimisation of the production process are as follows:
-energy consumption
-energy regeneration/reuse
-reusability of the obtained products (gas, char and oil)
-flue gas treatment
-maintenance/ consumables
-overall safety of the process, because it implies high temperatures/pressures

Depending on the batch characteristics, and the temperature/retention time, we can obtain
different proportions of the products (oil, gas and char). As a general rule, the higher the
temperature/retention time, the more gas will be obtained. The oil/char content will be
lowered proportionally. If the temperature/retention time is lowered, more oil/char will be
obtained. Depending on what products are wanted to be obtained, temperatures/retention
time will be chosen.

The duration of a batch experiment can be set differently for any given experiment (the
duration depends on many factors, such as: the operating temperature, the quantity of the
feedstock, the ending of the gas generation). The plant is a pilot plant, so a lot of active process
control is necessary. Taking of some of the samples is done manually, the feeding of the batch
at the beginning of the process is also done manually.
When running the experiment, it is important to document the following items every 15-30
min:

a) display of the flow meter

b) calorimeter values (calorific value and gas density are the most important values)

¢) Unusual disturbances, pressures, etc.

d) exact time when the gas sample was taken

After the test it is important to document the following items:
a) exact time and indication of the gas flowmeter when the test was stopped.
b) weights of the full condensate and ESP bottle(s)
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c) remaining feed in the feed hopper (if not all through)
d) weight of the resulting coal
e) weight of catalyst after the test (if used)

This project has received funding from the European Union’s Horizon 2020 research and innovation
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3. Protein production from wastewater

Authors: Peter Scheer (Semilla), Radu Giurgiu (Semilla), Ralph Lindeboom (Semilla), Clara
Plata Rios (Semilla), Rob Suters (Semilla)

3.1 Description of the demo site

The La Trappe brewery and the OLV van Koningshoeven Abbey, Berkel-Enschot, Noord-
Brabant have a vision of living in harmony with Nature. Aim for the coming ten years is to cope
with the municipal wastewater and industrial discharged processwater generated on site and
increase the potential of water and nutrients recovery for local reuse.

On site the brewery and the cheese factory produce agro-industrial wastewater (240-360
m3/d). The municipal wastewater is originating from about 22 monks continuously present on
site, who also take showers. Then, on average 400 visitors arrive each day to ‘Het Proeflokaal”
(restaurant) and there are about 140 additional employees working for the brewery and on
the land. In total, a municipal flow of 15-18 m3/d is produced under nominal conditions (pre-,
post covid).

Given the characteristics of the urine, black water and grey water source at the Abbey, it is
expected to be in between the composition of untreated domestic sewage and concentrated
black water with a relatively high concentration of TN, due to a larger urine donation than
average.

This study average brewery and cheese factory wastewater characteristics will be included to
allow for a comparison with the domestic sewage composition in terms of nutrient recovery,
especially since the flow rate is much larger 240-360 m3/d. Brewery wastewater is usually
characterised by a highly fluctuating pH (3-12), a relatively high COD concentration of 2-6 g/L,
which to a large extent is biodegradable (Table 30) (Rao et al. 2007, Simate et al. 2011).
Although the COD concentrations are in line with concentrated blackwater or urine, the water
in terms of nutrients is more similar to diluted domestic sewage. Bacterial counts vary widely
between 103 and 108 CFU/(100 mL), but under normal circumstances pathogenic bacteria are
not present, since it concerns beverage production.

Table 30 Characteristics of brewery wastewater

Parameter Value

pH 3-12
Temperature (*C) 18-40
COD (mgL™ ") 2000-6000
BOD (mgL™ ") 1200-3600
COD:BOD ratio 1.667

VFA (mgL—1) 1000-2500
Phosphates as POy (mgL™") 10-50
TKN (mg L™ 1) 25-80
TS(mgL—1) 5100-8750
TS5 {mgL"} 2901-3000
TDS (mgL™ 1) 2020-5940

Cheese factory wastewater is like brewery wastewater usually also characterised by a very
high COD:N:P ratio, although it contains relatively more TN and fats compared to brewery
wastewater (Simate et al. 2011, Prazeres et al. 2012).

Many full scale anaerobic digesters are successfully operated on cheese factory and brewery
waste water, due to their relatively suitable COD:N:P ratio and relatively low sludge
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production in comparison to aerobic waste water treatment alternatives (Simate et al. 2011,
Prazeres et al. 2012). It should however be reminded that these systems always require a
polishing treatment to meet discharge regulations in terms of nitrogen and phosphorus.
However, although the original goal was to test life support inspired systems, design on
yellow, black and grey water treatment on this stream, during the project it was decided to
exclude the municipal stream.

3.2 Motivation of implementing circular economy

solutions in the water sector

The BioPOLUS Metabolic Network reactor (MNR) was introduced and constructed prior to the
start of the NextGen project. In practice the MNR is a biofilm reactor in which plants provide
a part of the oxygen, due to which the energy use of the system will be lower compared to
conventional activated sludge systems. It consists of a serial configuration of different reactor
vessels, with different DO-levels, includes a nitrification-denitrification based nitrogen
removal (and uptake by plants) and a chemical phosphate removal. The effluent of the system
is treated with a Dissolved Air Flotation followed by a microfiltration unit and a UV-based
disinfection. Afterwards the water should be at a suitable level for low quality reuse as
irrigation water, groundwater infiltration and potentially discharged on surface water. In
order to meet the brewery objectives to further close the water cycle, using astronauts way
of thinking that targets the very physical limits of water and nutrient recovery, and apply it to
the MNR effluent.

Long-term manned Space missions require a very calculated approach towards the physical
human requirements in terms of water, food, air and climate control, due to the difficulty and
associated costs of sending a mass payload into Space. The European Space Agency (ESA) has
been active in the development of regenerative life support systems for long term space
missions for decades. In space, the survival of astronauts requires a large quantity of oxygen,
water and food, which are very expensive and bulky to be transported. MELISSA, Micro-
Ecological Life Support System Alternative,is an international research consortium
established to developed autarkic circular life support systems and to gain knowledge on
regenerative system, aiming to the highest degree of autonomy and consequently to produce
food, water and oxygen from mission wastes.

MELISSA technology consists of an interconnected loop of bioreactors that convert black
water, urine and kitchen waste via a liquefying compartment (C-1), a photoheterotrophic
compartment (C-Il), the nitrifying compartment (C-1ll) into food for the astronauts, via
Photoautotrophic edible “algae” compartment (C-IVa) and the Higher Plants Compartment
(C4b) (Figure 33, Godia et al. 2002). The astronauts themselves are considered as part of the
engineered loop of bioreactors as the crew compartment (C-V).

Since the MINR, to some extent could represent the Higher Plants compartment, combined
with the nitrifying compartment (C-lll) and to some extent the liquefaction compartment (C-
1), the monks/ beer brewery as the equivalent of the astronauts (C-V), the inclusion of the
purple bacteria, remained an open route to explore as an analogue to the C-Il. On Earth, purple
bacteria are known for their very high yield in terms of conversion of pollutants in to single
cell biomass, with very favourable ratio of C/N for protein production (Puyol et al. 2017, Alloul
et al. 2018).
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So next to the water recovery targets, in terms of :Is it technologically feasible to apply
MELIiSSA technology to close the water cycle the connected aim in terms of nutrient recovery
has been reformulated into the recovery of purple bacteria cell biomass. Although purple
bacteria biomass, can be valorized in many different ways, the key target investigated within
the given time and with collaboration partner (GrowX) to its use as a slow release N-fertiliser
in comparison with conventional fertilisers. This would enable direct substitution of fertiliser
purchases for the ornamental plant cultivation that takes place on the wider abbey domains.
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Figure 33 Overview of Micro-Ecological Life Support System Alternative (MELISSA) Lasseur et al. 2011
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3.3 Actions and case study objectives

Table 31 Action and case study objective for protein production in NextGen

NextGen intervention
in circular economy for TRL  Capacity Quantifiable target
water sector

Case Study Technology

& Subtask baseline

#6 La Photobioreactor and
Trappe, La Trappe “Bio-makery” Proteins as slow
The IR (utilization of release fertilser for
Nether- | wastewater | phototrophic organism | "'~ | 60L/d | food production in
lands tr.eatment pl.ant in real life conditions) |4 26 conditionised
without nutrient | ¢4 carbon, nitrogen growing systems
Sub-task recovery and P-recovery
144
3.4 Unique selling points

The unique selling points of the photobioreactor in combination with a system such as an
MNR and membrane systems are:
v Integrated upcycling of brine
v Single cell protein, a value-added compound (containing C and N) for slow-release
fertiliser, fodder and potentially other higher end applications

3.5 Principal and main characteristics of the
technology

In the case study La Trappe, three different technologies were implemented that are
interconnected with each other: the metabolic network reactor, the MELISSA inspired
membrane systems and the MELISSA inspired photobioreactor. This section focuses on the
photobioreactor.

Nitrogen and organic matter are main nutrients contained in wastewater. In wastewater
treatment, nitrogen is conventionally removed biologically via nitrification and denitrification.
An alternative route makes use of infrared light as energy source, due to which purple non
sulphur bacteria can convert volatile fatty acids and ammonia into new biomass, which can be
used as single cell protein (Alloul et al. 2021b, Figure 34).

Within the MELISSA research programme this is also known as the compartment ClI. Typically,
an axenic photobioreactor (Figure 35) is used for life support engineering purposes, but it has
been translated into a pond reactor system for terrestrial applications, in which water is kept
flowing using a paddle wheel (Alloul 2018).

After separation and drying, single cell biomass, purple non sulphur bacteria have been
proposed for a wide array of potential applications, ranging from shrimp feed to slow-release
fertiliser and nutraceuticals. Nutraceuticals are either dietary supplement, such as vitamins or
minerals, or products derived from food sources that provide both nutritional and health
benefits.
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Figure 34 Flow scheme of a MELISSA inspired purple bacteria reactor (Alloul et al. 2021b)
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Figure 35 Pictures of the axenic MELISSA purple bacteria reactor (Giurgiu et al. 2020)
3.6 Requirements for the implementation of the

technology and operating conditions
This section focuses on the photobioreactor. The flow scheme showing the interconnected
technologies is given in Figure 36.

l
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Restaurant

Figure 36 Flow scheme of the NextGen technologies at the case study in La Trappe
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In order to achieve nitrogen removal the reactor depth determines the light penetration and
thus the efficiency of purple bacteria growth. In Table 32, most important parameters are
given.

Table 32 Requirements and operating conditions for purple bacteria in pond reactor system
Parameters Min Max Reference
Influent concentration (mg COD/L) 130 180
Effluent concentration (mg COD/L) 50 50
C/N ratio ~14/1 Alloul et al. 2019
Volumetric removal rate (mg/L/d) 390 390
HRT (d) 0.2 0.3

The reactor is operated as a sequencing batch reactor (SBR), with a hydraulic retention time
(HRT) of about 3 days and a similar sludge retention time (SRT) (Table 33). As in many other
experiments presented in the scientific literature, it was set a light/dark phase; in this first
attempt a 12/12h cycle was scheduled, simulating daylight conditions. During the light phase
the paddlewheel turned at 10 rotations per minute (RPM), allowing for good mixing conditions
and a volumetric mass transfer coefficient (kLa) estimated around 1.1-0.8/h. The paddlewheel
needs to agitate the water for efficiently mixing the biomass in the raceway reactor and
expose it to the light, without including too much oxygen in the system. From figure 33, it is
shown that urine addition was anticipated at the La Trappe site. Given the importance of a
correct C/N ratio, the first set of experiments were operated with synthetic nutrient addition,
while urine was added later for nitrogen supplementation.

Table 33 Settings of the reactor

Summary of raceway reactor configuration, phase 1 and 2

Mode SBR Light/dark phase 12/12 h
Hydraulic retention time (HRT) 3+16d Paddlewheel rotation 12/12 h
Sludge retention time (SRT) 3d OTR 0.8-1.1 /h

During the night phase, the paddlewheel was turned off, minimising the oxygen transfer rate
(OTR) and the biological activity. These conditions were mainly taken as precautions to face
two major threats. During the dark phase there is a considerable risk for purple phototrophic
bacteria to be washed out, as, in absence of light, they grow at a much slower pace than with
light. Secondly, during the dark phase purple phototrophic can be out competed by other
microbiological species which can take the lead in the long run. These considerations can be
verified in the scientific literature as resulted from the experiments of Alloul et al. (2019,
2021b). However, there are many other conceivable designs and configurations that can be
implemented changing some major parameters as: HRT, SRT, light/dark phase and OTR.

3.7 Results: Photobioreactor

The analysis of real wastewater is complex and requires a broader number of measurements.
Nevertheless, with the given sampling campaign, much information on the activity of the
photobioreactor, also called raceway, could be learned. For instance, focusing on the COD
removal, there are many ways to interpret the removal efficiency of the reactor. In Table 34,
the different equations are presented.
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Table 34 Technical efficiency parameters for the photobioreactor also called raceway reactor

Name Equation Units
EFFih max Theoretical (TCOD;,-SCOD.*100) /TCOD;, %
maximal efficiency
EFF; Real efficiency (Cint-Cs,e)*100/Cs in %
s Apparent (Cs,RrR1-Csg eff)*100/(Cs rr1-Cs ef*(1-Q /V)) %
efficiency
Ts Apparent (Cs.inf-Cs.e)*Q/Vr=(Cs rr1-Cs ef) /tcycle Kg Cs dl m
volumetric rate

Rg Total rate Vi¥rg Kg Cs d!

Xy Biomass TCOD-SCOD mgCOD LT

Y Yield Xy, /(Cscob.in-Cscop.efi) gCOD gSCOD'!

SR Specific removal rs/VSSeir gCoOD gvv ' d!

rate

Start-Up of the reactor

The reactor was inoculated with wastewater coming from another operational raceway
reactor on site running under similar conditions. Unfortunately, during the previous weeks,
because of a spill of a brewing session (16th of November), the wastewaters characteristics
had changed significantly, destabilising the microbiological system. As the pictures report
below, the wastewater, initially of a pinkish and purplish colour, become more brownish and
then greenish. The change of the influent wastewater was observed in an increment of COD,
TSS, absorbance, turbidity, and sulphate. Despite the fact that after one week the level of COD
returns to more ordinary values, absorbance, turbidity and TSS had remained beyond
standards. For these reasons, since the 28th of November, it was thought to dilute by half the
influent with drinking water. This countermeasure was taken on the assumption that purple
phototrophic bacteria would have been less affected by the scattering and absorbance of light.
Over the first week, the reactor was still characterised from the important presence of the
greenish bacteria. It is important to mention that until the 2nd of December the influent
wastewater was diluted with drinking water. After that day it was possible to gather a
standard batch from the equalisation tank at the brewery. Throughout the experiments the
colour of the reactor content changed significantly and turned again to have a pinkish orangish
taint.

Stable conditions

The results present only the measurements between the 6™ and 12t of December, in which
urine was used as the source for nutrients and the reactor was already getting to a purplish
fade. Despite the downward trend of the influent wastewater characteristics, due to the slow
but present biological activity in the IBC tank, the removal efficiency was nearly stable as the
average of total COD (TCOD) and soluble COD (SCOD) removal reports between influent and
effluent values in Table 35.

Table 35 Total COD removal efficiency calculated between influent and effluent samples. The table reports average weekly

variation.
Parameter Units Mean
TCODin mg COD/L 1609 + 11
SCODin mg COD/L 1362 +10
TCODest mg COD/L 8309
SCODeft mg COD/L 260+8
EFFth, max % 84 +2.3
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EFFrscop % 81+3
EFFr,rcop % 514

The difference between TCODefs and SCODesf is the created biomass. The estimated organic
loading rate was estimated at 0.482 gCOD/(L*d). The average maximal removal efficiency
(EFFth,max) was calculated using the fraction of TCODin and SCODeff resulting in around 84%. The
removal efficiencies relative to SCOD and TCOD were measured around 80 and 50%,
respectively. The calculation according to Equation 1 gives already a rough indication of the
biomass yield, which is around 35% and close to the value obtained afterwards. More detailed
calculations will follow in the next sections.

Equation 1 Ratio to calculate the biomass yield

(EFF. scop — EFF. rcop)/ EFFih max

Combining all measured samples, it is possible to show the concentration variation in the
raceway reactor. In general, in the graphs, the alternating background color of the graphs
indicates the difference between the light phase (white from the dark phase in grey, Figure 37
and Figure 38). At the beginning of the light phase, effluent is extracted; then the reactor is
fed with influent and urine solutions usually measuring a peak. After five hours of reactions,
concentration should have decreased, which gives an indication of the treatment rate. This
behaviour was observed precisely with the chemical oxygen demand; but, with nutrients, it
was not always the case. For instance, looking at the ammonia variation, there is an
accumulation of this compound over the days, probably underlying that the optimal C/N ratio
depends on the stability of the inflow concentrations and the competition between various
organisms.
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Figure 37 Evolution of TCOD and SCOD in the reactor in the second week of operation in the raceway reactor. TCODxy is the
influent concentration in the reactor (Alloul et al. 2021a)

Regarding phosphate and nitrogen, it is interesting to observe, how their assimilation is
somewhat delayed in the first hours of reactions. For phosphate this phenomenon could be
related to the typical phosphorus cycle under anaerobic/aerobic condition in which firstly
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organic compounds are absorbed by cells at the expense of inorganic polyphosphate (Poly-P),
releasing phosphorus to the wastewater. Then, phosphorus is slowly reconverted to new
biomass and Poly-P. The reason of such a behaviour should be better investigated under a
biological and chemical point of view.

o712 o [ oanM. 12 o 11 101 12
160 i0
e 9
14 -
5 ‘*‘:\
N
- LY B
Ll -a \Q\ .. |
120 4 1 - Y ~
I N ™ LY -
- - ~ o T
f - | - (N ' -
b il . | ~ | iy .
100 4 e | - l . = = =
o [ < o I B i
=l | S L -
V2 aa || =
- 80| o ] a
- | & =
- 1 =
| L-3 E-3 4
ry b
&
40
20 v
1
0
0500 1 o5 00 1:00 0500 1 0500 o 05 00
—a— T} & SHH4 - i = PO Hours

Figure 38 Evolution of total nitrogen (TN) ammonium (SNH4) and Phosphate (PO,) in the raceway reactor in the second week
of operations in the phase 2

Apart from the evolution of the chemical and biological reactions, the analysis of the
performance of the reactor is shown comparing the samples RR1 and EFF. Therefore, the
volumetric removal rate (rs), the apparent removal efficiency (ns) and the total rate (Rs) were
estimated using those samples (Table 36). As before, the row Max refers to the difference
between the TCOD and SCOD. Respectively, the COD removal accounted for 820, 276 and 359
mg COD/(L*d) for Max, TCOD and SCOD. Phosphate and total nitrogen removal were
estimated around 53% and 49% with a standard deviation of 15 and 25%, respectively. The
source of the high standard deviation was not found. Meanwhile, it was not possible to obtain
any reliable calculation for ammonium removal. For that reason, urea addition needs to be
more understood in its reactions. The TSS generally increased during the reactions phase,
indicating the formation of new biomass, but it was obtained a high standard deviation in the
measurements.

Table 36 Volumetric rate (rs), apparent removal efficiency ns and absolute rate (Rs) of the reactor (100L) operated with a HRT
(3 days). These values were estimated from the samples RR1 and EFF. Otherwise, the results can be analysed by
comparing INF and EFF samples. Apart for the Max removal values (first column), the estimation for TCOD, SCOD
and TSS are similar.

Parameters | rs [mg L't d” '] | s [%] Rs [gd]
Max 820+10 92+1 24.6+10
TCOD 276+22 53+11 8.3+22
SCOD 359+28 81+6 10.7428

NH;-N -5.38+3568 194811 | -0.164358
TN¢ 28.95+34 49425 0.87+34
PO, 2.08+25 53+15 0.06+25
TSS -54487 1.6487
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Biomass, yield and TSS productivity

The estimation of the biomass can be assumed from the difference between TCOD¢gr and
SCODkrr. However, it must be considered somehow to be related to the presence of TSS in the
influent (247+24% mg COD/L). If we assume this difference to be slowly biodegradable
compounds, the minimum biomass concentration can be calculated as shown in Equation 2.

Equation 2 Equation to calculate the minimum biomass concentration

TCOD.g—SCOD g — ACOD;,¢

With this additional information, Table 37 summarises the total biomass concentration in the
effluent. The estimation of the biomass then varies between 566 and 319 mg COD/L. The
removed SCOD (INF-EFF) had an average of 1332 + 11 mg COD/L.

Table 37 Total biomass concentration in the effluent; CODb=COD biomass; CODrem=COD removed

mg COD/L | mg CODy/(mg CODyem) g TTS/L g COD/(g TSS)
Xb,max 544 + 13 Yinax 0.48 + 13 TSS0.31+7.78 | COD/TSS 1.69 + 11
Xb,min 196 + 31 Yimin 0.30 % 8 TSS0.31+7.78 | COD/TSS 0.92 +20

The maximum and minimum yields are respectively 0.52 and 0.30 mg CODp/(mg CODrem). Over
the observed week, the average TSS concentration was at an average of 0.31 g TSS/L, but with
a large standard deviation. Thus, the fraction g CODy/(g TSS) reaches 1.69 and 0.92 for the two
estimations. According to literature, the standard value corresponding to this parameter is
1.42 g CODy/(g VS); as, in this case, the volatile suspended solids/total suspended solids
(VSS/TSS) fraction remains very close to unity, more than 95%. This last value will be
considered as reference. With these assumptions the estimated biomass in the effluent is
440 mg COD/L. Thus, considering the reactor in stable condition the yield lays around
0.39 g CODy/(g CODs).

The COD:N:P balance of the reactor is calculated from the rs of the system and it is assessed
at 100:8.0:0.5. With the estimated yield of 40%, the biomass composition should be close to
100:20:1.25 COD/N/P, though normal biomass compositions vary around an average of
100:5:1. If it is true that purple bacteria have a higher nitrogen fraction in their elemental
composition (100:7:2), the nitrogen balance results still out of range. A possible explanation
for this result is the hydrolysis reaction of urea which can produce as well NH3 which is highly
volatile. With an effluent of 30 L/d the TSS productivity was measured around 9.3 g TSS/d.
However, biomass should be extracted from water to be used as a fertiliser. As a standard
treatment step a simple sedimentation process is applied in wastewater treatment. To have
an estimation of the settle ability of the biomass, supernatant was taken after a time period
of 12h of the dark phase (RR3). From this analysis, it resulted that only 30% of the TSS settled,
reducing the TSS to 3.2 g TSS/d.

Comparison between the reactor run with synthetic nutrients and urine as nutrient source
The reactor was first run with synthetic nutrient (phasel) under the same hydraulic
conditions, compared with phase 2 when urine was used as nutrient source. Nevertheless,
there were few differences. Nutrients were added with a solution of NH4Cl and KH;PO4
prepared with tap water from the brewery with 6.24 g/L and 1.01 g/L, respectively. The
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feeding and extraction cycle were considerably different (45 min instead of 15 min). Primarily
this affected the peak of organic matter after the feeding. Another technical difference was
the pH that was kept constant at 7.5 via CO; bottle sparing during the day cycle, whereas in
the second phase there were two/three shot of acid addition. Finally, it is important to
mention that because the influent batch wastewater was kept inside a building with a
temperature of 20°C, the biologically activity in the influent equalisation tank was almost
three times higher than the previous case around 170 mg SCOD/(L*d) compared to the
previous 67 mg SCOD/(L*d). For that reason, the influent batch was changed on average every
three days. While comparing these results, it should be considered that these samples were
filtered with a 0.45 um membrane instead a 0.20 um membrane. This can considerably affect
the effluent concentration since it is known that purple bacteria, as other bacteria species,
can have dimensions smaller the 0.45 um, so they can pass through the membrane.

Table 38 regroups the apparent volumetric rate (rs), the relative removal efficiency (ns) and
the removal rate (Rs) for the first phase. As in this case, the comparison between the relative
and absolute removal efficiency are similar, so the reactor can be said under stable conditions.
As said the different methods to filter the sample could explain the difference in the SCOD
removal efficiency. Whereas, to explain the difference in the TCOD removal, the higher TSS
concentration measured in the influent (0.2 g TSS/L vs 0.07 g TSS/L) might be a reasonable
explanation. Around 610 mg COD/L of biomass is estimated with the related yield of
0.56 mg CODy/(mg CODrem), and a final productivity of 12.9 g TSS/d. In addition, the settable
solids in the reactor was measured around 231 mg COD/L, approximately the 35% of the total
biomass as in the other raceway reactor. With these assumptions the COD:N:P ratio of the
system is 100:5.7:1 which gives an estimation of the biomass of 100:10.17:1.75, which is in
line with literature studies.

Table 38 Volumetric rate (rs), apparent efficiency removal ns, and absolute rate (Rs) of the reactor (100L) operated with a
HRT (3 days). These values were estimated from the samples RR1 and EFF

Parameters |rs mg L1 d 1] | 75 (%] | Rs[gdl]
TCOD 268+21 39+11 8.04+22
SCOD 351+14 67+6 10.54+28
NH;-N 20.94+20 58+9 0.60+20

PO, 3.63+36 51423 0.11+£36
TSS -b0+137 -1.63+216

In conclusion, the comparison between the two phases showed similar performances.
Nonetheless, there were some relevant differences. First of all, the ammonia removal
indicates that the system prefers syntheticammonium than urine which was overdosed in the
second phase. The diversion in the removal efficiency (EFFw, max) can be justified by at least
three factors: the two diverse filtering membrane to filter the samples, the higher organic
loading rate in the first phase (0.482 — 0.635 g/(L*d) and a greater disturbance in the
measurements due to a higher concentration of TSS in the influent (0.07 — 0.20 g TSS/L). The
divergence of the biomass to substrate yield is difficult to assess, however all possible
methods to estimate the biomass yield indicates a slightly higher removal efficiency in the first
phase. This last factor is understandable as the reactor in phase two, was recovering from an
upset. For both experiments, it would be interesting to analyse and assess the hydrolysis of
TSS in the raceway reactor so that the disturbance of the influent TSS could be at least
estimated. Lastly, the greater TSS productivity measured in the first phase is reasonable
because of the higher OLR rate.
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Verification Tests — Plant Trials

The obtained fertiliser was used in two different growing plant experiments. Initially the plant
experiments were designed for a climate room (SEMILLA). Later in the project, GROWXx
(Vertical farm, Amsterdam) had a higher role in the concept as end user and business
validation of the purple bacteria biomass. Therefore, the plant trials were planned to be run
at the experimental facility of GROWx where the plant species and substrates can be used,
therefore a more accurate application of the fertiliser.

The candidate plant was microgreens. Microgreens are young vegetable greens that are
approximately 1-3 inches (2.5-7.5 cm) tall. They have an aromatic flavour and concentrated
nutrient content and come in a variety of colours and textures. Microgreens are considered
baby plants, falling somewhere between a sprout and baby green. That said, they shouldn’t
be confused with sprouts, which do not have leaves. Sprouts also have a much shorter growing
cycle of 2—7 days, whereas microgreens are usually harvested 7-21 days after germination
once the plant’s first true leaves have emerged.

Besides the coco husk-based substrate, a cellulose substrate was also tested, as it is the
substrate of choice in the operations at GROWXx farm. For the rest of technical requirements
referring to light, pH, temperature, the plant cells from GROWXx as described below have the
same characteristics as the plant chamber initially planned for the plant trials. The fertiliser
rate application was calculated based on the analysis of the biomass harvested in the raceway
reactor during the verification tests. The experiments were set for Lettuce, as candidate crop,
but because of the COVID-19 affected timeline, it was decided to conclude the project through
a more rapid test on microgreens.

Results and discussion

First Experiment

In the first trial there were a couple of operational failure due to the aim of matching the no
flush irrigation system of the robot from GROWHXx. This led to a lack of irrigation during one of
the weekends when half of the gutters dried, killing the plants. However, the rest of the plants
could still be cultivated as planned to harvest time and the yield was calculated relative to the
surface are so the data was relevant. The plants were also kept longer in germination and
added synthetic nutrients after 15 days instead of 10, which imposed another experiment
start-up to compare the results and follow-up a stricter protocol. Besides the measurements,
there were also observational qualitative data gathered. It was observed that in general the
plants grown on the jute substrate looked healthier and lusher compared with the plants
grown on the cellulose substrate. GROWXx uses generally the cellulose one. The plants were
PNSB was applied looked better than those without PNSB with less yellow leaves, especially
on the cellulose substrate. The plants that received synthetic fertiliser were larger but still
yellow.

Second Experiment

In the second experiment, lessons learnt from the first trial went in designing the experiment
and research protocol. As before, some general observations were made during the research.
When the plants were moved in the experiment cell, it was already observable that the plants
grown on the jute substrate look healthier than the ones on cellulose. This was observed
during the whole experiment. In addition, the plants cultivated on cellulose substrate were
becoming slightly yellow, 4 days before the additional nutrients. In this plant trial the ones
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that received synthetic fertiliser showed a fast growth and the ones without being smaller and
less developed. Even those that were inoculated with the purple bacteria. There were some
yellow spots on the substrates with PNSB on the jute substrate, and generally the plants closer
to the irrigation influent looked better than those closer to the drainage. This shows a not
optimal saturation throughout the gutter.

In Table 39, it can be seen that the plants in the second experiment had an average better
growth. In the first experiment it is clear that plants in the Jute substrate had a better growth.
In the second experiment there were no significant differences between the two substrates,
although the growers noticed many observable differences between the two types of
substrates. Namely, plants growing on jute looked better, in general.

Table 39 Substrate influence on plant yield

Treatment Experiment 1 Experiment 2
[g m? [g m?]
Cellulose substrate | 560.36+50.032 876+98.50%

Jute substrate

703.25+163.192

878.80+107.13%

Looking at Table 40 the updated protocol for the second research resulted in more conclusive
data. In the first experiment although there are small differences in the average growth
(disregard of substrate type) there are no statistically significant differences.

Table 40 Fertiliser treatments applied to the microgreen and their influence on the yield

Treatment

Experimentl
[g m?]

Experiment2
[gm?]

Control (no nutrient)

634.57+151.03%

739.44+44.76°

PNSB 552.88+101.992 808.68+7.22P
PNSB + nutrient 616.44+143.88% | 913.40+131.642
GrowX Nutrient 723.34+211.247 919.63+3.44%

Moreover, in this trial, the plants that received the PNSb fertiliser had the worst growth, even
less than the ones receiving no fertiliser. This also highlights the limitation of testing the
fertiliser with micro-greens, as the plants have very limited demand for fertiliser. In
experiment two it was observed that the plants that received no fertiliser have developed the
worst, as expected. The plants that received solely PNSB as fertiliser had a significantly higher
yield but still significantly lower than the plants that received the GROWx synthetic nutrients.
Interestingly, the plants that received PNSB and the missing nutrients (potassium) have
performed as good as the ones that received the full synthetic nutrient solution. These results
show that the PNSB could be a valid fertiliser but used alone, without the complementing
elements will perform poorer than the traditional synthetic fertiliser. The sub-optimal plant
cells used in the experiment impacted the growth of the plants significantly. A normal yield
obtained in the cultivation chambers at GROWXx is around two-fold higher than what was
obtained by the full GROWXx nutrient solution in the cells. This shows that the plants reacted
to the low humidity, improper irrigation, and temperature and not just nutrients. The
experiment still shows the potential of the purple bacteria as fertiliser as the negative and
positive control were in the same conditions, but a more thoroughly trial will be run in more
efficient cultivation chambers. The nutrient use of the plants in optimal conditions will render
most significant results.
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In the next experiments we will investigate concentrated live cell biomass in hydroponics. A
study showed that full mineralisation of nitrogen happened after 70 days from inoculation
(Simate 2011). With cultivation of microgreens less than 30 days, the mineralization might
have not been complete, therefore the full potential of the biomass not explored. Experiments
with higher plants (lettuce) would be more conclusive. The use of the bacteria as fertiliser
needs to be integrated in the business case. The slightly lower yield obtained by the solely use
of the bacteria could still make a good business case, as costs with synthetic nutrients are
lowered. Moreover, the products could be labelled organic by using only the bacteria fertiliser.
On the other hand, the use of the PNSB as fertiliser and including missing fertiliser could help
obtaining the yield comparable with the use of full synthetic fertiliser. Therefore, the nutrients
recovered from waste streams would lower costs and increase the CO; of the organisation.

Nitrogen mineralisation rates

The nitrogen mineralisation was analysed to see the impact of the substrate in converting the
ammonia to nitrate which is the preferred nitrogen source for plant cultivation. In previous
research projects it was assessed that full nutrient mineralisation was obtained after 70 days
from inoculation (Simate et al. 2011). In this case the inoculation was with 240 mg N/L and
the inoculation was done in a growing medium with sufficient dosage of phosphorus and
potassium. The soil-based substrate used will improve mineralisation, but it is not
recommended in vertical farming practices. The contamination and pest control are more
challenging in soil-based system in controlled environment. In the research presented here,
the inoculation was done on organic substrates (cellulose and coco husk based) used for
microgreens. These types of substrates are characteristically very thin to allow for the
formation of the roots of the plants and stack them vertically in the farm. Therefore, the total
volume to surface area is very low, compared with conventional cultivation in pots, bags or
other systems. Due to the biomass availability, mineralisation rate was only investigated with
the plants cultivation. Repeating the experiment without the plants will show a clear
distinction of ammonification to nitrate, without taking in account the nitrogen lost in the
plant cultivation. In Figure 39, the expected trends of NH4 and NOs are shown.
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Figure 39 Expected trends of NH; and NO3

The ammonia is steadily decreasing in both substrates from the first day of the cultivation to
harvest. In around 15 days of cultivation, 60 to 70% mineralisation was obtained. In practice,
GROWYXx adds nutrients after day 10, when the plants request it. At this point the nitrogen was
roughly 40% mineralised, therefore the substrate preparation needs to be done in advance of
the sowing to reach maximal mineralisation at the peak of cultivation. With respect to the
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nitrate trend, there were significant differences between the plants cultivated on cellulose
and jute. It was observed that the plants in the jute substrate had a general better growth and
looked generally healthier. The nitrate doesn’t show the expected upwards trend, that could
be also explained by the better nutrient uptake in the plants during the vegetation. In the
cellulose substrate the nitrate is steadily increased. It is important to mention here that the
samples were taken regularly every second to third day from the effluent. The degradation
rate for the biomass and releasing the nutrients in the substrate needs to be better
investigated. In a flush system, the nutrients that are not taken by the plants are flushed away.
In the future experiments the procedure will be done in closed cycle where the total nutrient
efficiency will be monitored as well as the mineralisation in different substrates, with and
without plants. It is expected that living cells will have a more rapid degradation in the nutrient
solution and it will be investigated what is the optimal application rate to reach the demand
of plants without nutrient flushing or nutrient build up. Heavy metals and contamination the
fresh harvested biomass was sent to an external lab for full heavy metal analysis. The
European Food Safety Authority imposes limits on heavy metals to food stuff for Cadmium
(Cd), Lead (Pb) for leafy greens and Mercury (Hg) and Tin (Sn) for other food items.

Hazard analysis and critical control point for ready to use food

When it comes to food safety, EFSA imposes a hazard analysis and critical control points
approach in the whole food chain. In the case of ready to eat food and specifically the type of
leafy greens cultivated in this project, the fresh biomass was sent to an external lab where the
microbiological contamination was assessed. The results showed that for all parameters
followed by EFSA for the leafy greens, the data were always below the limits (Table 41, Table
42).

Table 41  Hazard Analysis Critical Control Point for ready to use food in the experiments 1 and 2 for the plants inoculated
with the purple bacteria, versus the plants grown with synthetic, according with the EFSA regulations

Parameter Result EFSA Limits [5]
Exp. 1 Exp. 2 Exp. 2
PNSB PNSBE no-PNSB
Aerobic colony count bacteria | >3%*10% >3*10° 3*10° na [CFU g 1]
Enterobacterinceae >10° 38%10° 48*107 na [CFU g'']
Coliforms >15%107 2*10° 24*107 na [CFU gT]
Salmonella na na na Absence in 25 g
E. coli <10 <10 <10 <107 [CFU g 1]
Listeria monocytogenes na na na Absence in 25 g
Staphylococcus monocytogenes | < 109 <10~ <10° <10% [CFU g ']
Bacillus cerelus <107 29*10% 58*10% <107 [CFU g ']
Fungi, Yeasts >15*107 <10 <10 na [CFU g'T]
STEC, EHEC na na na Absence in 25 g

Table 42 Heavy metal content in microgreen harvested in both experiments in different substrates (C-cellulose and J-jute)
with and without PNSB

Parameter] Result [mg kg 'DM] EFSA Limits [4]
E1PNSB | E2-J E2-C E2 -J E2-C [mg kg’lDM
PNSB PNSB no-PNSB no-PNSB

Al 12.4 2.4 1.5 1.5 1.2 na

Ag 0.16 0.057 0.049 0.049 0.036 na

As 0.049 0.029 <0.02 <0.02 <0.02 na

Ba 22.3 22.8 18.3 15.6 13.1 na

Cd 0.10 0.069 0.031 0.050 0.020 <0.20
Co <0.05 <0.05 <0.05 <0.05 <0.05 na

Hg <0.01 0.013 0.011 <0.01 <0.01 na

Cr 0.16 0.091 0.075 0.051 0.062 na

Cu 8.6 6.2 7.2 5.1 5.5 na

Ni 0.50 0.38 0.38 0.28 0.31 na

Pb 0.064 0.014 0.013 <0.01 <0.01 <0.30
Sn 0.30 0.30 0.25 0.18 0.19 na

Zn 571 662 623 335 268 na
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Showing that the plants cultivated with the PNSB are safe to be consumed by humans. An
observation is important to be made at this point. The urine was collected from a single
person, the operator of the system, due to the pandemic that made urine from other projects
not available. A bigger urine sample and more diverse would be needed to fully conclude the
safety of the bacteria use. Another point that was not in the scope of the project and deserves
a separate dedicated work is the antibiotics that could be found in the biomass obtained on
municipal streams. There are technologies to mitigate that, but more research needs to be
done in order to get the EFSA regulations for food safety.

3.8 Comparison of the baseline situation and the

NextGen KPls

The photobioreactor showed a good performance in terms of the fertiliser potential of the
purple bacteria. An overview of the reactor performance is reported below. The COD removal
rate was equal to 466 mg COD/(L*d), the biomass concentration in the effluent was estimated
around 799 mg COD/L and the measured yield resulted 0.38 mg CODy/(mg COD;s) (Table 43).
The total COD removal efficiency was estimated nearly at 80% and around 50% for nitrogen
and phosphorus. The nitrogen and phosphorus uptake was measured respectively around 20
mgN/L/d and 3.63 mgP/L/d. Therefore the system COD:N:P resulted in 100:4.5:0.78.
Considering biomass composition as 100:7:2 and focusing the balance on the removal and
assimilation of phosphate, the measured yield is 0.38 mg CODy/(mg CODs), in line with what
reported in Table 43.

Table 43 KPlIs for protein production in La Trappe

Objectives KPI Result
Effluent biomass 799 mg COD/L + 23%
COD Removal rate 466 mg COD/(L*d) + 21%
Successful —
. COD Removal efficiency 80%
operation of
photo Substrate to biomass yield 0.38 mg CODy/(mg COD:s) +22%
bioreactor (= COD recovery rate) (=38%)
turning Nitrogen removal rate 20.9 mg/(L*d) +21%
brewery
water  and | Nitrogen removal efficiency 50%
urine into bio | Nitrogen recovery rate 20%
stimulant Phosphorus removal rate 3.63 mg/(L*d) + 36%
Phosphorus removal efficiency 50%
Phosphorus recovery rate 25%

The pond design, as used for the experiments described above, was, however, not suitable for
large scale production at the La Trappe site. This is due to the large surface area required,
which is not available at the site. An alternative, advanced, reactor was designed by students
from TU Delft (Figure 40). Due to many complications, tests with the more advanced reactor
concept with multiple IR illuminated baffles could not be performed. The next stage would be
either to cultivate the purple bacteria as a main product without focusing on water treatment
or to consider a simulation regarding the use of multiple illumination baffles to move to the
next TRL level.
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Figure 40 Advanced reactor proposed by TU Delft students

3.9 Lessons learned

At the La Trappe site, three different technologies, i.e. Metabolic Network Reactor, MELISSA
inspired membrane systems and MELiSSA inspired photobioreactor, were implemented, that
are interconnected. The interaction of the single technical units is complex and has to be
considered in the system design. The system design, the installation, system control and
automation of the technological units did not work well and all units had to be operated
separately.

In this section, the lessons learned from the photobioreactor are presented.

Required competence ow B 4 T o

A training is needed to provide the knowledge that is needed and does not belong to the
classical wastewater treatment knowledge of a WWTP operator in the Netherlands such
as:

e Photobioreactor and competition with heterotrophic bacteria

The process is relatively easy to control and returns to nominal operating conditions with
increased levels of purple bacteria a few days after upsets in loading rates. However, the
technology is still at a too low TRL level to be considered for full scale operation at the La
Trappe site.

Maintenance ow N .. ..

Pond systems are normally low in maintenance. However, the more advanced hybrid
photobioreactor could not be tested and hence, reliable data therefore are missing.

Technological risks

o Y
The technological risk depends mainly on the chemical composition of the feed stream.
However, although purple bacteria can be harvested, the water quality produced is a
cause of concern if the target is on water treatment. Subsequent post treatment is thus
needed.
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3.10 Best practice guideline to design and operate the
technology

Important aspects to consider during the design and construction of the plant:

- Suitable materials must be used for the system (corrosion resistant, etc.)

- Compliance with the country specific requirements for health and safety

- Take weather conditions into account from start to avoid large surface area

- Recommendation: pre-experiments should be conducted to investigate, to what
extent the microbial community can recover from upsets

- Design as side stream /pre-treatment for value added products, but avoid effluent
guality dependence on photobioreactor.

Important aspects to consider during the start-up of the plant:
- The process water must be as free as possible of particles.
- The chemical composition of the process water should be as constant as possible and
the flow rate should be sufficient high to run the process properly.
- Compliance with the country specific requirements for health and safety
- Sampling plan should be considered and the sampling documented.
- Functioning test for electricity and mechanics should be done.
- Leakage test should be done.

Crucial parameters for the optimisation of the production process:
- Chemical composition of the process water (organic matter/COD, phosphate and
ammonium concentrations, TSS) (Table 44),
- Temperature and pH

Table 44 Crucial operating parameters for the photobioreactor: ranges for the best results
Parameter Units Min \ Max
C/N ratio 14:1
TSS feed mg/L as low as possible, raw effluent
was fine
pH/T photobioreactor -/°C 6.5/25 ‘ 7.5/30
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4. Nitrogen removal and recovery

Three case studies deal with nitrogen removal and recovery. In Braunschweig and Altenrhein
ammonium sulphate solutions is produced via air stripping and scrubbing as well as via
membrane stripping, respectively. In Spernal, solid ammonium sulphate is produced using an
ion exchanger to concentrate ammonium and membrane stripping to produce the secondary
fertiliser.

4.1 Ammonium sulphate production via air stripping
and scrubbing in Braunschweig (GER)

Authors: Anne Kleybocker (KWB) and Janina Heinze (AVB)

4.1.1 Description of the demo site

The wastewater treatment plant Steinhof, near Braunschweig, has a long tradition of water
and nutrient reuse. Already at the end of the 19th century, fields were irrigated with sewage.
From 1954 on, the wastewater was mechanically clarified and reused for irrigation. Finally, in
1979, the wastewater treatment plant (WWTP) was built and comprised a conventional
activated sludge treatment system and a digestion stage. Until 2016, in summer, the digestate
was directly reused in agriculture, while in winter, the digestate was dewatered and stored
until the summer season. However, due to the new legislation in Germany, since 2017 only
60% of the digestate can be applied on the fields. The reasons are restricted periods for
fertilising with digested sewage sludge and the limitation of the nitrogen load to the
agricultural fields. Thus, the other 40% of the digestate were dewatered and incinerated.

In 2019, a new circular economy concept was implemented. Here, energy recovery
technologies are combined with nutrient recovery technologies. Therefore, the sludge
management concept was adapted to increase the nutrient recovery rate and simultaneously,
as a synergetic effect, the biogas recovery rate increased. Hence, circular economy solution
comprises a thermal hydrolysis process between two digestion stages and a full-scale nutrient
recovery plant consisting of a struvite production unit to recover phosphorus and an
ammonium sulphate solution production unit to recover nitrogen.

The secondary fertilisers will be reused by the local farmers and the produced energy in the
form of biogas and heat is reused by the plant itself.

4.1.2 Motivation of implementing circular economy

solutions in the water sector

The original WWTP was designed for 275 000 population equivalents. However, the actual
load refers to 380 000 population equivalents. In order to guarantee a clean effluent of the
WWTP complying with legal thresholds, a circular economy approach was implemented not
only to remove nutrients from the wastewater, but also to recover them in combination with
an enhanced energy recovery system. In detail, phosphorus and nitrogen are recovered via
the production of struvite and ammonium sulphate and the biogas production rate is
enhanced due to a thermal pressure hydrolysis.
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Benefits of an ammonium sulphate production unit via air stripping and gas scrubbing:
v' Robust process

In contrast to the microbial nitrogen removal via nitrification and denitrification, the nitrogen
removal via stripping and scrubbing does not rely on microorganisms and thus, the process is
very robust.

v Reduction of formation of N,O in the activated sludge process of the WWTP
Reducing the nitrogen return load to the mainline will stabilize the nitrogen removal and helps
to prevent overloads of the treatment capacity. As high nitrogen loads and high fluctuations
often lead to higher emissions of N,O from the activated sludge process, air stripping will also
lead to a decrease in emissions of this potent greenhouse gas.

4.1.3 Actions and case study objectives

Table 45 Action and case study objective in Braunschweig regarding ammonia recovery

NextGen
Case Study Technology intervention in

TRL Capacity Quantifiable target

& Subtask baseline circular economy
for water sector

L q Around
#l Bral'm- Irrlg.a_\tlorl ang | Ammonia stripping 2000 t/a Ammonium sulphate
schweig, | fertilisation of | g scrubbing to ammonium  [solution production:
Germany |agricultural fields TRL
produce sulphate >85% recovery from
with WWTP ; 9 .

Sub-task ] q ammonium solution (wet) |N load to recovery

uo-tas ettluentan sulphate solution corresponding |unit

1.4.7 digestate to 175 t N/a

4.1.4 Unique selling points
Unique selling points for the production of ammonium sulphate via air stripping and gas
scrubbing are:

v" High ammonia recovery rates related to the ammonium influent to the recovery unit

between 85% and 97%

v" Market-ready product: ammonium sulphate solution as a liquid fertiliser

v' Mature technology and robust process

v Reduction of N2O emissions vis reduction of nitrogen return load

4.1.5 Principal and main characteristics of the
technology

In the case study Braunschweig, three different technologies were implemented that are
interconnected with each other:

- thermal pressure hydrolysis,

- struvite production and

- ammonium sulphate solution production via air stripping and gas scrubbing.
This chapter focuses on the ammonium sulphate production plant.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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Nitrogen is one of the main nutrients contained in wastewater. In wastewater treatment,
nitrogen is usually removed biologically via nitrification and denitrification. There, the
nitrogen is emitted into the air. The process described here relies on chemical reactions and
offers the opportunity to recover the nitrogen in the form of ammonium sulphate solution.
The process is usually applied in sludge liquor that is rich in ammonium and at wastewater
treatment plants with a capacity of 100 000 population equivalents and greater.

In order to produce ammonium sulphate solution, two columns are used in sequence (Figure
41).The first column is the ammonia stripping unit (Figure 42). Here, the ammonium rich liquor
is stripped with air at a temperature between 55 °C and 65 °C and at a pH between 9 and 11.

NaOH e—H,S0O,
NH, Scrubber
Liquor | stripping
"l ~55°C — (NH,),SO,
Heat
—l
quugr WWTP (primary treatment)
Figure 41 Flow scheme of the ammonium sulphate production unit

Ammonium and ammonia depend on each other and their equilibrium depends on pH and
temperature. The higher the temperature is and the higher the pH is, the more the equilibrium
between ammonium and ammonia shifts to the ammonia side. In order to increase the pH to
alkaline conditions, carbon dioxide is stripped from the liquor and sodium hydroxide is added.
Under those conditions, ammonium reacts to ammonia and can be stripped out via air
stripping. In a subsequent gas scrubber, that is the second column, the obtained ammonia gas
reacts with sulphuric acid to ammonium sulphate. Hereby, the ammonia free air can be reused
and is injected in the air stripper again. The relation of the air flow compared to the liquor
flow is around 500.

(NH,),S0,

o stripplng@-,
unit

' storage
tank

Figure 42 Pictures of the ammonium sulphate production units, the storage tank and an ammonium sulphate
solution sample
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Ammonium sulphate solution is a nitrogen fertiliser. Typical concentrations are 37 — 40% of
ammonium sulphate in water. According to Szymanska et al. 2019, the reference fertiliser
efficiency describes the effectiveness of the ammonium sulphate produced by such a system
compared to that of commercially available ammonium sulphate. Both are in a similar range,
the reference fertiliser efficiency of the ammonium sulphate solution is between 89 and 103%
of that for commercial ammonium sulphate depending on the plant and soil type.

4.1.6 Requirements for the implementation of the
technology and operating conditions

In order to reach high ammonia yields, the fraction of ammonium in relation to the total
nitrogen content should be as high as possible. Up to now, the process was applied for
concentrations between 700 and 4000 mg NHs-N/L. However, technically a lower
concentration is also feasible. In this case, it should be investigated, if the process can be still
operated economically rewarding. Anaerobic digestion combined with an additional thermal
pressure hydrolysis can help to lyse and degrade organic compounds resulting in an increase
in ammonium concentrations.

Table 46 Requirements and operating conditions for ammonium sulphate solution production

Parameter Units Min Max Reference
NHa-N feed mg/L 700 4000 Bohler et al. 2012, Heinze (2022)
TSS feed mg/L - 600 Heinze (2022)
pH - 9.5 11 Heinze (2022)
Temperature °C 55 65 Heinze (2022)
4.1.7 Results: Ammonium sulphate production via air

stripping and gas scrubbing
In 2019, the ammonium sulphate production unit was implemented. As shown in Figure 43,
the process is running since almost 1000 days with periods of downtimes due to the
optimisation demand of the struvite production process. However, during the periods of
operation, the nitrogen recovery rates with respect to TKN ranged mainly between 88% and
97% in the expected range above 85%. Two optimal operating conditions were identified for
pH 11 with a temperature at 55 °C and for pH 9.5 with a temperature at 65 °C.

Due to the lower pH of 9.5 compared to a pH of 11, around 30% of sodium hydroxide was
saved. However, due to the higher temperature of 65 °C compared to 55 °C, the heat demand
increased. Because excess heat from the combined heat and power plant is available, the
operating condition with the lower pH is beneficial for Braunschweig.

A further decrease in the temperature below 55° C and down to 50°C at the pH of 9.5 resulted
in a recovery rate of 79% around day 900 that was considered as too low. Therefore, if a
recovery rate of 85% and higher is required, the temperature should be maintained at 55 °C
fora pHat9.5.
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Figure 43 Nitrogen recovery rates reach their expected range at 85% and higher with different operating conditions in pH
and temperature

The chemical composition of the ammonium sulphate solution is shown in Figure 44. The
nitrogen content is around 9% and complies with the German fertiliser ordinance (DUMV
2012) which requires a content above 5%.
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Figure 44 Chemical composition of the ammonium sulphate solution (n= 20 samples) compared to the legal requirements of

the German fertiliser regulation (DiMV 2012): Hg is critical, but the other parameters are far below the legal
thresholds

Correspondingly, the sulphur content is around 10% and hence above 6% as required by the
German regulation (DiMV 2012). For Ca, K, Mg, TP, Pb, Cr, Ni and Cd, their contents are below
their defined thresholds and below the limit value, for which they have to be labelled. For Cu
and Zn, the German fertiliser regulation (DiUMV 2012) does not provide any values as
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thresholds or for labelling. However, the regulation provides values for organic fertilisers in
terms of Cu and Zn. For a rough estimation, those values are used for comparison. The actual
contents are on average a factor 10 and a factor 50 below the limit for labelling indicating a
good quality. However, for Hg, its content is for every fourth sample above its legal threshold
and for every second sample very close to the limit value for labelling. Hence, for Hg the
ammonium sulphate solution does not always comply with the German fertiliser regulation
(DUMV 2012).

In order to investigate, what the source for the Hg contamination is, the concentration of Hg
was measured in the effluent from the struvite production unit that is equal to the influent to
the ammonia stripping unit (Figure 45).

Concentrations of N and Hg in the effluent Concentrations of N and Hg in the
from the struvite production unit ammonium sulphate solution
2 10 300 1000
o
=]
o
° 8 -
o 1.5 ° o — % 750
2 g o 200 1 =
c = -
S g ® 5 5
£ 1- I I . | E 500
-— = c
£ 34 8 3
3 . | & 51004 “T7 | §
o © ©
05+ " 250
| Max. expected
o .
1 100 concentration,
rr-r .
0 lil 0 0 if Hg would be
0 ‘ ‘ ‘ as volatile as
TKN Hg TKN Hg NH
3

Figure 45 Concentrations of N and Hg in the effluent from the struvite production unit compared to the concentrations in the
ammonium sulphate solution units.

The Hg concentration in the influent stream to the stripper is mainly below 1 pg/L. According
to Heidel et al. 2014, the gaseous emission of Hg in its elemental form is enhanced via aeration
and alkalisation at a temperature of 60 °C. Those conditions are met in the air stripping unit
with a pH at around 9.5 and a temperature of 65° C. Assuming, that Hg is as volatile as NHs,
the maximum expected concentration of Hg in the ammonium sulphate concentration is
estimated by the same concentration factor as for the nitrogen (TKN). It should be noted that
Heidel et al. 2014 observed a gaseous emission rate of only 35%, what is much lower than that
assumed here with 85-97% referring to the nitrogen recovery rate. Hence, in this worst case
scenario, the expected concentration of Hg would be equal to 1 pg/L *100 = 100 pg/L. Due to
the actual concentration in the ammonium sulphate solution which is a factor of 7.5 higher
than the expected one, the Hg contamination must have another origin. This suggests the
sulphuric acid to be the potential source for the contamination with Hg. Therefore, an analysis
of the sulphuric acid will be conducted in the near future.

In the Fertilising Products Regulation (EC 2019/1009), ammonium sulphate recovered from
sewage sludge and/or wastewater is not explicitly considered until now. Because the
ammonium sulphate solution will be used in Germany, the focus in NextGen was on the
compliance with the German fertiliser regulation.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°776541




\
JﬂeXtGeﬂ D1.5 New approaches - material

4.1.8 Comparison of the baseline situation and the
NextGen KPIs

Before the implementation of the ammonium sulphate production unit, nitrogen was
eliminated only via nitrification and denitrification in the WWTP in Braunschweig. The effluent
concentration of total nitrogen was on average 12 mg/L, what is very close to the legally
required 13 mg/L by the German wastewater directive (AbwV 2022). However, for
Braunschweig, the local authority defined even a stricter nitrogen concentration in the
effluent of 12 mg/L.

Due to the implementation of the ammonium sulphate production unit, the nitrogen return
load to the WWTP significantly decreased and thus, the resulting nitrogen concentration in
the effluent also decreased to 9.3 mg/L on average (Table 47). Hence, the requirements of the
German wastewater directive and local authority are fulfilled. The results in terms of the
ammonium sulphate production process and the ammonium sulphate quality are outlined and
discussed in detail in chapter 4.1.7.

Table 47 Crucial parameters to evaluate the nitrogen related processes after implementation of the NextGen technologies
Parameter Units Mean Standard deviation | Number of measurements | Comments

Wastewater to Flowrate m’/a 18.665.400 242.009
the WWTP yearly average

2019-2021
values of three years

Effluent from
WWTP

Solids from
WWTP to |Massflow t/a 2365 633
field yearly average
Solids from values of two years
WWTP to  |Massflow t/a 1549 250
incineration
Ammonium
sulphate  |Production
solution rate

Flowrate m3/a 17.784.307 225.118

2020-2021

Optimisation of the processes is ongoing:
t/a 2000 estimated flowrate after optimisation phase of the nutrient recovery
plant; actual recovery rate: 30% of expected rate

production
TP mgP /1 13.9 3
N /I
Wastewater to i?gj =& l{ 48399 11205
the WWTP mg/
CODjom mg/L 1009 151
CODy 420 34
filt mg/L continuously measured
TP mgP /1 0.6 0.5
N _ 2021
Effluent from iggj ok Nl{ 3 ; :
WWTP mg/ :
CODyom mg/L 43 8
CODﬁlt mg/L 37 5
Ammonium
N/1 125 52
sulfate N g/ 20
solution _|TP mgP /1 36 4.75

As already explained for the phosphorus, also the nitrogen was partly reused in agriculture
through the application of the digestate on the fields and the irrigation with the effluent of
WWTP. Now, to the additional recovery of ammonia from the liquor of dewatered digestate,
2000 t ammonium sulphate solution is expected to be recovered (Table 47). Thus, as soon as
the nutrient recovery plants will be operated during an entire year under optimised
conditions, 175 t N/year will be recovered via ammonium sulphate production and 17 t N/year
will be recovered via struvite production in addition. This corresponds to 13% of the influent
load to the WWTP.
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In Braunschweig, high nitrogen recovery rates between 85 and 97% were reached for two
different conditions: pH 11 at a temperature of 55 °C and pH 9.5 at a temperature of 65 °C as
shown in chapter 4.1.7. This was also observed in six other studies summarised by Sengupta
et al. (2015). They report about nitrogen recovery rates between 80 and 97% at pH conditions
between 8 and 11 and at temperatures at 50°C, 75°C and 80°C. The higher the temperatures
were and/or the higher the pH was, the higher the recovery rates were. Hence, a higher
process temperature allows the process to be operated at a lower pH in order to save
chemicals. This was also shown in Braunschweig. The increase from 55°C to 65 °C allowed the
decrease in pH from 11 to 9.5 maintaining the expected recovery rate above 85% at both
conditions. Hence, 30% of NaOH was saved due to the process temperature increase.

As already shown and discussed in chapter 4.1.7, the quality of the ammonium sulphate
solution highly depends on the quality of the sulphuric acid. In the case of the ammonium
sulphate produced in Braunschweig, the increased mercury concentration obviously resulted
from the sulphuric acid. For the other pollutants, the legal thresholds were far above the
measured concentrations indicating a high quality of the produced fertiliser. Table 48 shows
the corresponding average values and standard deviations for the quality parameters
referring to the ammonium sulphate solution and not to its dry matter content as in chapter

4.1.7.
Table 48 Quality parameters of the ammonium sulphate solution
Parameter Units Mean Standard deviation | Number of measurements |Comments
TKN g/L 125 52
Ca 65 28
Mg mg/L 10 8
K 37 47
Ammonium |Pb 722 447
sulphate  |Cd ug/L 93 97 20 2021
solution Cr 203 156
Cu mg/L 18 21
Ni pg/L 163 76
Zn mg/L 10 8
Hg pg/L 258 281
4.1.9 Lessons learned

At the case study in Braunschweig, three different technologies were implemented, that are
interconnected. The interaction of the single technical units is complex and has to be
considered in the system design. The system design, the installation, system control and
automation of the technological units worked well and only minimal optimisation was
necessary.

However, as with many other innovative processes, numerous unexpected problems
occurred, some of them were or are very time-consuming to deal with. Therefore, it is
important to have employees who are open to new processes and that technology suppliers
are available for a longer time period even after the commissioning of the system. In particular
for the ammonium sulphate production unit, the lessons learned are presented in this section.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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Required competence LOW — HIGH

A comprehensive training is needed to provide the knowledge that is needed and does not
belong to the classical wastewater treatment knowledge of a WWTP operator in Germany
such as:

e Ammonia air stripping

e Ammonia gas scrubbing in sulphuric acid
e Handling of hazardous substances (H2S04 96%, NaOH 50%, HCI 31%)

However, the process is easy to control, so that the recovery rate can be adjusted as
required. Due to the technology maturity, challenges during operation are rare compared
to the thermal pressure hydrolysis or the struvite production unit.

Maintenance ow I ...

The ammonium sulphate production unit is a mature and robust technology. It can be easily
switched on and off and is a low maintenance technology, if the requirements such as a
particle-free feed stream are fulfilled. In the case of the occurrence of scaling on the heat
exchangers and/or on the packing, the maintenance work of the plant becomes challenging.

However, in the case this technology depends on a pre-treatment such as the recovery of
struvite, downtimes of the pre-treatment will also cause downtimes of this technology.

Technologicl iss ow I s

The technological risk depends mainly on the chemical composition of the feed stream. For
the ammonia recovery unit, the feed stream must be free of particles. In the case, the feed
stream is prone to precipitation of certain minerals such as calcite or struvite, a
pretreatment is required to avoid precipitation in the ammonia recovery unit. In
Braunschweig for example, a struvite precipitation unit was implemented upstream of
ammonia recovery unit. In the case, the struvite precipitation unit does not retain the
struvite crystals completely, there is a risk of clogging or scaling, too.

The product quality of the ammonium sulphate solutions highly depends on the quality of
the sulphuric acid. Therefore, its quality should be considered and controlled, before it is
applied in the gas scrubber.

4.1.10 Best practice guideline to design and operate the
technology

Important aspects to consider during the design and construction of the plant:
- Suitable materials must be used for the system (corrosion resistant, etc.)
- Compliance with the country specific requirements for health and safety regarding the
operation of the process (handling of chemicals, etc.)

This project has received funding from the European Union’s Horizon 2020 research and innovation
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- System should be flexible and adjustable (also accessible for retrofitting work)

- Enabling heat recovery contributes to a lower CO; footprint of the process

- Using as much excess heat as possible to enable the operation of the process at a
higher temperature in order to run the process at a lower pH allowing to save NaOH

- Recommendation: pre-experiments should be conducted to investigate, whether
undesired precipitation processes might occur in the stripping unit, heat exchangers,
etc.

Important aspects to consider during the start-up of the plant:
- The process water must be as free as possible of particles.
- The chemical composition of the process water should be as constant as possible and
the flow rate should be sufficient high to run the process properly.
- Compliance with the country specific requirements for health and safety
- Sampling plan should be considered and the sampling documented.
- Functioning test for electricity and mechanics should be done.
- Leakage test should be done.

Crucial parameters for the optimisation of the production process:

- Chemical composition of the process water (phosphate and ammonium
concentrations, TSS) (Table 49),

- Chemical composition of sulphuric acid (possible contamination should be checked
such as Hg content)

- To control the ammonia recovery rate, temperature and pH are the crucial
parameters. As shown in chapter 4.1.7, the best results were obtained at a
temperature between 55 °C and at a pH of 9.5.

Table 49 Crucial operating parameters for the ammonium sulphate production process: ranges for the best results

Parameter Units Min \ Max
NHs-N feed mg/L >700
TSS feed mg/L <600
pH/T in stripping unit -/°C 9.5/55

This project has received funding from the European Union’s Horizon 2020 research and innovation
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4.2 Ammonium sulphate production via membrane
stripping in Altenrhein (CH)

Authors: Anders Nattorp (FHNW), Christoph Egli (AVA)

4.2.1 Description of the demo site

The WWTP of Altenrhein provides residential drainage-, wastewater- and sludge treatment of
17 municipalities in two federal states (St. Gallen and Appenzell-Ausserrhoden).

The treated water reaches Lake Constance via the mouth of the Old Rhine. Both Lake
Constance and the Old Rhine are considered priority water bodies for protection. Lake
Constance also serves as a drinking water reservoir. The topographical conditions around
these 17 municipalities vary greatly which makes the water transportation more challenging.
For this reason, special structures are required.

Sludge that is being treated in Altenrhein originates from their own water treatment and is
also being transported to the site by other WWTP of Eastern Switzerland. The WWTP of
Altenrhein (AVA) has advanced energy-efficient sludge management technologies for 300.000
PE of sludge: sludge is dried on site and is co-incinerated in cement works. The heat for sludge
drying is generated by burning of sewage gas and by heat recovery from wastewater using
heat pumps.

AVA took a full-scale removal of micropollutants by ozonation and active carbon adsorption
into operation in 2019 and an ammonia membrane stripping unit from sludge dewatering
employing an innovative membrane contactor with a novel low fouling membrane module in
2021. This represents a total investment of EUR 20 Mio in innovative technologies.

4.2.2 Motivation of implementing circular economy

solutions in the water sector

After the project AVA will have a clear idea of the technical and financial feasibility of on-site
activated carbon regeneration and production of fresh activated carbon using locally available
sludge and biomass. Long-term experience with full-scale installations for micropollutant
removal and N recovery gained with the installations at Altenrhein will reduce investment
risks, enhance chances of replicability. AVA also gathers the all necessary information to take
an investment decision regarding the construction of a PK-fertiliser production unit. This novel
thermochemical process transforms sewage sludge into a market grade PK-fertiliser. Thereby
heavy metals are partly removed and the fully plant available mineral phase CakKPOs is
produced. The process has been piloted in a large-scale pilot to gain further operational
experience.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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4.2.3 Actions and case study objectives

NextGen
Case Study Technology intervention in . ope
& Subtask baseline circular economy RS CaRecity Quantifiable target
for water sector
#4 Alten- Implementation of
rhein, Liquor from = e o
Switzer- sludge e TRL Production of
land dewaterinﬁ e T 733 Input: 8 m3/h afmrr?lc.)nium sulphate
returns to the | 5 ymonia recovery (fertiliser)
Sub-task WWTP as (NHa4)>S04
14.1

4.2.4 Unique selling points and benefits

Unique selling points for ammonium sulphate solution production via membrane stripping
are:
v Reduction of N20O emissions from the biological treatment

v" High ammonia recovery rates related to the influent to the recovery unit of typically
75%
v" Market-ready product: ammonium sulphate solution as liquid fertiliser

4.2.5 Principal and main characteristics of the
technology

Ammonia is a key component for fertiliser production, while ammonia and related compounds
in wastewater streams have adverse effects on the receiving water such as algal blooms and
toxicity problems. The hollow fibre membrane contactor (HFMC) technology is promising for
the recovery and removal of ammonia via stripping from highly-concentrated wastewater
flows.

Before the technology implementation in Altenrhein, the HFMC has been implemented at
WWTPs in Yverdon, Switzerland and Miinster, Germany (KUNST). A total of 10 stripping
(membrane, air) plants have been implemented so far. It is suitable for WWTPs for 100 000
population equivalents and more for a side stream treatment of sludge liquor after anaerobic
digestion. The Altenrhein plant is the first plant designed and built with pre-existing full-scale
experience. Before ammonia membrane stripping can be applied, several pre-treatment steps
have to be conducted in order to remove particulate matter and residual organics from the
sludge liquor and to reach the required elevated pH and temperature (see chapter 4.2.6). At
higher pH and temperature, ammoniacal nitrogen is mainly present as gaseous ammonia
(NHs).

The pre-treated liquor flows through the HFMC containing hollow fibre membranes (see
Figure 46). Those membranes are hydrophobic and gas permeable with a pore size of between
103 and 1 um. The HFMC has two channels: inside of the hollow fibres (lumen side) and
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outside of the hollow fibres (shell side). Due to differences in the ammonia partial pressure
across the membrane during operation, the ammonia gas is released from the liquor at the
shell side and diffuses to the lumen side. In the lumen side, it reacts with sulphuric acid to
liguid ammonium sulphate.

Ammonium sulphate solution is a typical nitrogen fertiliser which can be directly used by the
farmers. Typical N concentrations in the product of membrane stripping units range from 19
to 60 kg/m3 of nitrogen (Bohler et al. 2018). The relative fertiliser efficiency is similar to
commercially available ammonium sulphate (Szymanska et al. 2019).
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Figure 46 Left: HFMC in Altenrhein; right: flow scheme of the HFMC

4.2.6 Requirements for the implementation of the

technology and operating conditions

In order to reach high ammonia vyields, the fraction of ammonium in relation to the total
nitrogen content should be as high as possible. Anaerobic digestion combined with a pre-
treatment of sludge such as a thermal hydrolysis process can help to improve degradation of
organic compounds, resulting in an increase in ammonium concentrations and thus a higher
recovery potential.

Several pre-treatment steps for the total removal of solids and particles are an obligatory
prerequisite for the application of ammonia stripping membranes, as the membrane
tolerance to particles in the influent is very low. Furthermore, temperature and pH need to
be increased prior to the stripping process to shift the chemical equilibrium from ammonium
(NHa4) to free ammonia (NHs). First, the temperature is increased with heat exchangers (see
Figure 47). Then, in order to increase the pH with minimum chemical demand, CO is stripped
out from the liquor. Depending on the chemical composition of the liquor, CO; stripping can
increase the pH up to 0.4 units, and the buffering capacity of CO; is also removed (Bohler et
al. 2018). The pH is then further elevated up to a pH of 10 via dosing of sodium hydroxide in
order to maximise the ammonia fraction (Table 50). To remove precipitates (mainly CaCOs3)
and to prevent fouling and clogging of the membranes, the process is followed by a
flocculation and sedimentation step, a sand filtration and finally a cartridge filtration step.
Besides the efficient design of the multi-stage pre-treatment process for particle removal, a
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major challenge is to find the optimum operating point with a maximised nitrogen recovery
at a reasonable demand of chemicals and/or heat. Depending on the type of membrane
module, the temperature of the influent liquor should be limited to prevent thermal
decomposition of membrane potting. Altenrhein usually operated the process at 40 °C.
However, according to the manufacturer a maximum temperature of 50 °Cis still possible, but
should not be exceeded (Membrana 2021).

Incoming Fins- 100 pm Heat COo2- .
rer— . —_— \ Mixer 1
centrate separatorl Filter echanger 1 stripper
NaOH
Polymer —
Heat 3 um 5 pum ) Fins- .
— — — — Mixer 2
echanger 2 Filter Filter Sandfilter separator 2
NaOH
Heat — 1um —_— l L Outlet
echanger3 Filter
Membrane 2 Membrane 1
NaOH
l Fertilizer
H,O0 H,50, Tank extraction
Fertilizer l l
loop

Figure 47 Flow scheme of the ammonia stripping plant in Altenrhein

Table 50 Requirements and operating conditions
Parameter Units Min Max Reference
NHa (influent) mg/L 700 >4000 | Huang et al. 2020, Bohler et al. 2018,
Widmer, A. (2021)

TSS mg/L - 1000 | Widmer, A. (2021)

pH - 9 10 Bohler et al. 2018, Widmer, A. (2021)
Membrane °C 40 50 Widmer, A. (2021), Membrana (2021)
Temperature

4.2.7 Results

The plant was taken into operation in summer 2021. After gathering some experience, a more
intense monitoring was performed from 4" of October to 23™ of November by Adrian
Widmer, FHNW with support of the onsite personnel of AVA and with weekly or biweekly
project meetings with AVA, FHNW and the technology providers Membratec and Alpha.
The goals were to
1. resolve remaining technical issues for high runtime and low maintenance effort for the

plant

optimise the nitrogen-removal-efficiency of the membranes

optimise/reduce the input (chemicals, energy, costs)

get an overall idea of what input and effort is required for the technology

This project has received funding from the European Union’s Horizon 2020 research and innovation
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To this effect a parameter study for the CO; stripping and the membrane stripping was
planned. During the measuring campaign we encountered some limitations of the plant and
a considerable number of technical problems (see also next section “Technical limitations”).
Since the measuring campaign the plant has mostly been idle pending modifications to
improve performance and robustness of the process.

Performance

By measuring volumes, runtimes, and ammonium concentration at different points the
performance could be characterised. During this period on average 14% of the nitrogen was
lost in the first separator as sludge. Out of the remaining N 23% was lost in the pretreatment,
42% recovered in fertiliser and 35% remained in the return flow. The ammonia losses in the
pretreatment varied strongly due to the stripping conditions that were varied and to the inlet
concentration which varied due to the operation of the digester. They could not yet be
predicted and controlled.

The plant is designed for about 10% pretreatment losses, 75% removal as fertiliser and 15%
return flow and these values have been reached in a similar plant in Yverdon, Switzerland. The
measured N removal at the level of the HFMC membranes was 54% on average. This is in
contrast to the observation of Alpha that during the 2 first months of operation at this plant,
N removal was around 90%. A third of the losses after the first separator we observed in the
side stream (separation of sludge) and two thirds in the form of ammonia stripping. The
operation conditions (on average 40°C, pH 9) yielded on average 54 g NH4-N/L (Figure 48).
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Figure 48 Ammonia concentration evolution over time in the fertiliser

A feasibility study on a forward osmosis unit was performed by Alpha. Based on lab results
and measurements in the unit in Yverdon it was shown that with some additional energy input
the output could be concentrated up to 80 g NH4-N/L, which is the limit for safe storage
without risk for precipitation.
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Different batch tests were performed with the fertilizer produced by the stripping unit of
Yverdon (similar concentration to Altenrhein product e. g. 30 to 50 g N /L). The fertiliser was
constantly recirculated from a tank through the membrane contactor. A counter-current flow
of NaOH (originally) 50% was circulated on the other side of the contactor (Figure 49). When
the target concentration is reached (80 g N/L), the fertiliser is extracted to a final storage tank.

NaOH tank

stripping tank

concentration
tank

HFMC

Final storage tank

Figure 49 Simplified diagramme showing the concentration unit implemented in Yverdon

The concentration and the volume of the fertiliser and of the caustic soda were closely
monitored to determine the water fluxes and the impact on the caustic soda concentration.

Table 51 gives a summary of the assays. The production flux of fertiliser by the stripping unit
is 42 L/h, with an average concentration of 42 g N/L. The concentration unit is able to increase
this concentration to 82 g N/L, meaning that about half of the water contained in the original
fertiliser is removed and transferred to the caustic soda solution. As this water flux is 22 L/h
(which is half of the fertiliser flux in the stripping units), both processes can work at the same
pace.

Table 51 Summary of the main exploitation parameters monitored during 6 weeks of operations.

Stripping fertilizer Concentration unit Caustic soda
[0]

5 : 5 S 2 5 S
= = o o = =
© = > % E = =
o £a 2 gEa s 4 2_ % g £
£ T &2 g =82 £ ¢ g7 B 38 w3

=N X & £z e T2z E® £ B < z @ £28- 82~

SE T2 8@ 0 £8=2 L& =z& =2 =E&E E8& I8
Week 1 0.6 38 26 11 84 0.3 26 29 0.2 35 33
Week 2 5.0 45 50 108 81 19 158 25 2.3 33 25
Week 3 1.6 39 45 49 82 0.9 72 19 0.8 25 20
Week 4 3.9 42 45 113 82 2.3 193 19 1.9 20 24
Week 5 4.3 42 43 125 81 2.6 210 19 2.1 24 24
Week 6 3.8 43 41 111 82 25 208 19 1.8 24 26
Average 3.2 42 42 86 82 1.8 144 22 15 27 25

During these 6 weeks of operation, the concentration of the caustic soda slowly decreased, to
reach a concentration of about 25%. This change in concentration explains why the water flux
measured in the concentration unit gets smaller over time (from 29 to 19 L/h). The less the
caustic soda is concentrated, the slower water is removed from the fertiliser, due to lower
osmotic pressure differences. This equilibrium concentration of 25% can then be used to
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resize the dosage pump that inject caustic soda in the pretreatment step of the stripping
installation, as it is significantly lower than the initial concentration of 50%.

This concentration unit prototype demonstrates that N stripping fertiliser produced by the
WWTP of Altenrhein could be easily concentrated on site, with limited OPEX. Indeed, this
distillation simply takes advantage of the high concentration of NaOH, but without consuming
it. It also relies on a similar type of membrane contactor that is used in the N stripping unit.

The plant was only in operation on average 13 hours per day (Table 52), because of frequent
interruptions by the process control system.

Table 52 Average runtimes of the plant over the 51 days

System part Runtime per day [h]
Pretreatment 13.1

Membranes 12.4

Fertiliser extraction | 2.6

Technical limitations, energy and materials consumption

The centrate quality was monitored (Figure 50). Especially the strongly varying ammonium
concentration leads to varying operation conditions in the plant. The average ammonium
(1300 mg N/L) concentration was higher than the design concentration (900 mg N/L).
Therefore, the NaOH dosage pump is at its limits (Table 53) and this is part of the explanation
why N removal by the membrane is lower than what was expected.

The characteristics of all relevant pumps and other aggregates were recorded and their power
usage and energy consumption calculated. Machines with a different runtime compared to
the overall production time of the plant, were considered with the data of the process control
system. The plant uses two heat exchangers to transfer heat to the input stream from the
output stream. Additional heat is added with the WWTP thermal oil heating system to make
up for losses. During the measuring campaign data on both specific heat consumption and
specific chemicals consumption could be gathered.

A number of technical problems could be solved, thus improving the functioning and reducing
the downtime of the plant (Table 53).
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Table 53 Encountered technical problems and solutions

Problem

Status

Inferior acid quality,
contaminated with
iron and organics,
which had
precipitated in the
membranes and
which led to a loss of
membrane integrity

Partly solved. When the measuring campaign started, the recovery
efficiency was already below the design efficiency and with time the
efficiency dropped further (Figure 51). This is explained by the loss of
membrane integrity and by a clogging of the membrane fibres, both
due to iron contamination. Standard cleaning program and manual
acid-base cleaning was not sufficient. After the measuring campaign
the membranes were sent for more thorough cleaning by the
provider, but a complete recovery of membrane performance seems
unlikely.

Undersized pump
for the extraction of
the fertiliser

Partly solved. The loss of membrane integrity and the high N
concentrations in the centrate caused a bigger production flow of
water from the centrate to the fertiliser, which was too important for
the extraction pump. Replaced, but probably larger pump needed.

Undersized caustic
soda pump

Solved. The pump was dimensioned for a lower N concentration in
the centrate and was close to its limit.

Undersized sulfuric
acid pump

Solved. The pump was dimensioned for a lower N concentration in
the centrate and was close to its limit. Pump head changed and pump
recalibrated.

Wrong computation
of thermal power
from heating system

Solved

High loss of N during
pretreatment

Not solved yet, but several possible options are being pursued:
e A better separation of fines in the centrifuge to reduce the

sludge in the first separator. This sludge could also directly be
recycled to the dewatering, thus minimising process efforts.
This sludge thus causes relatively small efforts compared to
losses to air that occur later.

e Optimisation of the CO; stripping to reduce co-stripping of
NHs3

e Less ventilation of the tanks to reduce NH3 evaporation.
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Figure 51 Removed fraction of nitrogen in total and by the membranes over the 51 days

4.2.8 Comparison of the baseline situation and the
NextGen KPIs

The observed capacity and estimated potential were summarised in Table 54. When standard
runtime (7.500 h/a) can be achieved the plant will have the capacity to treat the total amount
of centrate in Altenrhein. Some aggregates might have to be re-dimensioned (e.g. NaOH
dosage).

The specific energy and chemical consumption (NaOH, H.SO4) of the new plant could be
characterised. These are equivalent or better than the plant in Yverdon. This is crucial, since
NaOH consumption is the main driver of cost and environmental performance of this process.
The losses in the pre-treatment are higher than expected and the membranes were partly
clogged. AVA and Alpha expect that to reach the specified yields once the plant has been
overhauled.

The recovery of ammonium as a fertiliser is a nice effect of the stripping process. However,
the following advantages might be more decisive for choosing this technology:
e Reduction of N;O emissions in the biological treatment

e Reduction of aeration and tank size needed for the denitrification in the biological
treatment and/or
e Reduction of the nitrogen concentration in the effluent

This project has received funding from the European Union’s Horizon 2020 research and innovation
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Table 54 Characteristics of the Altenrhein plant, characteristics of the Yverdon plant (first plant delivered by Alpha) and
estimated future performance of the Altenrhein plant

Measured | Membrane stripping | Expected value, basis
plant in Yverdon for assessment
Throughput 133 m3/d 90 m3/d 10.2 m3/h
13 h/d 7500 h/a
10.2 m3/h 22 h/d 77’000 m3/a
4 m3/h
Product concentration 54 80 (after a 77
(8 NH4-N/L) concentration step)
Specific electricity 0.5 1.54 Stripping: 0.5
consumption (kWh/m?3) Concentration: 0.15
Specific heat consumption 8 214 8
(kWh/m?3)
Specific NaOH consumption 0.9 1.5 1
(mol/(mol N1))
Specific H2SO4 consumption 0.6 0.6 0.6
(mol/mol N?)
Loss in first lamella separator 14 15
(%)
Lost in pretreatment (%)? 23 3 (sludge)+7 (air)?
In fertiliser (%)? 42 78 75
Return flow (%)? 35 18 15

1Mol N at the point of contact, not at the inlet
2Based on the stream after the first lamella separator
3 Recycled to the digester via the acid scrubber

4 Bohler et al. 2015
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4.2.9 Lessons learned

Required competence LOW — HIGH

A trained wastewater treatment foreman with training on the job can operate the plant.
Safety training for the use of strong acids and bases is necessary.

Maintenance LOW HIGH

The plant requires about one full day of maintenance monthly. Active intervention from
the operator including unforeseen events requires about one hour per day. No external
experts are required for maintenance. Alpha and Membratec expect to reduce the need
for maintenance drastically in 2023.

Technological risks LOW HIGH

Downtimes are caused by failures of instruments and the process control system and
failure of machines, and by automatic cleanings of some elements.

The frequency of plant downtimes in stable operation cannot yet be estimated. The first
half year they were frequent. Downtimes can vary from a few hours to several days or
weeks if a machine needs to be repaired or replaced.

The pretreatment is operated and serviced by the WWTP. In contrast the membrane plant
will require expertise from the technology provider (Alpha) for service and startup, likely
several times every year.

Like for many plants proper maintenance and sufficient spare parts can reduce
downtimes.

4.2.10 Best practice guideline to design and operate the

technologys

Plant construction requires normal project management with submissions etc. Since the
process is not yet state of the art guaranteed performance values are of great importance.
The business case has large uncertainties due to strongly fluctuating price dependence on
international supply. The high consumption of chemicals increases cost uncertainty.

It is important that the WWTP is equipped with a centrifugation step allowing to separate
efficiently the liquid from the solid anaerobic sludge. Ideally, the centrate should contain less
than 100 mg TSS/L. It is also advisable to have a tank (> 100 m3) big enough to store centrate
between the centrifugation and the stripping steps in order to enable constant input flow and
concentration.

Operating parameter ranges are summarised in Table 55.
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Table 55 Best results were obtained with the presented operating conditions

Range, concern Concerns
CO; stripping temperature 30-40°C limit ammonia loss
CO; stripping air flow 5-20 m3/(m3 centrate) | limit ammonia loss
Ammonia stripping pH 9-10 limit NaOH consumption
Ammonia stripping 40-50°C ammonia yield, membrane stability,
temperature water diffusion, heat consumption
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4.3 Ammonium sulphate production via ion exchange
and hollow fibre membrane contactor in Spernal
(UK)

Authors: Ana Soares (UCRAN) and Peter Vale (Severn Trent)

4.3.1 Description of the demo site

Spernal wastewater treatment plant (WWTP) is a medium sized plant serving the towns of
Redditch and Studley located approximately 24 km south of Birmingham (UK) (Figure 52). The
site has a dry weather flow of 1’150 m3/h (or 27’6000 m3/day) serving 92’000 population
equivalent. Spernal WWTP includes a preliminary treatment, primary treatment, an activated
sludge plant, secondary clarifiers, and sand filters. The treated effluent is discharged to the
River Arrow, which is designated as a sensitive area under the Urban Wastewater Treatment
Directive (UWWTD) and has an overall water body status of moderate under the Water
Framework Directive (WFD). The sludge produced on site, and other local rural works, is
further treated in anaerobic digesters and dewatered before being recycled to local farmland
and industries. The biogas produced by digesters is burnt in combined heat and power (CHP)
engines to produce heat and electricity.
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Figure 52 Location of the Spernal wastewater treatment plant (WWTP) within the United Kingdom (left) and local map (right).

Spernal serves as Severn Trent Water’s “Urban Strategy Demonstration Site” where emerging
technologies compatible with low energy demand, low greenhouse gas emissions and a
circular economy approach are being evaluated (Figure 53). The “Urban Strategy
Demonstration Site” contains all the infrastructure; power, wastewater feed, drainage,
telemetry and biogas handling equipment necessary for the NextGen trials, together with
office and laboratory facilities. Among the technologies tested is a multi-stream
demonstration scale anaerobic wastewater treatment plant for carbon management and ion
exchange processes for nutrient management (Figure 54). The demonstration plant
incorporates an anaerobic membrane bioreactor (AnMBR) complete with a membrane
degassing unit to recover dissolved methane. AnMBR combines several benefits such as: no
aeration energy for removal of COD/BOD, low sludge production and associated treatment
efforts, biogas production (production of electricity/heat), pathogen and solids free effluent
which can be re-used in several applications (e.g.: farming and industrial use). The ion
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exchange (IEX) process enables targeted ammonia (N) and phosphorus (P) removal and
recovery to produce a high quality effluent whilst recovering calcium phosphate salts and
ammonia sulphate solutions.

Spernal Urban
Strategy
Demonstration
Site

Figure 53 Areal picture showing the Urban Strategy Demonstration Site at Spernal WWTP and the location where the NextGen
demonstrator was built
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Figure 54 Areal picture showing the NEXT-GEN demonstrator including the anaerobic membrane reactor and degassing unit
(top) and the schematic representation of the process (bottom).
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The data gathered at the Spernal WWTP innovative technology flowsheet aims to
demonstrate and showcase the viability of this transformative approach to wastewater
treatment in cold- climate northern European countries, enabling a future of energy recovery
combined with effective recovery of nutrients. The project confirms the optimal design and
operating parameters to deliver a comprehensive energy balance and cost benefit
assessment.

4.3.2 Motivation of implementing circular economy

solutions in the water sector

The water sector is a relatively large user of energy and a significant emitter of fugitive
greenhouse gases (nitrous oxide and methane) it is therefore incumbent on water utilities to
address the challenge of climate change by striving to reduce its carbon footprint.
Transitioning to a more circular way of operating; reducing the amount of energy and
chemicals required in treating water and recovering and reusing the energy, materials and
water that is plentiful in wastewater will become a central strategy of water utilities.

The AnMBR/ion exchange flowsheet, once proven, can deliver an energy neutral wastewater
treatment process, reduce process emissions by removing the main contributor to nitrous
emissions — biological nitrification and denitrification and facilitate resource recovery through
producing a solids free disinfected effluent ideal for nutrient (N and P) recovery and/or the
recovery of water and nutrients through fertigation.

4.3.3 Actions and case study objectives

NextGen

Technol i ion i
Case Study Technology intervention in TRL Capacity Quantifiable target

& Subtask baseline circular economy
for water sector

Nutrient recovery
via adsorption / ion Ammonia stripping
#5 Spernal,| Spernal WWTP [exchange (IEX): or membrane
United | serves as Severn [N removal (zeolite 10 m3/d processes can be
Kingdom | Trent Water’s column) &N TRL |nhutrient used to produce
“Urban Strategy [r€covery (@ammonia| g >7 stripped ammonia solution at
Sub-task | Demonstration [stripping or effluent 3-5% or ammonium
1.4.5 Site” membrane sulphate,
processes) respectively.
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4.3.4 Unique selling points

lon exchange (IEX) for nutrient ammonia and phosphorus removal and recovery and the
hollow fibre membrane contactor (HFMC):

v High recovery rates: up to 95% of ammonia and 90% of phosphorous
v High product water quality which can be used in the chemical and fertiliser industry
v' Low energy consumption
v" Simple equipment and low maintenance cost
v' Compact system with very small footprint
v" No sludge production
v" No start-up period required (can be switch on or off on demand)
v" Low chemical consumption due to regenerants restoration and re-use
4.3.5 Principal and main characteristics of the

technology
lon exchange (IEX) is one of the promising technologies for removal and recovering nutrients
from wastewater streams. Currently, the most used ion exchange media for ammonium
removal are zeolites. These contain a crystalline aluminosilicate mineral within a framework
of silica and aluminium tetrahedra linked by their corners through oxygen atoms. Cations
present in the wastewater (usually NHs*, Na*, Ca?*, K* and Mg?*) can penetrate inside cages
and channels within the zeolite matrix and be exchanged with the surroundings. Engineered
zeolites, like the one used in NextGen, have suffered chemical modifications to increase their
selectivity towards ammonium.

The components of the demonstration plant IEX include a compressed air diaphragm pump,
storage tank for the regeneration chemical, 1 IEX column of zeolite-N resin for ammonia
removal (Figure 55). The IEX column for ammonia removal was 22 cm in diameter and 158cm
in height. The column was filled with 28 L of zeolite-N to have an empty bed contact time of
40 min. Shorter empty bed compact times would be possible with this technology (10 min of
N removal) but the operation was limited to volume of AnMBR effluent that could be
transported and stored, at around 1 m3/d over 5 days a week. This was related with
restrictions at Spernal WWTP to house the IEX demonstration plant, as an alternative this was
located at the Cranfield University UKCRIC National Research Facility for Water and
Wastewater Treatment. The entire demonstration plant was assembled on a steel rack. The
ion exchange media must be regenerated when the desired effluent concentration is reached.
The regenerant solutions used are 2% NaOH solution. The nutrients were then recovered from
the saturated regenerant.

Ammonia was recovered in the form of ammonium sulphate, (NH4).SO4 via a membrane
stripping system with sulphuric acid (H2SOa4). For this, a commercial hollow fibre membrane
contractor (HFMC) (Liqui-Cel® 1.7x5.5 MiniModule®, Membrana GmbH, Wuppertal, Germany)
was used to strip ammonia from the concentrated solutions in contact with a 2% wt. sulfuric
acid (Figure 55).

This project has received funding from the European Union’s Horizon 2020 research and innovation
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Figure 55 Schematic representation of the ion exchange plant for ammonia and phosphorus removal and recovery (top) and
pictures of the technology at Cranfield University (middle) and ammonia recovery technology (bottom)

4.3.6 Requirements for the implementation of the
technology

It is required to have nearly no solids and low organic matter. This is because solids will cause
plugging in IEX columns and elevated organic matter concentration can cause biological
fouling of the media. Full technology requirements are described in Table 56.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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Table 56 Required operating conditions of the IEX process for nutrient removal and recovery

Technology Parameter Units Mean Reference
lon exchange IEX Flow rate m3/d 1-10*
Influent [Temperature °C 4-25
I[EX Flow rate m3/d 1-10*
Effluent [Temperature °C 4-25
- Own data
Ammonia Regenerant NHs-N mg/L 400-1000
membrane Ammonia mass transfer, KLa L/h 0.5-2
stripping system N recovery rate % 95
H2S04 consumption t/a 0.2

* flow matches the IEX design for this specific project, very simple to upscale to higher flows

4.3.7 Results

The influent NHa-N concentration to the IEX was relatively high at 56.9 + 9.73 mg NHa-N/L
(Figure 56). The first 325 bed volumes (BV) operation where aimed at reaching saturation, i.e.,
a breakthrough curve. In this first cycle, the effluent NH4-N concentration increased from 5.3
mg NHs-N/L and reached 28.6 mg NHa-N/L. Further to this, in the breakthrough curve, the bed
saturation was not reached as the ammonia concentration to influent ammonia concentration
ratio (C/Co ratio) was 0.6 meaning that saturation was not achieved and the adsorption
capacity was 10.6 mg NHs-N/g media. Then the first regeneration was conducted.
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Figure 56 Influent and effluent ammonia concentrations during operation of IEX demonstration plant
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After the 1st adsorption cycle, the following regenerations were applied after 2 m? of AnMBR
effluent was treated. Figure 56 shows the IEX influent and effluent NHs-N concentrations
against BV treated from the 2nd to 6th adsorption cycles. Throughout the operation from 1st
to 6th adsorption cycles, the average effluent NH4-N concentration was 1.6 mg NH4-N/L, with
an average removal of 97.3%. When looking at the shape of the curve of the effluent ammonia
concentration after regeneration, it is possible to see that concentration took some BV to
decrease, this was likely due to poor rising of the regenerant in between cycles. The IEX
process was overdesigned (i.e., the IEX column had a very large size and capacity, as it was
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designed to process at least 10 times the used influent flow here used, limited to 1 m3/day).
Only 1 m3/day anMBR effluent could be transported from Spernal to Cranfield due to
transporting company requirements and restricted storage space on both sites (a fact that
only came to light at the very start of the tests), nevertheless the IEX design was made for 10
m3/day of anMBR effluent. As such, the IEX column was large and not rinsed properly with
only 1 BV of water after regeneration. This lead to high ammonia concentrations left in the
column walls and still around the media after regeneration and that it took some BV of
operation with wastewater to be completely washed away and ammonia adsorption to be
recorded. Nevertheless, the process was efficient and high ammonia removal was achieved.
The ammonia exchange capacity obtained was similar to previous studies completed at a
range of scales and also with secondary effluents origination from trickling filters Table 57.

Table 57 IEX media for ammonia removal and exchange capacity from other studies

Bench test/ IEX media Ammonia exchange | Regenerants | Reference
pilot plant capacity used
Bench scale Zeolite-6 0.18-17.15 mg NHa- | 10% KClI (Guida et al.
N/g media 2020)
Zeolite-N 2.35-23.83 NHs-N/g
media
10 m3/d, demo plant | Zeolite-N 0.9-17.7 mg NHa4/g 10% KCI (Guida et al.
using trickling filter media 2021)
effluent from WWTP

The regenerant accumulated high concentrations of ammonia (Table 58) that could be
recovered in the HFMC process.

Table 58 Ammonia concentrations in regenerant at the end of each regeneration

Regeneration cycle NHa-N concentration in regenerant (NHs-N in mg/L)
15t (end) 1090
2" (end) 1540
37 (end) 1745
4t (end) 1750
*5th (end) 334
6™ (end) 660

*new regenerant was prepared for the 5™ regeneration cycle onwards

The NH4-N concentrated in the IEX brine was recovered by HFMC and the recovery efficiency
(NaCl 10%, pH 11) reached to 99.8% (complete recovery) after the recirculation of the brine
360 times through the HFMC corresponding to a total operating time of 6.7 hours (Figure 57).
In brine with an initial ammonia concentration of 890 mg NH4-N/L was decreased to 25 mg
NHz-N/L after 250 cycles in the HFMC. The dissolved ammonium sulphate that accumulated
within the acid side was then recovered as a solid product by evaporation of the acid phase.
The chemical characterization of the product recovered from the IEX brine was analysed by
energy-dispersive X-ray spectroscopy (EDX) analysis and the elemental composition of
ammonium sulphate was identified in atomic percentage which was revealed the purity of the

£ This project has received funding from the European Union’s Horizon 2020 research and innovation
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product. The elements comprising ammonium sulphate were solely detected and the
proportions were found to be close to the chemical formula of ammonium sulphate (Table

59).
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Figure 57 Ammonia concentration in the treated brine and the NH; recovery efficiency by HFMC
Table 59 EDX analysis of the recovered ammonia product
Elemental composition (atomic %)
N 0] S
Ammonium sulphate 28.6 57.1 14.2
(chemical formula)
Ammonium sulphate (recovered | 25.5 55.6 18.8
product from IEX)
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4.3.8 Comparison of the baseline situation and the NextGen KPIs
The existing Spernal WWTP constitutes the base case to provide a comparison to the NextGen Spernal demonstrators. The base case is shown in

(Table 60):
Table 60 Base case: Spernal WWTP flow rates, standard influent and effluent parameters
Parameter Units Mean value | Standard Frequency of Summer | Standard | Winter | Standard | Considered
deviation the measures mean deviation | mean | deviation years for
value value the
analysis

Influent | Flowrate m*/h 1267 447 Daily 1114 344 1422 484 2018
Effluent | Flowrate m¥h 1097 324.7 Daily 921.4 195.8 128 330.7 2018
Influent CoD mg O,/L 861.2 520.8 Twice per month 947.7 604.5 759 405.1 2018

to the
Spernal BOD;s mg O,/L 276.1 172.3 Twice per month 322.7 192.8 2211 132.3 2018

WWTP
TSS mg/L 515.2 300.6 Twice per month 536.9 358.3 489.6 228.9 2018
TN mg N/L 32.6 71 twice per month 34.7 4.3 30 9 2018
NH4-N mg N/L 31.0 8.2 Twice per month 34.2 4.6 27.2 10.0 2018
TP mg P/L 7.5 3.3 Twice per month 8.46 3.5 6.3 2.9 2018
Effluent COoD mg O,/L 446 11.5 Twice per month 43.69 111 457 12.4 2018

from
the

SPer_fll_sl BODs mg O2/L 3.6 27 Twice per month 4.2 27 29 2.6 2018
TSS mg/L 9.8 6.9 Twice per month 7.2 3.6 12.8 8.6 2018
TN mg N/L 34.5 52 Twice per month 341 56 35.0 4.9 2018
NH4-N mg N/L 24 1.1 Twice per month 2.0 1.0 2.8 1.1 2018
TP mg P /L 1.2 0.3 Twice per month 1.2 0.3 1.1 0.3 2018

The Spernal WWTP is a medium sized plant and treats an average daily flow of 27 ML/d to a 10 mg BOD/L, 25 mg TSS/L, 5 to 10 mg NH4-N/L and
2 mg P/L standard. The plant includes a preliminary treatment (6 mm screening and grit removal), conventional primary settlement tanks with
iron dosing for P removal, secondary treatment comprising of trickling filters for 33% of the flow and activated sludge for the remainder and
tertiary sand filters.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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Effluent from the plant presents COD of 44.6 + 11.5 mg/L, BOD of 3.6 + 2.7 mg/L, total
suspended solids (TSS) of 9.8 + 6.8 mg/L; a total nitrogen (TN) content of 34.5 + 5.18 mg/L,
and a total phosphorous (TP) of 1.18 + 0.3 mg/L. In this case, the quantity of microorganisms
for both influent and effluent is not shown as it is not measured regularly. The overall quality
of both influent and effluent is better during the winter period.

In addition, the effluent from Spernal base case is defined in Table 61, and compared with the
effluent from the combined NextGen technologies tested, i.e., the effluent from the IEX
system.

Table 61 Effluent quality — potential water for re-use produced in the base case and NextGen

Parameter Units Mean value Star.mda.\rd Frequency of
deviation | the measures
Base case Flowrate m3/h 1267 447 Daily
Influent
Base case Flowrate m3/h 1097 324.7 Daily
Effluent
Effluent from CcoD mg O2/L 44.6 11.5 Twice per month
thsvsvp:;:_:lal BODs mg O2/L 3.6 2.7 Twice per month
TSS mg/L 9.8 6.9 Twice per month
TN mg N/L 34,5 5.2 Twice per month
NHa-N mg N/L 2.4 1.1 Twice per month
TP mgP /L 1.2 0.3 Twice per month
Effluent from CoD mg O2/L Still being determined but 19 Daily
NextGen <50
(after all BODs mg O2/L Still being determined but 10 Daily
processes <25
including IEX) TSS mg/L <1 Daily
TN mg N/L <1 Daily
NHas-N mg N/L <2 Daily
TP mgP /L <1 Daily
E.coli CFU/100 | Still being determined but Monthly
mL <3350
Total CFU/100 | Still being determined but Monthly
Coliform mL <8700
Faecal CFU/100 | Still being determined but Monthly
Coliform mL <4600

No products are recovered yet at the base case in Spernal at the full-scale treatment plant
with activated sludge as secondary treatment process.

However, according to the outcome of the lab tests, 1.1 kg (NH4)2S04/d with an influent flow
rate of 500 m3/d are expected to be produced as solid crystals. This corresponds roughly to
19.4 t (NH4)2S04/a (i.e., 2.05 t N/a) that might be expected from a full-scale plant referring to
100,000 PE.

The quality of the recovered product can be found in Table 59. More detailed analysis is being
completed for the ammonium sulphate, but not yet available.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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4.3.9 Lessons learned: ion exchange process for
ammonia and phosphorus removal and recovery

Required competence LOW — HIGH

The ion exchange and ammonia recovery units are new technologies for the water sector
with a complex operation. Knowledge of the specific operation and maintenance
procedures are necessary.

Maintenance LOW HIGH

The frequency of plant maintenance per month comprises roughly two days. The duration
of a normal maintenance procedure is 2h and the duration of active process control per
day (manual process control, unforeseen events) is roughly 1 h. No external experts are
required to conduct the maintenance procedure.

Technological risks LOW — HIGH

A reason for a downtime might be, that the effluent quality is not maintained by frequent
regenerations, because it is missed due to spot sampling alone. However, plant
downtimes have not been observed so far.

A measure to avoid such a downtime is having a full automated plant with online sensors,
which trigger regenerations.

4.3.10 Best practice guideline to design and operate the
technology

Important to consider during the construction of the plant:
e process has a bespoke design,
e understanding of contact times,
e availability of IEX media and
e health and safety related aspects of chemical storage

Crucial for the start-up of the plant is an operator training for a good process understanding.

Parameters that are crucial for the optimisation of the production process:
empty bed contact times,

regeneration frequency,

product recovery routines

recover regenerants achieving a low chemical input process

The ranges for those to gain the best removal and production results still need to be clarified
via a full plant automation with the required sensors.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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5. Phosphorus removal and recovery

Three cases studies investigated different technologies to recovery phosphorus. In
Braunschweig, a struvite production unit was implemented with a TRL of 9, in Altenrhein, a
PK-fertiliser production pilot plant was constructed with a TRL of 7 and in Spernal, a
hydroxyapatite production unit was installed with a TRL of 6.

5.1 Struvite production in Braunschweig (GER)
Authors: Anne Kleybocker (KWB) and Janina Heinze (AVB)

5.1.1 Description of the demo site

The wastewater treatment plant Steinhof, near Braunschweig, has a long tradition of water
and nutrient reuse. Already at the end of the 19th century, fields were irrigated with sewage.
From 1954 on, the wastewater was mechanically clarified and reused for irrigation. Finally, in
1979, the wastewater treatment plant (WWTP) was built and comprised a conventional
activated sludge treatment system and a digestion stage. Until 2016, in summer, the digestate
was directly reused in agriculture, while in winter, the digestate was dewatered and stored
until the summer season. However, due to the new legislation in Germany, since 2017 only
60% of the digestate can be applied on the fields. The reasons are restricted periods for
fertilising with digested sewage sludge and the limitation of the nitrogen load to the
agricultural fields. Thus, the other 40% of the digestate were dewatered and incinerated.

In 2019, a new circular economy concept was implemented. Here, energy recovery
technologies are combined with nutrient recovery technologies. Therefore, the sludge
management concept was adapted to increase the nutrient recovery rate and simultaneously,
as a synergetic effect, the biogas recovery rate increased. Hence, circular economy solution
comprises a thermal hydrolysis process between two digestion stages and a full-scale nutrient
recovery plant consisting of a struvite production unit to recover phosphorus and an
ammonium sulphate solution production unit to recover nitrogen.

The secondary fertilisers will be reused by the local farmers and the produced energy in the
form of biogas and heat is reused by the plant itself.

5.1.2 Motivation of implementing circular economy

solutions in the water sector

The original WWTP was designed for 275 000 population equivalents. However, the actual
load refers to 380 000 population equivalents. In order to guarantee a clean effluent of the
WWTP complying with legal thresholds, a circular economy approach was implemented not
only to remove nutrients from the wastewater, but also to recover them in combination with
an enhanced energy recovery system. In detail, phosphorus and nitrogen are recovered via
the production of struvite and ammonium sulphate and the biogas production rate is
enhanced due to a thermal pressure hydrolysis.

Benefits of a struvite production unit are:
v Reduction of the phosphate return load of a WWTP

This project has received funding from the European Union’s Horizon 2020 research and innovation
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The WWTP profits from the reduced phosphate return load. Thus, a part of iron or aluminium
salts often used for a conventional chemical removal might be saved due to the lower return
load.
v’ Prevention of clogging events in pipes

Depending on the chemical composition of the wastewater and the pH conditions, struvite
can precipitate in undesired parts in the wastewater treatment plant e.g. in pipes leading to
scaling and clogging. Due to a controlled removal of the phosphate from the liquor, those
processes will be diminished or even avoided in the subsequent plant parts.

5.1.3 Actions and case study objectives

Table 62 Action and case study objective in Braunschweig regarding struvite production

NextGen

Case Study Technology intervention in . o
& Subtask baseline circular economy TRL  Capacity SUEGILEL ST
for water sector
#1B - igati
ral'm Irrlg.a_\tlorl and Around 300 t/a . .
schweig, | fertilisation of B e e . Struvite production:
. . p struvite
Germany |agricultural fields f TRL . |>80% recovery from
ith recovery ror 9 corresponding load
with WWTP [ vite production to 37t P/a and P load to recovery
Sub-task effluent and 17 t N/a unit
1.4.7 digestate

5.1.4 Unique selling points
Unique selling points for the production of struvite from process water and other advantages
are:
v High phosphorus removal and recovery rates related to the influent to the recovery
unit of up to 97%
v’ Struvite is a high quality product which can be used in agriculture as slow release
fertiliser
v Reduced struvite scaling in pipes and pumps downstream the struvite production
unit
v’ Significant reduction of the phosphorus return load

5.1.5 Principal and main characteristics of the
technology

In the case study Braunschweig, three different technologies were implemented that are
interconnected with each other:

- Thermal pressure hydrolysis,

- Struvite production and

- Ammonium sulphate solution production via air stripping and gas scrubbing.
This chapter presents the principal and main characteristics of the struvite production.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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In the wastewater sector, struvite is usually used as a name for magnesium ammonium
phosphate (MgNH4PO4*6H,0), even though it is the name of a mineral family. Struvite is a
slow release fertiliser (Kratz et al. 2019) and all three nutrients are plant available as from
mineral fertilisers (Watson et al. 2019).

Phosphorus removal and recovery via struvite precipitation is applied at wastewater
treatment plants, usually after a pre-treatment such as anaerobic digestion or even a
combination of anaerobic digestion with an additional hydrolysis such as a thermal pressure
hydrolysis or a thermal alkaline hydrolysis in order to increase the dissolved phosphate
concentration. It is usually applied at wastewater treatment plant treating the wastewater of
100’000 population equivalents and more.

To enable struvite precipitation, a pH of 7.5 and higher is required. Hence, as a first step
towards a higher pH, the CO; is stripped via air injection. In a second step, caustics are added
such as NaOH, if the CO; stripping has not reached the required pH value. To induce struvite
precipitation, together with a certain ammonium concentration, a magnesium source is
usually added such as MgCl,, MgO or Mg(OH).. Together with phosphate and ammonium, the
magnesium forms struvite. This takes place in a reaction tank, the so called struvite reactor,
which is typically a continuously stirred tank reactor. Crystal growth is promoted by mixing,
sufficient retention time and recirculation of formed crystals. As a last step, the struvite in
form of larger crystals is separated in a settling tank. Usually, the struvite is dewatered, dried
and processed, before it can be applied as a slow-release fertiliser.

Variants of the process: sludge - liquor

If the CO; stripping and struvite precipitation take place in the sludge, the separation of the
struvite crystals is less efficient and the crystals are usually inhomogeneous due to organic
and/or inorganic impurities. However, the controlled struvite precipitation can be a useful
measure to prevent pumps or pipes in the sludge line from scaling or even clogging (Desmidt
et al. 2015).

If the CO; stripping and struvite precipitation take place in the liquor (e.g. after dewatering),
the subsequent separation of the struvite is very efficient. However, the higher phosphate
concentrations are, the lower the dewatering efficiency of the upstream dewatering unit is
(Kuhn et al. 2013). Thus, the dewatering step might require more energy and sometimes even
additives such as polymers in order to reach the required liquor quality. In the liquor, the
crystals grow usually homogeneous. In NextGen the focus is on struvite production in the
liguor, hence, the following sections will focus on this technological solution only.

The flow scheme and the pictures show an example for struvite production in the liquor
(Figure 58, Figure 59). After CO; stripping, the struvite crystals precipitate in the struvite
reactor as already described. Macro crystals settle down ready to leave the struvite reactor
and micro crystals (struvite nuclei) are distributed in the liquor and enter the settling reactor.
There, they can further grow and settle down. However, if they are still too small for settling,
they are transported back to the struvite reactor. The hydrocyclone separates the small
crystals from the liquor. They serve as struvite nuclei and lead to an improved crystal growth
within the struvite reactor. The system of the reactors is very flexible, shown by the dotted
lines that indicate an alternative way of operation.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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Figure 58 Flow scheme of the struvite production unit (NuReSys process)
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Figure 59 Pictures of the struvite production unit consisting of a CO2 stripping unit, a struvite reactor, a settler and
a container to collect the harvested struvite crystals (NuReSys process).

5.1.6 Requirements for the implementation of the
technology and operating conditions

In the case study Braunschweig, three different technologies were implemented that are
interconnected with each other:

- thermal pressure hydrolysis,

- struvite production and

- ammonium sulphate solution production via air stripping and gas scrubbing.
This chapter focuses on the struvite production unit.

In order to reach high struvite yields, the dissolved phosphate concentration in relation to the
total phosphorus content should be as high as possible in the reactor influent. According to
Cornel and Schaum (2009) concentrations of 50 mg PO4-P/L are already economically
rewarding. However, higher concentrations are preferred e.g. in Braunschweig, the
concentrations in the influent to the reactor range between 250 and 500 mg PO4-P/L. The total
suspended solids (TSS) should be below 600 mg/L. Furthermore, ammonium and magnesium
need to be present. Therefore, a molar ratio of Mg:N:P between 1:2:1 and 1:12:1 should be
maintained in the reactor.
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Table 63 Requirements and operating conditions for the struvite production unit

Parameter Units Min Max Reference
PO4-P me/L 50 - Cornel and Schaum (2009) Heinze
(influent to reactor) g 250 500 (2022)
TSS .
<
(influent to reactor) me/L 600 Heinze (2022)
pH i 75 9 Heinze (2022), Cornel and Schaum
(in reactor) ) (2009), Shaddel et al. (2019)
Mg:N:Pmolarratio | | 4.5 | 1:2:1 | shaddel etal. (2019)
(in reactor)

5.1.7 Results: struvite production

The struvite production unit was implemented and put into operation in autumn 2019. As
Figure 60 shows, within the first year of operation, the phosphorus recovery rates were still
below their expected minimum rate of 80%. Also, many downtimes of the plant occurred that
are indicated by time periods without any data points. After one year of operation, the

recovery rate started to increase and reached sometimes even its expected value at and above
80%.
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Figure 60 Phosphorus recovery rate referring to the total phosphorus (TP) and phosphate removal rate referring to dissolved
phosphate (PO4-P): The lower recovery rates referring to the total phosphorus compared to the higher removal
rates of dissolved phosphate show the wash out of very small struvite crystals.

In summary, it took almost two years of optimisation of the process and the equipment until
the process worked as expected and reliable high recovery rates were reached. Figure 60
shows two different rates. One rate refers to the phosphate removal rate and the other rate
refers to the total phosphorus recovery rate. The phosphate removal rate indicates the
successful precipitation process. Within the first two years, usually the phosphate recovery
rate was higher than the total phosphorus recovery rate, indicating that more phosphate
precipitated than it was recovered. Hence, very small crystals were washed out of the system
and entered the subsequent ammonia recovery unit.

The reasons therefore were the too small size of the struvite crystals and an insufficient
separation of the small crystals via the hydrocyclone. Consequently, the retention time of the
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small crystals in the reactor was too short to allow the crystals to grow bigger. Different
measures were investigated to increase the crystal size:
e The flow rate in the hydrocylone was increased to better separate the fine crystals
from the liquor.
e The geometry of the settler was changed and the slope of the declining reactor wall
was increased to allow for better settling conditions of the small crystals
e Different MgCl, dosing rates were tested (Figure 61) to allow for a better crystal
growth.
e The retention time of the crystals in the reactor was increased by a delayed harvest of
the crystals. However, at the same time, a clogging event of the settler occurred.
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Figure 61 Phosphorus recovery rate referring to the total phosphorus (TP), pH and MgCl, dosing rate: after 900 days high
recovery rates were reached with optimal operating conditions

After 900 days, the mixing conditions in the reactor were further optimised implementing an
enlarged stirrer length and using a higher agitation speed. Furthermore, to extend the
hydraulic retention time of the crystals, the small harvested crystals were reinjected in the
reactor using an external vibrator and in the settler nozzles were exchanged to avoid any
clogging. Simultaneously, the MgCl,-dosing was increased shown by the ratio of the
magnesium to the total phosphorus (Figure 61). Using a high Mg:P molar ratio of around 2,
resulted in a recovery rate above 80% at a lower pH of 7.8. In contrast to the high recovery
rates during the days before, the pH was at 8.5 and the Mg:P ratio varied between 0.8 and 1.

As shown in Figure 62, the expected phosphorus recovery rate above 80% was always reached
with a molar ratio for Mg:P > 0.8. However, the molar ratio of N:P did not reveal any
correlation in its investigated range between 4 and 25. It mainly varied between 8 and 10.
The chemical composition of the produced struvite showed contents of Ca, Na, K, Fe, S, Al, B,
Mn and Co at levels that will allow the labelling only for the main nutrients P, Mg and N
according to the German fertiliser regulation (DUMV 2012, Figure 63).
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Figure 62 Case study Braunschweig: phosphorus recovery rates depending on the molar ratio of Mg:P: for Mg:P > 0.8 the
expected recovery rates are always reached; no correlation observed for N:P
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Figure 63 Chemical composition of the produced struvite of n=4 samples: the P content complies with the German fertiliser
oregulation (DiMV 2012) and labelling is only required for the main nutrients.

Furthermore, the P content is higher than 10% and complies with the German fertiliser
regulation (DUMV 2012). The heavy metals contents are also far below the thresholds of the
German fertiliser regulation (DUMV 2012) and even far below the value, for which a labelling
is required (Figure 64). Thus, the produced struvite has a high quality. One further
requirement of the German fertiliser regulation is however a grain size of smaller and equal
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to 0.63 mm and 0.16 mm for 98% and 90% of the struvite crystals, respectively. Those sizes
are much smaller than the grain sizes of the produced struvite ranging roughly between 0.5
and 2 mm. Hence, to promote better such technologies in Germany, the German fertiliser
regulation should include a wider range grain sizes.
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Figure 64 Contents of heavy metals in the produced struvite (n= 4 samples): according to the German fertiliser ordinance
(DiMV 2012) no labelling of heavy metals are required, because the actual contents are far below the thresholds
of the ordinance indicating a high quality of the product

Since Nov. 30t 2021, the European fertilising products regulation (EU 2021/2086) includes
struvite that has been recovered from sewage sludge and wastewater. In the case of
Braunschweig, however, the struvite will be used in the region, which is why in NextGen the
German fertiliser regulation was considered. If the Fertilising Products Regulation shall be
applied, additional parameters must be determined such as hexavalent chromium, biuret and
perchlorate. For Zn, Cu, As, Ni, Pb, Hg, and Cd the thresholds are quite similar to those in the
German fertiliser regulation and their actual content is far below their thresholds.

5.1.8 Comparison of the baseline situation and the
NextGen KPIs

Before the implementation of NextGen in the baseline scenario, the phosphorus was
eliminated from the wastewater via the enhanced biological phosphorus removal process and
a chemical phosphorus removal process with FeCISOs4. This resulted in a phosphorus
concentration in the effluent of the WWTP of 0.7 mg/L on average.

Due to the new struvite production plant, the phosphorus in the return load to the WWTP
decreased and hence, the phosphorus concentration in the effluent was 0.6 mg/L on average
in 2021, even though the struvite recovery plant was not permanent in operation (Table 64).
Thus, with the struvite recovery plant in operation the legal requirement is easily fulfilled with
a phosphorus concentration below 1 mg P/L in the effluent as required by the German
wastewater directive (AbwV 2022).

Before NextGen, the phosphorus was reused in agriculture via the application of the sludge
on the fields and via reusing the effluent for irrigation of the fields. Due to legal restrictions
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regarding the application of digestate on the fields, its fraction decreased from 70% in 2019
to 60% with 2365 t/a on average for 2020 and 2021 (Table 64). Thereby, the remaining 30%
and 40% were incinerated. However, since the implementation of the nutrient recovery units,
the phosphorus is recovered via struvite in addition. Due to the optimisation phase of the
process, the planned yearly rate of struvite production was not reached yet during a full year
as shown in chapter 5.1.7. However, 300 t struvite/a are anticipated under optimised
conditions and thus, 37 t P/a might be recovered in addition (Table 64). This corresponds to
16% of the influent phosphorus load to the WWTP.

Table 64 Crucial parameters to evaluate the phosphorus related processes after implementation of the NextGen
technologies

Parameter Units Mean Standard deviation | Number of measurements | Comments
Wastewater o) ate m*/a 18.665.400 242.009
the WWTP yearly average
2019-2021
Effluent from ] values of three years
WWTP Flowrate m°/a 17.784.307 225.118
Solids from
WWTP to  |Massflow t/a 2365 633
_ﬁeld yearly average 2020-2021
Solids from values of two years
WWTP to  |Massflow t/a 1549 250
incineration
Struvite Production . Optimisation of t}.1e processes is ongoing:
. t/a 300 estimated flowrate after optimisation phase of the nutrient recovery
production [rate
plant; actual recovery rate: 30% of expected rate
TP mgP /1 13.9 3
N /1
Wastewater to ?S(;\] e l{ 48399 11205
the WWTP mg/
CODpom mg/L 1009 151
CODy; 420 34
e me/L continuously measured
TP mgP /1 0.6 0.5
TKN N /1 9.3 4 2021
Effluent from p— e 1{ 7'2 s
WWTP mg/ :
CODyom mg/L 43 8
CODﬁlt mg/L 37 5
Struvite TP g P /kg DM 115 3.1 4
production |TN gN /kg DM 52 2.2

Under optimised conditions, the performance of the struvite production unit was good and
the phosphorus recovery rate reached its expected range above 80% as detailed outlined in
chapter 5.1.7. A similar result was also obtained by Park et al. 2020, who used digested sludge
filtrate as well and reached recovery rates between 83 and 91%. However, they used MgO
instead of MgCl,. The molar ratio of Mg:P was in a similar range between 0.6 and 1.5 at a pH
between 8.25 and 8.5 as for the process in Braunschweig with 0.8 and 1 at a pH at 8.5. Rahman
et al. (2014) compared 16 different struvite production plants obtaining phosphorus recovery
rates mainly between 81 and 99% with Mg:P molar ratios mainly between 0.8 and 1.6 and at
pH values ranging between 7 and 11. For the pH values below 8, used Mg:P molar ratios were
between 1.2 and 2.4. Those observations correspond to the results from Braunschweig, where
also at a lower pH of 7.8 in combination with a higher molar ratio Mg:P of around 2,
phosphorus recovery rates of 97% were obtained.

As presented in chapter 5.1.7, the chemical composition of the struvite crystals showed
extremely low heavy metals contents which were below their legal thresholds with factors
between 5 (e.g. for Tl and Hg) and 300 (for e.g. Pb) (see also Table 65). This observation is in
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accordance with Gonzalez et al. (2021) and Muy et al. (2021) who also showed lower heavy
metal contents struvite compared to those in biosolids and lower contents than defined as

limits in the European fertiliser regulation.
Table 65 Quality parameters of the struvite crystals

Parameter Units Mean Standard deviation Number of measurements | Comments
Ca 4398 219
Na 972 127
S 156 62
Mg 96575 2528
K 1348 126
B 33 10
Co <0,5 -
Fe 325 47
Al 65 12
Struvite Mn mg/(kg DM) 15 1 4 2021
As <0.1
Pb <0.5
Cd <0.1 -
Cr 3.1 0.6
Cu 1.4 0.2
Ni 0.6 0.1
Ti <0.2 -
7n 3.1 1.4
Hg <0.2
5.1.9 Lessons learned

At the case study in Braunschweig, three different technologies were implemented, that are
interconnected. The interaction of the single technical units is complex and has to be
considered in the system design. The system design, the installation, system control and
automation of the technological units worked well and only minimal optimisation was
necessary.

However, as with many other innovative processes, numerous unexpected problems also
occurred here, some of them were or are very time-consuming to deal with. Therefore, it is
important to have employees who are open to new processes and that technology suppliers
are available for a longer time period even after the commissioning of the system. In the
following table, more details about the lessons learned from the design and operation of the
struvite production unit are presented.

Required competence I O

An intensive training is needed to provide a knowledge that is far beyond the “standard”
wastewater treatment knowledge such as:

e Chemistry and process engineering (especially: struvite formation)

e Operation of a precipitation system

Due to the innovative technology, open minded and solution oriented personnel is
beneficial to operate such a technology. A daily manual process control and maintenance
is conducted during at least 2h/d at the moment and is expected to decrease in the future.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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The struvite production unit is also a high-maintenance product. Under normal conditions
the effort for maintenance and manual process control is 2 h/d. Due to unforeseen events
such wash out of small struvite crystals and clogging of pipes, the effort increases above
2h/d.
Twice a year extensive maintenance work is required lasting around one week. In this
case, the following steps are required:

¢ Intensive investigation regarding wearing of plant components

e Functional tests

e Cleaning of plant components

For this work, usually external experts support the maintenance work.
During the first three years of operation, the plant usually had two downtimes per month.

Technological risks Low — HIGH

It is difficult to predict, how good the precipitation process will work for a certain feed
stream quality. Furthermore, the crystal growth to a certain crystal size (e.g. 3 mm) can be
difficult to control also depending on the feed stream quality.

Correspondingly to the challenge of a controlled crystal growth, the risk of wash out of
smaller crystals can occur and therefore, those small crystals can clog pipes.

Thus, the commissioning time was and is still very long (already 3 years) in the case of
Braunschweig.

Besides the lessons learned from the technology operation, we realised that depending on
the fate of the produced struvite, knowledge on fertiliser marketing might be necessary.
Otherwise, a cooperation with the fertilising industry might be beneficial.

5.1.10 Best practice guideline to design and operate the
technology

Important aspects to consider during the design and construction of the plant:

- Suitable materials must be used for the system (corrosion resistant, etc.)

- Compliance with the country specific requirements for health and safety regarding the
operation of the process (handling of chemicals, etc.)

- System should be flexible and adjustable (also accessible for retrofitting work) in order
to increase the reaction time in the struvite reactor, to adjust the settling conditions
of the crystals and/or to reinject small crystals in the reactor to allow for a longer
growth time

- Pre-test is recommended to assess, if the wastewater composition is suitable for the
precipitation process of struvite

Important aspects to consider during the start-up of the plant:
- The process water must be as free as possible of particles
- Afunctioning test is even recommended to be done with clean water

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°776541



v
JﬂeXtGeﬂ D1.5 New approaches - material

- The chemical composition of the process water should be as constant as possible and
the flow rate should be sufficient high to run the process properly

- Sampling plan should be considered and the sampling documented

Crucial parameters for the optimisation of the production process:

- Chemical composition of the process water (phosphate and ammonium
concentrations, TSS) and pH as shown in Table 66,

- The MgCl, dosing rate depends highly on the phosphorus concentration in the influent
to the reactor and thus, the Mg:P molar ratio in the influent is crucial. Best results were
obtained for Mg:P > 0.8 (see chapter 5.1.7)

- Rotational speed of the agitator in the struvite reactor: the best results were obtained
in this case using a rotational speed between 1620 and 2700 rpm; however, this is very
case specific.

- Hydraulic retention time of the crystals should be: in this case longer then 7d.

The indicated mixing conditions and retention time allowed for the best crystal growth during
the presented investigations.

Table 66 Crucial operating parameters for the struvite production process: ranges for the best results

Parameter Units Min Max
PO4-P feed mg/L 250 500
NHs-N feed mg/L 770 1800
TSS mg/L <600
pH in reactor - 8.5
MgCl, dosing rate L/(m? feed) 1.9 6
Mg:P molar ratio feed - 0.8:1 2:1
HRT of crystals in reactor d >7
Rotational speed in reactor rpm 1620 2700
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5.2 PK-fertiliser production in Altenrhein (CH)

Authors: Anders Nattorp (FHNW), Martin Schaub (CTU)

5.2.1 Description of the demo site

The WWTP of Altenrhein provides residential drainage-, wastewater- and sludge treatment of
17 municipalities in two federal states (St. Gallen and Appenzell-Ausserrhoden).

The treated water reaches Lake Constance via the mouth of the Old Rhine. Both Lake
Constance and the OIld Rhine are considered priority water bodies for protection. Lake
Constance also serves as a drinking water reservoir. The topographical conditions around
these 17 municipalities vary greatly which makes the water transportation more challenging.
For this reason, special structures are required.

Sludge that is being treated in Altenrhein originates from their own water treatment and is
also being transported to the site by other WWTP of Eastern Switzerland. The WWTP of
Altenrhein (AVA) has advanced energy-efficient sludge management technologies for 300.000
PE of sludge: sludge is dried on site and is co-incinerated in cement works. The heat for sludge
drying is generated by burning of sewage gas and by heat recovery from wastewater using
heat pumps.

AVA took a full-scale removal of micropollutants by ozonation and active carbon adsorption
into operation in 2019 and an ammonia membrane stripping unit from sludge dewatering
employing an innovative membrane contactor with a novel low fouling membrane module in
2021. This represents a total investment of EUR 20 Mio in innovative technologies.

5.2.2 Motivation of implementing circular economy

solutions in the water sector

After the project AVA will have a clear idea of the technical and financial feasibility of on-site
activated carbon regeneration and production of fresh activated carbon using locally available
sludge and biomass.

Long-term experience with full-scale installations for micropollutant removal and N recovery
gained with the installations at Altenrhein will reduce investment risks, enhance chances of
replicability.

AVA also gathers the all necessary information to take an investment decision regarding the
construction of a PK-fertiliser production unit. This novel thermochemical process transforms
sewage sludge into a market grade PK-fertiliser. Thereby heavy metals are partly removed and
the fully plant available mineral phase CaKPQs is produced. The process has been piloted in a
large-scale pilot to gain further operational experience.
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5.2.3 Actions and case study objectives

Table 67 Action and case study objective of the PK-fertiliser production in Altenrhein
NextGen
Case Study Technology intervention in

TRL Capacity Quantifiable target

& Subtask baseline circular economy
for water sector

#4 Alten-
rhein, Incineration of Phosphorus in sludge

itzer- P recovery via ifi
Switzer the dried sludge TRL Input: modified and

land pyrolysis as PK- purified for reuse as
* t?:cfs:nent fertiliser 57| 20:50kg/h market grade PK-
Sub-task y fertiliser
1.4.2

5.2.4 Unique selling points and benefits

The unique selling points for PK-fertilser production are:
v Disposal and P recovery decentralised and possible for smaller amounts of sewage

sludge
v" Removal of contaminants due to the thermal treatment
v Output with high plant availability that can be sold as a fertiliser raw material

5.2.5 Principal and main characteristics of the

technology
The Pyrophos® process jointly developed by FHNW, CTU AG, AVA Altenrhein, FiBL and Landor
is a multi-stage thermochemical process for sewage sludge via fluidized bed pyrolysis with
subsequent post-combustion (Schaub et al. 2019). It is suitable for wastewater treatment
plants with a capacity of 100 000 population equivalents and greater. This corresponds to a
loading rate of 1 t dry matter/h and higher.

Depending on the output requirements and availability, drained or dried sewage sludge,
animal meal, animal meal ash or other phosphorus containing waste with low heavy metal
pollution can be used as raw materials. The phosphorus containing raw materials are mixed
with a potassium salt as an additive to improve the plant availability of the phosphates and
fed into the reactor (Figure 65, Figure 66).

In the process, the heavy metals, which are volatile under reducing conditions, are partially
expelled via the gas phase and retained in the exhaust gas cleaning system. At the same time,
the thermal process converts the poorly soluble phosphates in the raw materials into
potassium phosphates with a high solubility of over 80% in neutral ammonium citrate (NAC).
Phosphoric acid can be used to stabilise the quality of the output. A post-combustion process
produces ash containing potassium and phosphate, which can be processed into a multi-
nutrient fertiliser (Figure 67).

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°776541



ﬂeXtGeﬂ D1.5 New approaches - material

To district heating

A 4 I
~ T T T T ~N
| | | Fluidized bed PK-fertilizer
Drying Sewage sludge @_ﬂl Pelleting | per:Iy'szies (pi‘laot) ]
r > N -

Potassium Source
e.g. CgH;KO,

v

Air, Steam

Water —
Energy
Material

Figure 65 Flow scheme of the pilot plant for PK fertiliser production

Figure 67 PK-fertiliser (picture owner: FHNW)

ASH-DEC and Euphore have developed similar processes for phosphorus recovery. Thermal
treatment of sewage sludge and other phosphorus containing organic wastes generate heat
and typically reduce the carbon content to less than 1% thus eliminating most organic
pollutants. Heavy metals are partially eliminated by evaporation either in elemental form. By
adding metal or hydrogen chlorides additional metals can eliminated as volatile chlorides.
Alternatively, alkaline metals can be added, modifying phosphate phases, and improving
solubility and thus fertiliser plant availability.
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5.2.6 Requirements for the implementation of the

technology and operating conditions

The Pyrophos process requires a dry matter content in of at least 75% (Table 68). The
temperature for the thermal treatment ranges between 700 °C and 1000 °C. Depending on
the compositions of the sewage sludge, a maximum total phosphorus (P) content of 60 g/(kg
DM) can be achieved. Potassium is added with a ratio between 2 and 4 kg K per kg P.
Profitability strongly dependent on energy usage options at the location. Potential for cost
reduction by using the heat recovery and exhaust air purification of an existing incineration
plant.

Table 68 Operating conditions

Parameter Units Min Max Reference
Dry matter % 75 - Nattorp, Schaub (2020)
Temperature °C 700 | 1000 | Nattorp, Schaub (2020)
Potassium addition kg K/(kg P) 2 4 Nattorp, Schaub (2020)

5.2.7 Results

The PK-fertiliser process of the case study Altenrhein was developed in a national project
funded by Innosuisse. A pilot campaign in the frame of NextGen was prepared by the project
partners, but had to be abandoned when the technology partner CTU decided to stop
development activities in January 2021. Thus, the results summarised below are from this
national project.

In the national project the process was tested in a pilot plant at 50 kg/h. A semi-industrial fuel
preparation process was developed for mixing dry sewage sludge with the potassium source.
In the reactor, both a reducing zone and a complete burnout by steam addition at the lower
part of the fluidized bed were achieved. The product was granulated with good results. The
contaminant content is below the limits of the European fertiliser products regulation but
does not fulfil the more stringent Swiss regulation.

Future development will include better process control to achieve a relative plant efficiency
of 90% (Figure 68). In the previous pilot tests 60% were achieved.
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Figure 68 Plant availability of PK fertiliser from lab trials and pilot trial in 2020. Determination in pot test as relative fertiliser
efficiency in comparison to triplesuperphosphate. Relative fertiliser efficiency (%)= (P absorbed from sample fertiliser
— P adsorbed P0)/ (P absorbed from TSP — P adsorbed P0)x100
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The product was diluted by bed material and this problem should be solved to have a good
nutrient concentration. Furthermore, the treatment of meat and bone meal (MBM) should be
tested. Lab trials in the frame of NextGen show that poorly available MBM phosphorus can be
made available by this process. The temperature profile must be carefully controlled to keep
the sintering of the MBM to a minimum.

CTU dimensioned plants for two scenarios for the NextGen cost and environmental
assessments, both using the sludge composition of Altenrhein:
e Site Altenrhein: sludge volume of Altenrhein (7’500 t DM/a), co-processed with MBM
ash (5’500 t/a) to achieve a product fulfilling the Swiss regulation
e EU: 40°000 t/a of dewatered sludge (10’000 t/a DM) in a completely new plant (LCC
scenario) respectively as a modification of the Altenrhein setting (LCA).

5.2.8 Comparison of the baseline situation and the
NextGen KPIs

Besides the P-recovery rate and the P and K contents of the PK-fertiliser, also the solubility in
neutral ammonium citrate (NAC) is shown as a key performance indicator (Table 69). This
solubility with the abbreviation Pnac is an indication for agronomic effectiveness of the
fertiliser in terms of phosphorus and a requirement of the European fertiliser products
regulation.

Table 69 Comparison of NextGen with baseline situation via key performance indicators

Parameter Units Min Max Baseline Reference
phosphates Giucgel | % | © | w0 |0 | e
:;?:;;ci::filability of P in PK- % 60 100 100 (TSP) SNcék’:;szzg,zl(\)ﬂ).
P content of PK-fertiliser % 3 5 20 (TSP) SNjT;szz Qj’zgﬂ)
K20 content of PK-fertiliser | % 12 15 11-30 2‘5;;3?2 ZA(‘).'ZL\)/I).

The contaminants were measured during the pilot campaign in January 2020 (Table 70;
Innosuisse national project). Since the process is not optimised, the composition will change.
Notably, the concentration of P, K will increase and the elimination of some metals such as
Zinc will improve.

Table 70 Example of contaminant profile of PK-fertiliser. Pooled samples from 4x0.5 t of input sludge and 1.5 t of products
were produced. The sample was measured in triplicate. Measurements were compared between batches to validate
results. Some variation in the range of +-10%

Ca mg/g DM 244
Na mg/g DM 3
Mg mg/g DM 6
K mg/g DM 102
Fe mg/g DM 55.5
Al mg/g DM 35.1
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As mg/g DM 0.01
Pb mg/g DM 0.01
Cd mg/g DM 0.00
Cr mg/g DM 0.07
Cu mg/g DM 0.30
Ni mg/g DM 0.03
Zn mg/g DM 0.80
Hg mg/g DM <0.00005

5.2.9 Lessons learned

Required competence LOW _ HIGH

The operating manager shall have experience with running combustion or gasification
plants. For the other operators, it is certainly of advantage with a base training as either:
e mechanic
e electrician
e chemical plant operator

For helpers, no specific background is required. Certainly, it is important to train:
e Safety, health, environment (SHE)
e Specific training on the control system
e Specific training on plant answers (what happens, if...)
e Specific training on start-up / shut down
e Specific training on maintenance

Maintenance ow [l T e

There is one maintenance planned per year for a time of 3 to 4 weeks

In addition regular maintenance for specific equipment (lubrication etc.) to be done during
normal operation. 24/24 operating supervision is required in the beginning, which may be
reduced to 2days/shift after 2 years operation with temporary support upon automatic
calling. For some equipment and instruments maintenance must be performed by experts.

Technological risks LOW _ HIGH

Downtimes will occur mainly for failures of instruments and/or clogging of solids
conveying systems. It is less likely, that downtimes occur due to fouling if yearly
maintenance is carried out correctly. It must be assumed, that there will be 3 to 4
downtimes per year lasting for more than a few hours. We assume usual downtimes to be
below 12 hours. We expect equipment failure 3 to 4 times per year. The downtime may
last several days depending on availability of spare parts. No experts are needed to restart
after downtime. Good maintenance, good management of operation interpreting trends
and results of operation are all ways to minimise downtime.
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5.2.10 Best practice guideline to design and operate the
technology

Good quality of mechanical and electrical erection is important for construction as well as
correct placement of instrumentation.
Start-up of the plant needs support by the process owner and needs involvement of the
(future) operating staff. Usually operating staff already runs the plant, while the process
owner instructs the staff.
Operating parameters to be considered:

e K/P ratio in feed stream to pyrolyser/ gasifier

e temperature in fluidised bed

e CO concentration in fluidised bed synthesis gas

The temperature of the gasification and the atmosphere (slightly reducing) need to be closely
monitored as well as the ratio K/P. Adjustment to be made upon results of product tests
(availability of P/K for the plants).

This project has received funding from the European Union’s Horizon 2020 research and innovation
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5.3 Hydroxyapatite production in Spernal (UK)

Authors: Ana Soares (UCRAN) and Peter Vale (Severn Trent)

5.3.1 Description of the demo site

Spernal wastewater treatment plant (WWTP) is a medium sized plant serving the towns of
Redditch and Studley located approximately 24 km south of Birmingham (UK) (Figure 69). The
site has a dry weather flow of 1’150 m3/h (or 27’6000 m3/day) serving 92’000 population
equivalent. Spernal WWTP includes a preliminary treatment, primary treatment, an activated
sludge plant, secondary clarifiers, and sand filters. The treated effluent is discharged to the
River Arrow, which is designated as a sensitive area under the Urban Wastewater Treatment
Directive (UWWTD) and has an overall water body status of moderate under the Water
Framework Directive (WFD). The sludge produced on site, and other local rural works, is
further treated in anaerobic digesters and dewatered before being recycled to local farmland
and industries. The biogas produced by digesters is burnt in combined heat and power (CHP)
engines to produce heat and electricity.
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Figure 69 Location of the Spernal wastewater treatment plant (WWTP) within the United Kingdom (left) and local map (right).

Spernal serves as Severn Trent Water’s “Urban Strategy Demonstration Site” where emerging
technologies compatible with low energy demand, low greenhouse gas emissions and a
circular economy approach are being evaluated (Figure 70). The “Urban Strategy
Demonstration Site” contains all the infrastructure; power, wastewater feed, drainage,
telemetry and biogas handling equipment necessary for the NextGen trials, together with
office and laboratory facilities. Among the technologies tested is a multi-stream
demonstration scale anaerobic wastewater treatment plant for carbon management and ion
exchange processes for nutrient management (Figure 71). The demonstration plant
incorporates an anaerobic membrane bioreactor (AnMBR) complete with a membrane
degassing unit to recover dissolved methane. AnMBR combines several benefits such as: no
aeration energy for removal of COD/BOD, low sludge production and associated treatment
efforts, biogas production (production of electricity/heat), pathogen and solids free effluent
which can be re-used in several applications (e.g.: farming and industrial use). The ion
exchange (IEX) process enables targeted ammonia (N) and phosphorus (P) removal and
recovery to produce a high quality effluent whilst recovering calcium phosphate salts and
ammonia sulphate solutions.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°776541



\
©) ﬂeXtGeﬂ D1.5 New approaches - material

Spernal Urban
Strategy
Demonstration
Site

Figure 70 Areal picture showing the Urban Strategy Demonstration Site at Spernal WWTP and the location where the NextGen
demonstrator was built
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Figure 71 Areal picture showing the NEXT-GEN demonstrator including the anaerobic membrane reactor and degassing unit
(top) and the schematic representation of the process (bottom).

The data gathered at the Spernal WWTP innovative technology flowsheet aims to
demonstrate and showcase the viability of this transformative approach to wastewater
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treatment in cold- climate northern European countries, enabling a future of energy recovery
combined with effective recovery of nutrients. The project confirms the optimal design and
operating parameters to deliver a comprehensive energy balance and cost benefit
assessment.

5.3.2 Motivation of implementing circular economy

solutions in the water sector

The water sector is a relatively large user of energy and a significant emitter of fugitive
greenhouse gases (nitrous oxide and methane) it is therefore incumbent on water utilities to
address the challenge of climate change by striving to reduce its carbon footprint.
Transitioning to a more circular way of operating; reducing the amount of energy and
chemicals required in treating water and recovering and reusing the energy, materials and
water that is plentiful in wastewater will become a central strategy of water utilities.

The AnMBR/ion exchange flowsheet, once proven, can deliver an energy neutral wastewater
treatment process, reduce process emissions by removing the main contributor to nitrous
emissions — biological nitrification and denitrification and facilitate resource recovery through
producing a solids free disinfected effluent ideal for nutrient (N and P) recovery and/or the
recovery of water and nutrients through fertigation.

5.3.3 Actions and case study objectives

Table 71 Action and case study objective for phosphorus recovery in Spernal

NextGen
Case Study Technology intervention in . e
& Subtask baseline circular economy TRE Capacity Quantifiable target
for water sector
Nutrient recovery
Spernal via adsorption / ion
#5 Spernal,| wastewater exchange (IEX):
United | treatment plant | p removal (hybrid 10 m’>/d |Hydroxyapatite is
Kingdom [ serves as Severn anion exchange TRL nutrient |precipitated. The
Trent Water’s (HAIX) column) & P 6>7 stripped |regenerant is re-
Sub-task | “Urban Strategy | \acovery (addition effluent [used.
145 Demonstration of CaOH to the
Site” spent regenerant).

5.3.4 Unique selling points and benefits

lon exchange (IEX) for nutrient ammonia and phosphorus removal and recovery and the
hollow fibre membrane contactor (HFMC):

High recovery rates: up to 95% of ammonia and 90% of phosphorous

High product water quality which can be used in the chemical and fertiliser industry
Low energy consumption

Simple equipment and low maintenance cost

Compact system with very small footprint

No sludge production

AN NI NI N NN
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v" No start-up period required (can be switched on or off on demand)
v" Low chemical consumption due to regenerants restoration and re-use

5.3.5 Principal and main characteristics of the
technology

The IEX process for phosphorus removal from wastewater used a synthetic hybrid anion
exchanger (HAIX) resin: a polymeric base, where amorphous iron hydroxide nanoparticles
(HFO-NP) have been dispersed. Two processes take place within the HAIX: the exchange of
anions (CI, SO47) between the polymeric base and the liquid phase and the adsorption of
phosphorus (as divalent anion HPO4? and monovalent anion H2PO4 onto the HFO-NP via Lewis
acid interactions. HAIX has been used to efficiently remove phosphorus from phosphorus rich
streams (including urine, municipal wastewater, surface waters, sludge dewatering liquors)
but mostly in lab conditions and only recently its feasibility was shown at Cranfield University
as a tertiary treatment process (Figure 72).

AnMBR effluent

Regenerating
solution (KCI)

Regenerating
solution (NaOH)

-

Sulphuric acid

Effluent Calcium phosphate

% 'Acid flow SO,—(NH,),S0,

.
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(O=2EmMXIT

Scheme showirig\ .

ammonia recovery = .
process g HFMC
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recovery from regenerant

Figure 72 Schematic representation of the ion exchange plant for ammonia and phosphorus removal and recovery (top) and
pictures of the technology at Cranfield University (middle) and ammonia recovery technology (bottom)
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The components of the demonstration plant IEX include a compressed air diaphragm pump
(same pump used for IEX for ammonia removal), storage tank for the regeneration chemical,
1 IEX column of hybrid anion exchanger for phosphorous removal with 14 L of HAIX to have
an empty bed contact time of 20 minutes. Shorter empty bed compact times would be
possible with this technology (5 min for P removal), but the operation was limited to a volume
of anMBR effluent that could be transported and stored, at around 1 m3/day over 5 days a
week. This was related with restrictions at Spernal WWTP to house the IEX demonstration
plant, as an alternative this was located at the Cranfield University UKCRIC National Research
Facility for Water and Wastewater Treatment. The entire demonstration plant was assembled
on a steel rack. The ion exchange media was regenerated when the desired effluent
concentration was reached. The regenerant was 2% NaOH solution and phosphorus was
recovered from the saturated regenerant. For P recovery, PO4* is produced in the form of
calcium phosphate, Cas(P04)30H using a hydroxyapatite production system with the addition
of hydrated lime to the NaOH regenerant.

5.3.6 Requirements for the implementation of the
technology and operating conditions

It is required to have nearly no solids and low organic matter. This is because solids will cause
plugging in IEX columns and elevated organic matter concentration can cause biological
fouling of the media. Full technology requirements are described in Table 72.

Table 72 Required operating conditions of the IEX process for nutrient removal and recovery

Technology Parameter Units Mean Reference
lon exchange IEX Flow rate m3/d 1-10*

Influent [Temperature °C 4-25

I[EX Flow rate m3/d 1-10*

Effluent [Temperature °C 4-25

- Own data

Hydroxyapatite Regenerant PO4-P mg/L 500-1000
production system |Ca:P ratio - 1.5-4

P recovery rate % 95

CaOH consumption t/a 0.4

* flow matches the IEX design for this specific project, very simple to upscale to higher flows

5.3.7 Results

The influent PO4-P concentration to the IEX was 6.3 + 0.55 mg PO4-P/L (Figure 73). The first
650 BV operation aimed to reach saturation as far as possible. The peak C/C, ratio was 0.8 and
the adsorption capacity was 3.5 mg POs-P/g media. Then the first regeneration was
conducted.

The effluent PO4-P concentrations were mainly below 1 mg P/L and the removal efficiency was
80%. When looking at the shape of the curve of the effluent PO4-P concentration after
regeneration, it is possible to see that concentration took some BV to stabilise, this was likely
due to poor rising of the regenerant in between cycles. The IEX process was overdesigned (i.e.,
the IEX column had a very large size and capacity, as it was designed to process at least 10
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times the used influent flow here used, limited to 1 m3/day). Only 1 m3/day anMBR effluent
could be transported from Spernal to Cranfield due to transporting company requirements
and restricted storage space on both sites (a fact that only came to light at the very start of
the tests), nevertheless the IEX design was made for 10 m3/day of anMBR effluent. As such,
the IEX column was large and not rinsed properly with only 1 BV of water after regeneration.
This lead to high ammonia concentrations left in the column walls and still around the media
after regeneration and that it took some bed volumes of operation with wastewater to be
completely washed away and ammonia adsorption to be recorded.Nevertheless, the process
was efficient and high phosphate removal was achieved.
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Figure 73 Influent and effluent PO4-P concentrations during operation of IEX demonstration plant.

The phosphate exchange capacity obtained was similar to previous studies completed at a
range of scales and also with secondary effluents origination from trickling filters (Table 73).

Table 73 |EX media for phosphate removal and exchange capacity from other studies

Bench test / pilot IEX media Phosphate Regenerants | Reference
plant exchange used
capacity

Bench scale Hybrid anion 4.1+0.4 mg P/g | 2% NaOH (Pinelli et al.

exchanger 2022)

Layne
10 m3/d, demo plant | Hybrid anion 4.1 mgP/g 2% NaOH (Guida, et al.
using trickling filter exchanger 2021)
effluent from WWTP | Layne
Bench test using Hybrid anion 7.0-9.7mgP /g | 4% NaOH (Muhammad
secondary WW exchanger et al. 2019)
effluent Layne

The regenerant accumulated mild concentrations of phosphate (Table 74). The regeneration
efficiency showed a decreasing trend from 1%t to 3™ regeneration cycle, and the PO4-P
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concentration in regenerant levelled off since the 3™ regeneration. These are results were
surprising as Guida et al. 2021 achieved a much higher PO4-P concentration of 785 mg P/L
after 8 regenerations and the data was reproduced over many cycles. It suspected that the
oversize of the demonstration plant in NextGen results in poor mass transfer between the
media, the wastewater and regenerant, yielding these odd results.

Table 74 Phosphate concentrations in regenerant at the end of each regeneration

Regeneration cycle PO4-P concentration in regenerant (mg P/L)
15t (end) 150
2" (end) 185
3" (end) 190
4th (end)* 200
5th (end) 195
6t (end) 185

*regenerant loses efficacy and it is recommended that recovered regenerant is used after 3-4 cycles

Nevertheless, the phosphate could be recovered from the regenerant. The addition of Ca(OH)»
to a molar Ca:P ratio of 3 allowed for the recovery of 98% of the mass of POs-P. The
concentration of phosphate in the NaOH regenerant decreased to 4.2 mg PO4-P/L (after 24 h).
The mixing of the two liquid streams results in the instant formation calcium phosphate. The
scanning electron microscope (SEM) analysis revealed an amorphous crystal structure and the
EDX indicated a composition of 5.7% P, 15.1% Ca (in weight %). The XRD analysis showed that
the recovered precipitate was similar to hydroxyapatite (Ca10(PO4)s(OH)2) as shown by the
comparison against the standard from literature. The recovered hydroxyapatite was also
analysed for impurities that showed no pathogens (total coliforms and Escherichia coli <0
cfu/g), low concentrations of metals and the investigated organic pollutants were below the
detection limits (Table 75). It is estimated that 7-10 kg of dried product can be recovered per
year, a 1 m3/d plant.

Table 75 Pathogens, metals and organics analysis of hydroxyapatite recovered from saturated regenerant

Impurity Concentration
Total Coliform presump cfu/kg 0
Total Coliforms confirmed cfu/kg 0
E.coli presumptive cfu/kg 0
Escherichia coli confirmed cfu/kg 0
Aluminium, Filtered as Al mg/kg <0.0004
Cadmium, Filtered as Cd mg/kg <0.0000024
Chromium, Filtered as Cr mg/kg 0.000008
Copper, Filtered as Cu mg/kg <0.000036
Iron, Filtered as Fe mg/kg <0.00092
Lead, Filtered as Pb mg/kg <0.000024
Mercury, Filtered as Hg mg/kg <0.0000004
Nickel, Filtered as Ni mg/kg <0.000012
Potassium, Filtered as K mg/kg <0.00072
Zinc, Filtered as Zn mg/kg <0.000072
Arsenic, trace Filtered as As ug/kg <0.004
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5.3.8 Comparison of the baseline situation and the NextGen KPIs
The existing Spernal WWTP constitutes the base case to provide a comparison to the Nextgen Spernal demonstrators. The base case is shown in

(Table 76):
Table 76 Base case: Spernal WWTP flow rates, standard influent and effluent parameters
Parameter Units Mean value | Standard Frequency of Summer | Standard | Winter | Standard | Considered
deviation the measures mean deviation | mean | deviation years for
value value the
analysis

Influent | Flowrate m*/h 1267 447 Daily 1114 344 1422 484 2018
Effluent | Flowrate m¥h 1097 324.7 Daily 921.4 195.8 128 330.7 2018
Influent CoD mg O,/L 861.2 520.8 Twice per month 947.7 604.5 759 405.1 2018

to the
Spernal BOD;s mg O,/L 276.1 172.3 Twice per month 322.7 192.8 2211 132.3 2018

WWTP
TSS mg/L 515.2 300.6 Twice per month 536.9 358.3 489.6 228.9 2018
TN mg N/L 32.6 71 twice per month 34.7 4.3 30 9 2018
NH4-N mg N/L 31.0 8.2 Twice per month 34.2 4.6 27.2 10.0 2018
TP mg P/L 7.5 3.3 Twice per month 8.46 3.5 6.3 2.9 2018
Effluent COoD mg O,/L 446 11.5 Twice per month 43.69 111 457 12.4 2018

from
the

SPer_fll_sl BODs mg O2/L 3.6 27 Twice per month 4.2 27 29 2.6 2018
TSS mg/L 9.8 6.9 Twice per month 7.2 3.6 12.8 8.6 2018
TN mg N/L 34.5 52 Twice per month 341 56 35.0 4.9 2018
NH4-N mg N/L 24 1.1 Twice per month 2.0 1.0 2.8 1.1 2018
TP mg P /L 1.2 0.3 Twice per month 1.2 0.3 1.1 0.3 2018

The Spernal WWTP is a medium sized plant and treats an average daily flow of 27 ML/d to a 10 mg BOD/L, 25 mg TSS/L, 5 to 10 mg NH4-N/L and
2 mg P/L standard. The plant includes a preliminary treatment (6 mm screening and grit removal), conventional primary settlement tanks with
iron dosing for P removal, secondary treatment comprising of trickling filters for 33% of the flow and activated sludge for the remainder and
tertiary sand filters.
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Effluent from the plant presents COD of 44.6 + 11.5 mg/L, BOD of 3.6 + 2.7 mg/L, total
suspended solids (TSS) of 9.8 + 6.8 mg/L; a total nitrogen (TN) content of 34.5 + 5.18 mg/L,
and a total phosphorous (TP) of 1.18 + 0.3 mg/L. In this case, the quantity of microorganisms
for both influent and effluent is not shown as it is not measured regularly. The overall quality
of both influent and effluent is better during the winter period.

In addition, the effluent from Spernal base case is defined in Table 77, and compared with the
effluent from the combined NextGen technologies tested, i.e., the effluent from the IEX
system.

Table 77 Effluent quality — potential water for re-use produced in the base case and NextGen

Parameter Units Mean value Star.mda.\rd Frequency of
deviation | the measures
Base case Flowrate m3/h 1267 447 Daily
Influent
Base case Flowrate m3/h 1097 324.7 Daily
Effluent
Effluent from CcoD mg O2/L 44.6 11.5 Twice per month
thsvsvp\o;:_:lal BODs mg O2/L 3.6 2.7 Twice per month
TSS mg/L 9.8 6.9 Twice per month
TN mg N/L 34,5 5.2 Twice per month
NHa-N mg N/L 2.4 1.1 Twice per month
TP mgP /L 1.2 0.3 Twice per month
Effluent from CoD mg O2/L Still being determined but 19 Daily
NextGen <50
(after all BODs mg 02/L Still being determined but 10 Daily
processes <25
including IEX) TSS mg/L <1 Daily
TN mg N/L <1 Daily
NHas-N mg N/L <2 Daily
TP mgP /L <1 Daily
E.coli CFU/100 | Still being determined but Monthly
mL <3350
Total CFU/100 | Still being determined but Monthly
Coliform mL <8700
Faecal CFU/100 | Still being determined but Monthly
Coliform mL <4600

No products are recovered yet at the base case in Spernal at the full-scale treatment plant
with activated sludge as secondary treatment process.

However, according to the lab-scale investigations, 0.5 kg hydroxyapatite/d with an influent
flow rate of 500 m3/d are expected to be produced. This corresponds roughly to 9.1 t
Ca10(PO4)s(OH)2/a (i.e., 0.28 t P/a) that might be expected from a full-scale plant (100 000 PE).
The quality of the recovered hydroxyapatite can be found in Table 75.
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5.3.9 Lessons learned

Required competence LOW HIGH

The ion exchange and phosphorus recovery units are new technologies for the water
sector with a complex operation. Knowledge of the specific operation and maintenance
procedures are necessary.

Maintenance LOW HIGH

The frequency of plant maintenance per month comprises roughly two days. The duration
of a normal maintenance procedure is 2h and the duration of active process control per
day (manual process control, unforeseen events) is roughly 1 h. No external experts are
required to conduct the maintenance procedure.

Technological risks LOW HIGH

A reason for a downtime might be, that the effluent quality is not maintained by frequent
regenerations, because it is missed due to spot sampling alone. However, plant
downtimes have not been observed so far.

A measure to avoid such a downtime is having a full automated plant with online sensors,
which trigger regenerations.

5.3.10 Best practice guideline to design and operate the
technology

Important to consider during the construction of the plant:
e process has a bespoke design,
e understanding of contact times,
e availability of IEX media and
e health and safety related aspects of chemical storage

Crucial for the start-up of the plant is an operator training for a good process understanding.

Parameters that are crucial for the optimisation of the production process:
- empty bed contact times,
- regeneration frequency,
- product recovery routines
- recover regenerants achieving a low chemical input process

The ranges for those to gain the best removal and production results still need to be clarified
via a full plant automation with the required sensors.
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6. Dynamic sewer modelling: impact of
low-flow local wastewater on
nutrient concentrations

Authors: JungEun Kim (UBATH), Ana Lanham (UBATH), Jan Hofman (UBATH)

6.1 Description of the demo site

The Filton Airfield site was purchased in 2015 by and slated for development by YTL
Development UK Ltd, a subsidiary of the multinational YTL Corporation. The £800 million
scheme, a new suburb to be named Brabazon, will comprise more than 2675 new homes and
62 acres of commercial space, as well as new schools, recreation spaces and health facilities
(Figure 74). As the parent company of Wessex Water, YTL is set to place significant focus on
the development’s water management capability and is working with the University of Bath’s
Water Innovation and Research Centre (WIRC) to investigate and implement the waste-
minimising circular economy practices it will need to appeal to planners and future residents.
The large size of the development presents a unique opportunity to fully demonstrate and
test these practices.

Residential m Schools and nursaries . Station
. Green open space . Employment D Infrastructure
. Mixed use (residential) . Mixed use (non-residential) . Water features
E Dual use Community
Figure 74 Location of Filton Airfield and Filton Airfield master plan

Within NextGen, local recovery and reuse of nutrients are one of the key ideas to increase
sustainability and circularity in Filton Airfield. In this demo case study, two strategies are
considered. The first one is that a new sewer design can be used that transports wastewater
at a lower water content which will enhance nutrient contents in wastewater and thus
recovery efficiency. In recent times and into the future, sewer networks are being designed as
separate sewer systems, where there are two different pipes for stormwater and wastewater.
However, a lot of the existing sewer networks are not designed in this way and as urban areas
expand and connections are made to the existing networks, water consumption must be
reduced to alleviate the pressure on these existing networks (i.e., a combined sewer network
system). Another strategy is to use water-saving appliances including waterless washing
machines, water-saving shower heads and low-flush toilets. The Filton demo case
demonstrates the impact of local water use on nutrient concentrations by limiting the amount
of water entering the sewer network system (i.e., the use of a separate sewer system that
carries only wastewater discharged from homes).
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6.2 Motivation of implementing circular economy

solutions in the water sector

Since Filton Airfield is under development and available local data is limited, modelling and
prediction of local nutrient recovery is necessary. In other words, the availability of local
nutrients that can be recovered from wastewater at Filton Airfield Development needs to be
identified. This will draw outcomes that can be served as a significant step towards an
integrated nutrient management strategy to head to a more sustainable application of
nutrients and stimulate the markets for recovered nutrients. In this context, we have
introduced two strategies (explained in Section 6.1) and they are aligned with the research
priorities of the developer (YTL), in particular, “sustainable urban development and
improvement of self-sufficiency”. As a result, urban wastewater management and resource
recovery potential demonstrated during the project will encourage other authorities and
organisations to follow YTL.

6.3 Actions and case study objectives

Table 78 shows the main task and describes the applied circular economy concept of the
material cycle. This specific case study explored the quantitative analysis of nutrient
concentrations within the selected Brabazon housing area (113 housing units) and the specific
tasks are as follows:
- Produce a stochastic model of water discharge patterns and nutrient concentrations
using a combination of the SIMDEUM tool (Blokker et al. 2017) calibrated to the UK
population and the Storm Water Management Model (SWMM) (Gironas et al. 2010)

- Use the model to test the effect of equipping homes with water-saving household
appliances, including a water-saving toilet, shower head and a waterless washing
machine, on nutrient concentration profiles.

Table 78 Main task regarding material recovery in Filton Airfield
NextGen intervention
Technology baseline in circular economy for TRL  Capacity

water sector

Case Study Quantifiable

target

& Subtask

A former airfield in South

#9 Filton Gloucestershire, north of ; : Nutrient
Airfield, | . ’ Decentralised nutrient concentrations
uk  |Bristol, UK recovery solutions for | TrL |113 in wastewater:
- YTL Developments Gl | e circularity in 9 ho.using nitrogen and
Sub-task develop this former new housing districts units ohosphorus

airfield into an attractive .
1.4.9 . concentrations
and sustainable area

6.4 Benefit to end-users and beyond

In the frame of the Filton Airfield development, occupants, Wessex Water in the UK and YTL
Developments (UK) Ltd are the main end-users/beneficiaries. In particular, YTL as a developer
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will lead an investigation of the acceptance of secondary products (water reuse, heat
reuse/recovery and fertilisers from wastewater) by authorities and industries. Therefore, the
use of circular solutions will add opportunities including marketing and public image.

The results drawn from the project can be recognised as a ‘first showcase’ for planners,
developers and designers to adopt this approach for the nutrient recovery scheme and thus
reduce pressure on the sewer system. Direct benefits that can be integrated for future
research are as follows:
v District nutrient recovery development study will provide an insight into how nutrient
recovery concentrations perform under different wastewater discharge profiles.
v' The implemented approach can be applied to a new sewer design that transports
wastewater at a higher density (lower water content), enhancing recovery efficiency.
This will make possible decentralised and integrated water and nutrient recovery
solutions feasible.
v Results obtained from the NextGen project can be used to understand the nutrient
recovery potential in the pre-design stage of a new housing district development.

6.5 Methodology: nutrient recovery potential

6.5.1 Study site — Filton Airfield eastern infrastructure

At the time of the study, the other stages of the development (commercial and residential
areas) were under the design stage. However, it has to be noted here that the residential
development information (housing types, diurnal patterns, water use habits, family size etc.)
considered in this study can be representative of the future stage of residential development.
In the further stage of building new residences, only the number of housing units will differ as
per YTL's new proposal submitted in April 2022, the total number of housing units will be
increased from 2675 to 6500.

This study thus focused on the sewage network of residential houses from the first stages of
building of the Hangar District, consisting of 80 houses and an apartment block, namely the
Navigator Building. These 80 houses can be broken down more specifically into 8 two-bed
houses, 60 three-bed houses and 12 four-bed houses, and the apartment block is a mix of one
and two bed apartments with a total of 33 apartments. The first development stages that this
research project will produce a sewage model for can be seen highlighted in the orange box
of Figure 75. Using information provided in the development plan produced for the Hangar
District (YTL, 2021), the different houses shown in Figure 75 could be classified into sizes by
bedroom number and their floorplans allowed for an assessment of the sources of wastewater
into the sewage network.

Every house type was found to have one main bathroom, which contained an over-bath
shower, a WC and a basin, as well as a separate WC. The wastewater from the kitchen of every
house type came from a combination of the kitchen tap, dishwasher and a washing machine.
The ensuites of each house type that had one were assumed to contain both a WC and a
shower. All house types were also found to have an outdoor tap. The one and two-bed
apartments did not have outdoor taps and only the two-bed apartments had ensuite
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bathrooms with both, having the same standard bathrooms as the house types. Both
apartment types also contained the same kitchen appliances as the houses. An example of the
floorplan where this information was found can be seen in D1.8 (Kim et al. 2022).
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Figure 75 Map of the Hanger District development with different housing types adapted from YTL Developments
Master plan. Housings with grey colour are not included for this study

6.5.2 Modelling approach

Water demand and discharge profile simulation

The approach taken to model the sewer system for the Hangar District was to use existing
modelling tools: SIMulation of water Demand, an End-Use Model (SIMDEUM®) and SIMulation
of water Demand, an End-Use Model Wastewater (SIMDEUM WW®; Blokker 2010, Blokker et
al. 2017).

SIMDEUME is able to produce discontinuous, random flow patterns distinctive of wastewater
sewer systems. It is used to firstly create a stochastic model for an estimation of water
discharge and temperature discharge patterns from households. SIMDEUM® was originally
developed as a software tool in the Netherlands to model water demand patterns, using a
combination of statistical and probabilistic information about inhabitants and appliance usage
(Blokker, 2010). The SIMDEUMZ® pattern generator (SPG) thus gives information on the water
demand and water discharge and is offered by the website of Watershare
(http://www.watershare.eu/). Through the website, the software tool for Water-Use Info can
be set as shown in Figure 76. The home screen of Water-Use Info consists of two parts. The
first part is a tool that utilises the creation of a spg-file, which comprises the import data for
the residential version of the SPG. This part is described in Section 6.5.3. The button Download
SPG refers to the download of the SPG for residential water use. After saving the file, the SPG
can be installed and executed in SIMDEUM Pattern Generator User-friendly Interface as
shown in Figure 77.
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SIMDEUM WW?® is an extension of SIMDEUM® and was used to assign appliance-specific
wastewater quality profiles to each wastewater discharge. Certain appliances have similar
demand and discharge patterns, for example, the shower running to the drain, however, other
appliances such as a toilet or washing machine may discharge much faster than they are filled.
By using SIMDEUM® and SIMDEUM WW?® together it is possible to produce probabilistic
discharge pulse flows into the sewer network. Unlike for the SPG, however, there has been no
user-friendly interface built for the SIMDEUM WW programme, meaning these wastewater
quality profiles were developed within the MATLAB code of SIMDEUM WW?® to produce time
series .dat files to be integrated into SWMM®. A separate time series file was required for
each parameter, i.e., time series files for each house type and each nutrient, nitrogen (N),
phosphates (P). Separate time series files were also needed for the water-saving appliances
situations. The water saving appliances were water-saving shower heads and water saving
toilets. Time steps of 1 minute were used and the simulations were conducted over a 5-day
period, the weekdays.

3 ‘ Water-use Info watershare’

| Download SPG I e

Area . u

Import data

Regional Household Statistics

Household division ?
Dne person household - age division ?

Two person household - age division ?

Family - age division !

One person household - gender division F
Two person household - gender division f_
Family - gender division ¥

One person household - labour division ?
Two person household - labour division ?

Family - labour division ?

[ wea ||
Figure 76 The start page of Water-Use Info, consisting of a tool to generate a spg-file for residential water use and a button
to install the SIMDEUM Pattern Generator.
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Stochastic wastewater discharge element patterns were then incorporated into the sewer
network modelling software by editing MATLAB codes behind SIMDEUM which produced file
types that could be inputted into the sewer network modelling programme, Storm Water
Management Model (SWMM v.5.1, Gironas et al. 2010; Huber 1997).

[4] SIMDEUM Pattern Generator — x

Read .spg file Messages “rou can read an .spg file and save it to a .stats
file. Or you can use a predefined .stats file.
Save .stats files
You can view the contents of the .stats file and

View .stats file look at the average water use.

Average water use

LeTine iNe SIMUIaten Semngs. (Sa1s TIes T0r Week

Number of homes 100 and weekend days (only difference is the time
File containing working data Select .stats file E-Sc—?izll'ic—th& number of homes and the output

File continaing weekend Stats Select stats file directory for the simulation resufts (. house files).
Cutput directory CAUsers\kimDropbox\2019_UoB‘\Horizon 20200 TL_Fitol | .. | Startthe simulation.

Start Simulation

Vigw the SImulation results from the previous step,
or a simulation that was done earlisr.

Then save the results into the required output
format.

view demand patterns plot demand statistics

Directory with simulation files

. Flow unit Time step Patterns per file Output File Format
Settings for output format i i
(®) m3/h O 1 min (@ 7 patterns per file (®) Generic xls
fi £ mi i W,
Ols (O 5 min (O 1 pattern per file O InfoWorks .ddg Write Hot Pattern Files
(O ma3rday @ 15 min (O) EPANET .txt
(O tmin O1h Write Pattern Files

Figure 77 The home screen for the SIMDEUM pattern generator user-friendly interface

Sewer network modelling

The sewer network for the housing residential area shown in Figure 75 was developed in
SWMM v.5.1 (Gironas et al. 2010; Huber 1997). For this residential development, a separated
sewer network was developed, meaning it excludes storm water. The sewer network is a
gravity driven system with the outfall being the lowest point of the network and the furthest
house from the outfall being the highest point. There are inflow junctions from each house or
apartment block and all nodes are connected by conduits. From the outfall the wastewater
may be taken to a water treatment plant, where nutrients in the wastewater can be extracted.
The pipe network containing all junctions, nodes, conduits, and outfall can be seen in Figure
78 and Figure 79.

Using the SWMM software it is possible to produce a cross-sectional view of the separated
sewer network, from the highest point to the outfall. This cross section can clearly
demonstrate the gravity driven nature of this network, as can be found in Figure 79. The
vertical pipes demonstrate manhole locations from street level to the sewer pipes along the
network. Each conduit was assigned a roughness factor of 0.01 and the conduits were all
circular closed. The highest point of the network at 64.15 m and is the inflow from the 3-
bedroom house, whilst the outfall is the lowest point at 58.665 m giving an overall elevation
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change of -5.485 m. Each node shown in Figure 78 could contain inflow from one or more
houses in the network.

: ATKINEONSOROVE > ————7
Figure 78 Sewer network overlaid onto housing map (SWMM)
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Figure 79 Cross-sectional view of the sewer network from highest to outfall (lowest) point

6.5.3 Data and model calibration

SIMDEUM was originally calibrated for the Dutch trends of water use and applications and
therefore SIMDEUM required different input parameters which would better describe the UK
in terms of information about household sizes, diurnal patterns, and appliance usage. By
gathering data based on the UK population it was possible to input parameters which
described UK habits more accurately than the average Dutch households’ habits. This could
then be used to calibrate a stochastic model and produce patterns that are more suited to the
case study area of Brabazon in the UK.
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Data Collection

The first stage of calibrating SIMDEUM to the UK population was to gather data that could be
inputted into the Water-Use Info in Watershare (http://www.watershare.eu/) to create .spg
files. As shown in Figure 76, there are three sub-parts that need to be filled in using user’s
information: (i) regional household statistics, (ii) time budget data and (iii) installation and
consumption.

The regional household statistics refer to the household occupancy: one person, two person
and more than two person households, i.e., a family. These household sizes were then also
divided based on gender, age and labour (Blokker, 2010). This household statistics data was
found through Statistics (2020). The time budget data is information on households’ diurnal
patterns for each age group and divided into weekdays and weekend days. A United Kingdom
Time Use Survey had been conducted in 2014-2015 by Gershuny (2017). This large-scale
household survey provided data on how people in the UK use their time. Effectively, the
survey provided a time diary instrument where participants would record their daily activities.
This survey provided the necessary information on when people were waking up, leaving their
house, returning home, and going to sleep.

The survey data was provided in a large Excel sheet which had to be sorted through to find
the necessary information. The survey was conducted on the age groups 8-12, 13-18, 19-64
and 65+ year olds. The adult age group was also further divided into working adults and
nonworking adults. Using COUNTIF functions in excel, the survey information could be refined
into the necessary data required for the SIMDEIM simulations. This information on when
people are sleeping and when they are away from home can be plotted to represent the
general pattern (all age groups) as shown in Figure 80. The daily average trend during the
weekdays for all different age groups is presented in D1.8 (Kim et al. 2022).
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Figure 80 Daily trend of all age groups sleeping (o, blue) and away from home (*, orange). The dashed red line

indicates the method for calculating the standard deviation around the time of getting up and sleep.
Values obtained from this figure were summarized in Table 79 and used for SIMDEUM simulation.
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To find the average time people wake up, the midpoint fraction of the highest and lowest
point of people sleeping was found as 0.609 that corresponded to a wake-up time of 6:59 AM.
To find the average time of leaving the house, a similar procedure was followed. The midpoint
fraction of the peak of people being away from home and the low point of people being at
home was found as 0.27 which corresponded to an average leave time of 8:09 AM. Similar
procedures were followed to find the average times of people returning home and going to
sleep. Using these times, it was possible to work out the average duration of people being
away from home as well as the average duration of people sleeping, required for the
simulation.

Other necessary data that had to be inputted into the calibration was the standard deviations
around the times and durations calculated. Under standard deviation rules, 68% of the data
lies within one standard deviation from the mean. The red dashed lines on Figure 80 therefore
show the method for calculating the standard deviation around the time of getting up. 68%
was calculated of the number of people awake at the average wake up time and then
subtracted and added to the mean. These fractions were then read across to find the time
standard deviation and an approximate standard deviation of 1:00 was found for the time of
waking up, as shown by the red dashed lines. A similar procedure was then followed to find
the standard deviations around the time of leaving the house, duration spent away from
home, and duration sleeping, as can be seen necessary in Figure 80.

People tend to be awake during daytime hours and if people are away from home it tends to
also be during the day. The fraction of people away from home at 12:00 PM is about 15%
lower during the weekends, which fits the trend of people leaving home for work during the
week. Using these graphs for each age group the average wake up times, average time of
leaving the house, duration of being away from home, duration of sleeping and their standard
deviations could all be calculated. As a result, these results are summarised in Table 79, where
K shows the average, o shows standard deviation, week stands for weekday and weekend

stands for a weekend day.
Table 79 Summarised time budget data for the UK.

Time Waking Time Leaving TR AT Duratfon
House Sleeping

Week 07:11 0:30 08:20 0:40 8:00 1:00 9:56 0:30
Wend 07:57 1:00 09:35 1:00 8:50 1:30 10:24 1:30
Week 07:17 0:50 08:02 0:45 8:38 1:30 8:46 0:50

Child |

Teen
|Wend 09:10 0:50 10:35 0:45 9:17 2:30 10:12 1:00

Working Week 06:31 0:30 07:44  0:30 9:32 1:15 7:34 0:30
Adult | Wend 06:58 1:15 08:01 1:00 10:54 2:00 7:50 1:00
Home Week 07:22 0:30 08:45 1:30 9:46 1:30 8:20 0:50
Adult | Wend 07:59 0:50 09:52 1:30 8:48 2:00 8:51 1:00
Week 07:15 0:45 09:17 1:00 7:32 1:30 8:15 1:00
Wend 07:35 1:10 09:35 1:00 7:48 2:30 8:32 1:20
Week 06:59 1:00 08:09 0:50 9:48 1:10 8:07 0:50
Wend 07:55 1:30 09:31 1:30 9:29 2:00 8:57 1:30

Senior |

Total |
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The data shown in Table 79 was inputted into the Water Use-Info under the ‘Time Budget’
section for the creation of the .spg file types necessary for SIMDEUM.

The final section for the Water-Use Info was the installation and consumption section. Water
demand in households depends on the number of water-using appliances in the house, for
example a shower, a bath, two toilets, etc. as well as the characteristics of the appliances,
such as frequency of use, flow rate, duration of use and desired temperature. Depending on
the user of the appliance, the duration and frequency can vary, for example a senior may flush
the toilet more often than a teen whilst a teen may take longer and more frequent showers
than a senior. Further to this, the duration, frequency, and desired temperature of the
appliance can vary from appliance to appliance as well as the application of the appliance.
These different applications can be added as subtypes of the appliance in Water-Use Info, for
example a bathroom tap may run hot water for shaving, but cold water for teeth brushing.
Due to time constraints and the current unavailability of data in the UK situation, the
installation and consumption input sections were taken from demo files provided by the SPG
programme. It was therefore assumed that while there may be differences in the household
statistics and the time budget data between the Dutch and UK situations, the use of appliances
between the two situations is the same. Figure 81 shows some of the inputted data into the
Water-Use Info for the Installation and Consumption section, taken from the demo_2014 file
provided by the SPG.

Bath-bath *  Bathroom tap-bathroom_tap *  Dishwasher-dw *
Kitchen tap-kitchen_tap *  Outside tap-outside_tap * Shower-shower *

Washingmachine-wm *  Toilet-wcl * | Toilet-wc2 *

Penetration?  100.0
Child - frequency?  3.800,5.400,4.600
Teen - frequency?  4.100,5.100,4.700
Working adult - frequency?  5.300,6.800,6.000
Home adult - frequency?  7.000,7.000,7.000

Senior - frequency?  7.400,6.800,7.200

Total - frequency?  5.300,6.400,5.900
Daily pattern?  NONE

Offset? 0.0

Name?

wcSavePlus *

Penetration?  average n

Duration? 2.4

Flow?  0.042

Temperature?  10.0

Figure 81 Installation and consumption of Water-Use Info in Watershare (http://www.watershare.eu/)
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For the normal household appliance situation there was no subtype for the shower, toilet or
washing machine. However, for the water saving appliances situation subtypes were added to
each of these appliances. For the toilets, a wcSavePlus subtype was added to each, for the
washing machine, a waterless subtype was added and for the shower, a water saving shower
head subtype was added. The water saving shower head reduces the flowrate of water, the
waterless washing machine fills with less water and the SavePlus toilet fills its reservoir for
less time at the same flowrate, meaning a decreased reservoir volume and therefore less
water into the sewer network per flush.

Water demand simulation - SIMDEUM

Once all three parts of the Water-Use Info had been completed, the data could be saved and
exported into an .spg file type. If necessary, these .spg files could be opened in a notepad app
as .txt files and be easily manipulated.

Using the downloadable SPG from the Watershare webpage, the .spg files could be read and
saved as .stats files as shown in D1.8 (Kim et al. 2022). Using the SPG interface it was possible
to view the household statistics information of the .stats files. This information on household
statistics is summarised in Figure 82 for a 2-bedroom house type. The distribution of single,
two person and family households are defined in the middle of Figure 82 and the other
parameters including age, gender and labour division are shown around the edge.

Using this household occupancy information as well as the time use data summarized in Table
80, together with the water consumption information for each appliance, SPG was able to run
a simulation and produce discharge profiles for each house type.

Wastewater discharge simulation - SIMDEUM WW

The next stage was to input these discharge profiles for each house type into the SIMDEUM
WW code to produce appliance-specific wastewater quality profiles. Appropriate input values
for the pollutant discharges were found and are summarised in Table 80 (Bailey et al., 2020a;
Bailey et al., 2020b). Discharge qualities may come from a variety of sources, for example,
detergents, food scraps, human waste etc. These discharge qualities were added to MATLAB
code as fixed input values. As the discharge qualities shown in Table 80 are in g-use™" the code
was altered to convert the concentrations into g-L™". This was done by taking the discharge
profile and dividing it by the flowrate, measured in L-s™". The code in MATLAB was then run to
produce .dat files of the water discharge quality patterns for each nutrient type and then each
house type with either standard appliances or water saving appliances.

Table 80

Appliance specific pollutant concentrations

Household appliance Discharge Discharge sewage quality (g-use™)
Temperature (°C) N P

Shower 35 0.49 0.00
Toilet 23 0.22 0.90
Kitchen Tap 40 0.35 0.03
Bath 36 0.85 0.00
Bathroom Tap 40 0.04 0.00
Washing machine (35, 35, 35, 40) 0.64 0.00
Dish washer 35 1.35 2.04
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Sewer network simulation - SWMM

Using the files produced from SIMDEUM WW these stochastic household discharge profiles
were integrated into the sewer network developed within SWMM, shown in Figure 78. Each
house has a node which can be matched to a specific time series, e.g., a time series of flow
rates or a time series of nitrogen concentration. SWMM runs the wastewater quality model
alongside the hydraulic model to produce realistic patterns. The concentration at every node
is calculated for every time step, following the conservation of mass. It is assumed that the
nodes are well mixed and there is no deposition or accumulation along the system. Dispersion
along the conduits is also assumed to be negligible in SWMM and pollutants move through
the conduits at a constant velocity.
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Figure 82 Household statistics data — an example of two-bedroom house
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The SWMM simulation can then be run and the time series that results at the outfall for the
5-day period can be exported to Excel. The procedure followed in this research project can be
seen summarised in Figure 83.

SIMDEUM

. Watershare SIMDEUM
Data Collection Tool Pattern WW/MATLAB
Generator
Figure 83 Outline of simulation procedure
6.6 Results: Nutrient profiles in a new housing

development under different scenarios

Model calibration results

The occupancy of each household type could be found in Figure 84. In the Navigator building
there are 12 one-bedroom apartments and 21 two-bedroom apartments, so the average
apartment occupancy was found as a weighted average of the one- and two-bedroom house
types for the specific case study of the Navigator Building. An expected trend can be seen in
Figure 84, as the house type gets larger the number of occupants increase, as can be seen by
the fact that the percentage of 2-bedroom houses with 2+ persons is 18% whereas for 4-
bedroom houses it is 51%. These occupancy values were used in the ‘Household Statistics’
section of the Watershare tool in the creation of the .spg files for each house type.

Apartment (average) 2 bedroom house
11% 18 %
40%
42%

3 bedroom house 4 bedroom house
39% 39% 37%
I 51% ‘

290/, 12%

= 1 person =2 persons =2+ persons

Figure 84 Occupancy for each house type (apartment and free-standing house)

Variations of wastewater flow rates

Figure 85 shows the wastewater flow rate (L-s) for both household appliance scenarios
where NA is normal appliances and WSA is the water saving appliances. A clear diurnal pattern
can be seen in Figure 85 with both morning peaks and evening peaks. The morning peaks are
sharper while the evening peaks are more spread out. This is because people all tend to start
work and school at the same time in the UK, around 9:00 AM meaning people tend to shower
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etc. around the same time before work or school. In the evenings people finish work or school
over a larger range of times so the spread of when people are using the water consuming
appliances is larger. People also tend to be awake and at home for more hours after work than
they are before work, meaning they may use the toilet or taps more times, which explains the
wider spreader in the evening peaks.

2
Morning Peaks —NA —WSA
1.8 / ™~ \\-\\\ Evening Peaks
1 6 u [ \\* ‘
14| |
i |
12 |
o
> 08
r 06 | | | | |
0.4 | | | | | L |
| ‘
0.2 | ‘ L | |
‘ | . ‘ ‘
0 L J Wi QT T i Y s LW, A
0 1 2 3 4 5
Day
Figure 85 Wastewater flowrate at network outfall for a 5-day period. NA: Normal appliances, WSA: Water saving
appliances

In order to compare the effects of using water saving appliances compared to normal
appliances, a period of 1 day was chosen to clearly demonstrate the difference, as can be seen
in Figure 86, with day 1. A morning peak period of 6:30 AM to 9:30 AM and an evening peak
period of 4:30 PM to 11:30 PM was chosen based on the data trends.

— NA — WSA —— NAavg —— WSAavg

048 L-s™ 041 L-s!

9

A 0.46 L
3

H- 0.37 L's {

O T I T T ! ! = 1
0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00

Time (hr)
Figure 86 Flowrate of wastewater comparing normal household appliances and water saving household

appliances. NA: Normal appliances, WSA: Water saving appliances. Morning - 6:30am-9:30am, Evening -
4:30pm-11:30pm.
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As can be seen in Figure 86 the average flowrate over the morning period is 0.11 L-s lower
on average using the water saving appliances. This confirms the idea that using water saving
appliances will lead to a lower flowrate of water into the sewer system and therefore dilution
should be reduced. These averages were calculated for each of the 5 days that the simulation
was run for and compared to check the reliability of a stochastic model. Figure 87 shows the
average flowrate over the morning period, comparing the normal appliances with water-

saving appliances. Error bars are also shown on Figure 87.
0.70

ENA ZWSA
0.60 +

MN\\\\\\\\g

Ay

0.00 f 1 1 I 1
Day 1 Day 2 Day 3 Day 4 Day 5 Average

Figure 87 Average flowrate over the morning period (6:30am-9:30am) for each day. NA: Normal appliances, WSA:
Water saving appliances.

As can be seen on Figure 87 the stochastic model holds true for each day, where the water
saving appliances give a lower flowrate of water into the sewer network when compared with
the normal appliances. The average flowrate for the whole 5-day period for normal appliances
is 0.09 L-s higher than for the water saving appliances. Each bar for days 1 to 5 also shows an
error bar. This is because the flow rate for each day is different due to the random nature of
the stochastic model. The SIMDEUM program gives random usage patterns to each household
appliance which can mean, for example, on some days the toilet is flushed more frequently,
which would lead to a higher flowrate into the sewer network. The trend does generally hold
true, however, that the NA use more water than the WSA for days 1 to 4. On day 5 the average
morning flowrate from the NA and the WSA is the same at around 0.48 L-s’!, which can be
explained by the random nature of the model.

Variations of nutrient concentrations in wastewater

In order to observe the effects of the decreased flow rate using WSA on the nutrient
concentration in the wastewater, the concentration time series produced from SIMDEUM
WW were linked to each house type in the SWMM sewer network along with the flow time
series and the simulation was run for the same 5-day period. This was done for nitrogen (N)
and phosphorus (P) concentrations. The simulation results for the other nutrients can be seen
in Figure 88 (a) and (b), respectively.

For example, Figure 88 (b) shows the concentration of phosphorous at the outfall of the
SWMM sewer network for the 5-day weekday period that the simulation was run for. As for
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the flowrate in Figure 85 the same diurnal pattern can be seen. The phosphorous
concentration is higher when people are using the household appliances in the morning and
evening periods, and phosphorus is being added to the wastewater system. The
concentrations of other components present similar trend with the concentration of
phosphorous.

(a)

~ 045

— NA — WSA

L

04 |
0.35 +

o
w
t

0.25 +

0.15 +

Nitrogen concentration (g
o
N

0.1 Iff |
0.05 | ‘ - | '
0 M: i'l luu M T h h
0 2 3 4 5
Day
e (b)
’ Morning Peaks Evening Peaks —— NA —— WSA

o
(3]
t

©
~
t

b

o
(N
t

o©
-
!

W

Phosphorous concentration (g-L")
° &

o

Day

Figure 88 5-weekday simulation results of (a) nitrogen, N, and (b) phosphorous, P. NA: Normal appliances, WSA:
Water saving appliances. Morning - 6:30am-9:30am, Evening - 4:30pm-11:30pm.

The diurnal pattern can be clearly seen in Figure 88 with the morning peaks of phosphorous
concentration, followed by very low phosphorus concentrations during the day when people
tend to be away from home, and then a more widespread evening peak period where people
are at home again and using water appliances such as the shower, and finally a very low
concentration period when people are asleep and not using the water appliances before the
next morning. Any peaks showing an influx of phosphorus in the wastewater during the night
period could be explained by people going to the toilet during the night and then using soap
to wash their hands afterwards, which adds phosphorus into the wastewater system and
increases the concentration. In order the see the difference in concentration between using
the water saving appliances and normal appliances, a single day has been analysed in more
depth, as can be seen in Figure 89.
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Figure 89 shows the phosphorous concentration at the outfall for day 1 of the simulation
period using standard and water saving appliances. The concentration profile for normal
appliances and for water saving appliances are both shown with the averages of the morning
and evening periods directly compared. As can be seen for the morning period the average
phosphorous concentration is 0.019 g-L ! higher for the water saving appliances and is about
0.018 g-L! higher in the evening period. This confirms the prediction that the lower the
flowrate of water into the system, the less dilution there is and the higher the nutrient
concentration. With a higher nutrient concentration, the water treatment and nutrient
recovery process will be more effective. The phosphorous concentration can be seen to
fluctuate late into the night after people tend to go to bed, this may be due to some household
appliances such as dishwashers and washing machines being run at night with phosphorus
containing detergents.
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Figure 89 Wastewater phosphorus concentration comparing normal household appliances and water saving

household appliances. NA: Normal appliances, WSA: Water saving appliances. Morning - 6:30am-9:30am,
Evening - 4:30pm-11:30pm.

To check if this same trend holds true Figure 90 shows the average morning concentration for
all 5 days of the simulation period, comparing the normal and water saving appliances.
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Figure 90 Average phosphorous concentration over the morning period for each day. NA: Normal appliances, WSA:
Water saving appliances.
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As can be seen in Figure 90 the phosphorous concentration in the wastewater is consistently
higher using the WSA compared to the NA. On average, the phosphorous concentration using
the WSA is 0.02 g-L'? higher than with the NA, showing a 28% increase in the nutrient
concentration of phosphorus. There is a degree of variance in the improvement from using
the WSA. For example, for day 3 the concentration using WSA is 0.027 g-L"! higher, whereas
for day 5 the concentration is only 0.014 gL' higher using the WSA. This confirms the
randomness of the stochastic model used in this research.

Overall, the WSA in this project resulted in an average flow reduction of 18.2% for the morning
period (6 am — 10 am). This water use reduction resulted in increased average wastewater
concentrations of P and N by 28.4% and 3.4% respectively. These percentages were
comparatively low compared to the work of (Bailey et al., 2020b) and could be explained by
the fact that in the research conducted by Bailey et al. (2020) five water saving scenarios were
simulated, more than the 3 tested in this research. However, the results do follow the same
relative trend.

Compared to the work of Pocernich and Litke (1997) the concentrations found in these
simulations were much larger, for example the phosphorus concentration for the NA scenario
was in the order of 7 times the values presented in the work of Pocernich and Litke (1997).
One of the main reasons for this is due to the fact that there is not a lot of data presented for
separated sewer network. Most previous data appear to be for combined sewer networks
where the stormwater into the network leads to high levels of dilution. Therefore, it is clear
from this work that using a separated sewer network drastically increases the nutrient
concentrations and therefore will increase the effectiveness of nutrient recovery at treatment
plants. Wastewater treatment plants will have to be extremely effective in removing most of
the nutrients in order to reduce environmental impacts such as eutrophication caused by the
increased nutrient concentrations. From the data presented here it is also clear that using
WSA leads to higher concentrations in the wastewater which will also improve the
effectiveness of the treatment plants.

6.7 Comparison of the baseline situation and the
NextGen KPIs

In Filton, NextGen investigates an integrated recovery and use of nutrients - the recovery of
nitrogen and phosphate from the wastewater. The corresponding KPIs are (1) the N and P
recovery potential related to the effluent from residential buildings and (2) the impact of
utilising water-saving devices in housings on nutrient recovery potential. Table 81 compares
baseline situation and NextGen scenario. Baseline refers to the use of conventional water-
based appliances in houses, while Ecohouse refers to the use of water-saving devices. The
change of flow rates and nutrient concentrations (N and P) is shown in Table 81. As expected,
the wastewater flow rate decreased when using water-saving appliances. This contributes to
higher nutrient concentrations in wastewater discharged from the Ecohouse compared to the
conventional house. For example, nitrogen nutrient concentration in wastewater discharged
from the Ecohouse was 12,627.0 mg/L while that from the conventioanl house was
5,985.7 mg/L. In addition, the phosphorus concentration was 211.1 mg/L for the conventional
house and 303.8 mg/L for the ecohouse. This indicates that higher nutrient concentrations in
wastewater can contribute to better recovery efficient.
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Table 81 Impact of wastewater profile variations on nitrogen and phosphorous concentrations
| Units | Total | Average | Comments
Scenario 0 — Baseline (Conventional house)
PP 1 bed Flowrate L/d 2706.9 208.2
2 bed Flowrate L/d 5895.2 294.8
Discharge flow Free 2 bed Flowrate L/d 4490.6 320.8
rate standing 3 bed Flowrate L/d 24956.9 341.9
house 4 bed Flowrate L/d 14128.7 353.2
Total flow rate L/d 52178.2 303.8
e TKN mg/L 1381.9 106.3
Apartment s me/L 52.0 40 1, Study area - 1st Phase of
TKN mg/L 2240.0 112.0 . i
2 bed construction - The Hangar District
TP mg/L 84.0 42 | Weekday (5-day) basi
eekday ay) basis
2 bed TKN mg/L 1440.6 102.9
Disﬂmgel' Free TTK':\I mg;t 895:(2) 122'3
sewage quality _ m . .
standing 3 bed ™ mg/L 306.6 22
house
4 bed TKN mg/L 4588.0 114.7
TP mg/L 176.0 4.4
Total TKN mg/L 5,985.7 111.8
Total TP mg/L 211.1 4.1
| Scenario 1~ Ecohouse: water saving devices (Impact of flow rate, residentia)
1 bed Flowrate L/d 12715 97.8
Apartment | cd Flowrate L/d 3166.8 158.3
Discharge flow Free 2 bed Flowrate L/d 1903.6 136.0
rate standing 3 bed Flowrate L/d 11293.8 154.7
house 4 bed Flowrate L/d 7242.2 181.1
Total flow rate L/d 24877.8 163.7
1 bed TKN mg/L 3331.7 256.3
Apartment TP me/L 89.7 69 1. Study area - 1st Phase of
TKN mg/L 5693.1 284.7 . i
2 bed construction - The Hangar District
TP mg/L 144.0 7.2 | 4 N
Weekday (5-day) basis
2 bed TKN mg/L 3402.9 243.1
Discharge TP mg/L 72.8 5.2
sewage quality St:;:?ng 2 bed TKN mg/L 18646.4 255.4
TP mg/L 438.0 6.0
house
4 bed TKN mg/L 9600.0 240.0
TP mg/L 248.0 6.2
Total TKN mg/L 12,627.0 255.9
Total TP mg/L 303.8 6.3
Flowrate % -53%
1 bed TKN_change % +59%
TP_change % +42%
Apartment Flowrate % -46%
2 bed TKN_change % +61%
TP_change % +42%
Flowrate % -58%
Change of WW 2 bed TKN_change % +58%
flowrate and TP_change % +27% *(-): Decrease
nutrient Free Flowrate % -55% *(+): Increase
concentration standing 3 bed TKN_change % +52%
house TP_change % +30%
Flowrate % -49%
4 bed TKN_change % +52%
TP_change % +29%
Total flow rate % -52%
Total TKN % +53%
Total TP % +31%

The issues come since wastewater from the current sewer networks is extremely diluted, so
nutrient concentrations are low which reduces the efficiency of nutrient recovery. By
separating sewer networks between stormwater and residential foul water, and by using
water-saving appliances in houses, the amount of water and therefore dilution in the sewer
networks can be reduced, which would increase the efficiency of water treatment (Verstraete
et al., 2011). In parallel, nutrient recovery reduces the likelihood of these problems while also
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improving water quality and meeting government discharge limits. Another advantage of
nutrient recovery is it offers the potential revenue stream by providing nitrogen or
phosphorus, a growingly scarce commodity, to agricultural businesses.

Nutrient recovery from wastewater and recycling nutrients as soil or liquid fertilizers is a major
challenge for the future circular economy as it is required to select a suitable recovery
technology. In addition to that, it is important to evaluate the reuse potentials of the
recovered nutrient and it should involve real field applications. In this context, the NextGen
technology — ion exchange and hollow fibre membrane contactor demonstrated in Spernal in
the UK — can be the most favourable nutrient recovery technology for Filton Airfield as the
characteristics of wastewater generated in the Filton area would be similar to that utilised in
the Spernal case study. Specific technological specifications can be found in Section 4.3.
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6.8 Lessons learned from simulation study

Required competence LOW HIGH

= Understanding recovery of urban resources from wastewater for reuse applications

= Understanding various resource recovery techniques and modelling skills

= Understanding consumer demands and perceptions of recovered nutrients from
wastewater

Feasibility cow [T, e

= To demonstrate nutrient recovery technologies at different scales, there is a need for
more involvement of local stakeholders and coordination and collaboration across
horizontal (different government departments and sectors). This will provide a
promising approach to maintain the way for more sustainable, resilient and inclusive
urban nutrient recovery and reuse.

Riss ow [l , T v

= Control nutrient concentrations in wastewater and understanding the impact of water
saving appliances on nutrient recovery are required
- Using water saving appliances (i.e., low flow wastewater) in residential homes and
other commercial buildings needs to be encouraged.
- By limiting the amount of water entering the wastewater system, dilution can be
decreased, and with reduced dilution, the recovery of nutrients can become more
effective.

6.9 Future perspectives

This study focused on dynamic sewer modelling for demonstrating nutrient concentrations in
wastewater at district level. Thus, this provided insight into how using water-saving appliances
affects wastewater flows and nutrient concentrations. The next stage is identifying viable
resource recovery technologies which is a priority for the Filton case as the recovered
nutrients are not yet considered to be viable as commercially available fertilisers due to
concerns about the quality and performance of the recovered nutrients in real practices (Saliu
et al., 2021).

More efforts are needed to propose the most appropriate nutrient recovery system that
enhances and supports nutrient recovery strategies in Filton Airfield. In this context, it is of
great significance to have a credible dataset that is adequate for either practically or
regulatory applicability and demonstration. Therefore, there are a few stages recommended
in the further development of the model that could be used to simulate a comprehensive
nutrient recovery model for observing the effects of optimal resource recovery.

A potential change in the future would be to find better calibration data. This could be done
by surveying a sample of the UK population in the specific area where the sewer network is
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being developed in order to account for local habits in terms of water use. A large portion of
the data used in this study for the installation and consumption section of the Water-Use Info
was obtained from demo files which had been calibrated to the Dutch scenario. In the future,
further research could be done on the appliances and the time they are used for in the UK
scenario, for example, how often people shower and for how long. This could be done by
performing surveys on a sample of the UK population.

Another change that could be made in the future is to find more recent calibration data on
the wastewater quality element of the model. Some of the nutrient discharge concentrations
date back a few decades and with advancements in soaps and detergents it is likely that the
pollutant qualities from these sources would have changed. With the availability of more time,
further studies could be performed to find more recent information on nutrient qualities from
household appliances.

Another potential issue of the current form of SIMDEUM WW is that it uses average pollutant
discharges per appliance. Each household appliance has the potential of producing a wide
range of wastewater qualities, for example, people may use different detergents in clothes
washing. To improve on the current form of the model it would be useful to be able to provide
variable discharge qualities in SSIMDEUM WW from each household appliance, improving on
the stochastic model.

A further improvement that could be made to the SIMDEUM WW code is to integrate
weekend days into the code. At the moment only weekdays have been simulated and
weekday diurnal patterns have been shown. Weekend time budget data is available however,
for example, when people wake up and how long they are away from home for. By adapting
the SIMDEUM WW code the weekend demand patterns could also be converted into
discharge profiles.

This project has received funding from the European Union’s Horizon 2020 research and innovation
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7. Discussion and conclusions

7.1 Benefits and challenges of the technologies

The main benefits and challenges of the NextGen technologies are presented in the following
per topic starting with the material recovery technologies, followed by the nitrogen and
phosphorus recovery technologies.

Technologies for material recovery from sludge

The rapid composting unit allows to recover carbon and nutrients from excess sludge and
pruning waste, while enteric pathogens are destroyed during the composting process. It is five
times faster than the conventional composting and an excellent opportunity to recycle green
waste within cities. The opportunity to sell the compost can generate an income. However as
a challenge, a full automation of the process is significantly more expensive than the unit
presented in this deliverable and furthermore, the design models for solid-phase reactors are
limited and more research is therefore needed.

The granular activated carbon (GAC) produced in Altenrhein can be operated over a long time
and eliminate organic micropollutants to different extents. However, at standard operating
conditions, the elimination of organic micropollutants is less compared to that of a traditional
GAC. The produced GAC does not meet the legal requirements and thus, the traditional GAC
is required as last polishing step to achieve the legal requirements. Consequently, as a pre-
treatment before a traditional GAC, it will prolong the operation life of the traditional GAC
and hence, it contributes to reduce the environmental impact compared to the use of black
coal.

The investigated pyrolysis process for the case study in Timisoara showed, that a high gas
guantity can be obtained with an increasing temperature. The gas can be cleaned in a
condenser and an electrostatic precipitator. In addition, oil, water and char are generated via
pyrolysis and can be also used as resources afterwards. However, after separating the oil from
the water, the oil can be used, but the water is considered as waste and has to be disposed.
Hence, not everything can be extracted from it.

Protein production to be used as a slow release fertiliser

For the purpose of the La Trappe democase, the photobioreactor operated on brewery
effluent, and was supplemented with urine to balance the C/N ratio. In this way, the purple
bacteria biomass was successfully cultivated, harvested and subsequently applied as a dried
slow release fertiliser for microgreens cultivation in a vertical farm. Open pond reactor
technology is already applied at full-scale for green algea and is in many settings considered
cost-effective. Thus, with a comprehensive software designed for the photobioreactor (purple
bacteria reactor) control, scale-up is considered relatively straight forward. It is important to
note that the technology was designed for protein recovery from waste(water) to be used as
slow release fertiliser and in the future even higher end applications, with nutrient removal as
secondary benefit. Assuming the purple bacteria biomass can be used as organic ‘liquid’
fertiliser (without the drying step used for experimental purpose), energy costs can be
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reduced to mainly artificial lighting (using relatively low energy intensive IR). Altogether, this
would keep the operational costs relatively low in terms of price/quality compared to
conventional technologies for nutrient recovery. With the increasing costs and supply chain
issues for conventional fertilisers and the demand for circular organic products, the business
model will be increasingly feasible. However, the main challenge is the dependence of the TRL
on the available waste(water). Upscaling and controlling of the process such as keeping the
water volume in the system constant, to ensure homogenous illumination and favour purple
bacteria growth of less desirable organisms in presence of shade-producing suspended solids
needs extra attention and is delicate. Therefore, building a 40ft containerised scale-up system
is needed to test and fine tune the operation for the above mentioned challenge. The
challenge of the business model is to develop a stable demand for this circular fertiliser/bio-
stimulant beyond the vertical farm/ urban farming market, which is currently still a niche-
market. The case study has shown that the photobioreactor can produce an additional value
added product, i.e. diversify the product portfolio, in a treatment train focused on water
recovery. More and more enterprises are hindered in expanding their facilities, because they
are not allowed to use more water. A comprehensive closed loop concept with a reasonable
business case, supported by a more diverse product-portfolio for proteins, will help these
entrepreneurs to continue.

Nitrogen removal and recovery technologies

The case studies involved in nitrogen recovery were Braunschweig with the ammonium
sulphate solution production unit via air stripping and scrubbing, Altenrhein with the
ammonium sulphate solution production unit via membrane stripping in a hollow fibre
membrane contactor and Spernal using an ion exchanger and a subsequent hollow fibre
membrane contactor to produce solid ammonium sulphate.

In general, the benefits are the reduction of the nitrogen return load and thus, the reduction
of potential N2O emissions or even the avoidance of those emissions as in the case of Spernal.
N0 is a greenhouse gas and has the impact of 265 CO;e. The increasing fertiliser prices due
to the Ukraine crisis lead to a higher acceptance of the ammonium sulphate fertiliser.
However, there is still the need to develop new markets for this fertiliser especially when it
was recovered from wastewater or the liquor of dewatered digestate. Furthermore, the
Fertilising Products Regulation (EU 2019/1009) does not explicitly mention the recovery of
ammonium sulphate from sewage sludge or wastewater as an option, so a certificate via
REACH (EU 2020/2096) might be necessary. Because the produced amounts of ammonium
sulphate are relatively small, the marketing is more rewarding on a local/regional market than
on the European level. Therefore, the national legislations can applied, if they consider those
recyclates. Otherwise they have to be registered via REACH, which can be time consuming and
expensive.

The air stripping and scrubbing is a mature technology with a robust process and provides high
recovery rates between 80% and 97%. However, the necessary addition of chemicals such as
NaOH and H,SOa4 needs special knowledge and new training of the personnel at a classical
WWTP. Also the prices of chemicals are currently increasing and as shown for the case of
Braunschweig, the quality of the fertiliser depends highly on the quality of the added H;SOa.

If the ammonium concentration is not high enough for the ammonium sulphate production,
it can be accumulated via an ion exchanger as in the case of Spernal. The operation and control
is easy as well as its upscaling. It is a relatively simple and fast process that does not require
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any start up time. Its energy demand is relatively low and depends only on pumping of the in-
and outflows.

Phosphorus removal and recovery

Phosphorus was recovered in Braunschweig using a struvite production unit. Struvite was
shown to be a high quality product, the process contributed to a significant reduction in the
phosphorus return load in the WWTP due to a high phosphorus recovery rate of over 80% in
the unit. Because of the currently increasing fertiliser prices, the acceptance of struvite from
treated wastewater is increasing. Nevertheless, new markets need to be developed for the
renewable fertilisers originating from treated wastewater. Since 2021, at least struvite and
other precipitated phosphate salts recovered from wastewater and sewage sludge are
included in the Fertilising Products Regulation via the amendment (EU 2021/2086), which is
an important step for their marketing. However, other recovered fertilisers from sewage
sludge and wastewater are not considered yet in the regulation.

In Braunschweig, the technology requires a high maintenance, the struvite crystal size is
difficult to control and the addition of chemicals such as NaOH and MgCl; is necessary.
Therefore, specific knowledge of their handling is required.

This also applies for the Hydroxyapatite production in Spernal, where the precipitation is
initiated by adding hydrated lime. Not only a new training is needed, also a new thinking for
WWTP operators is required.

To apply those technologies, a certain phosphorus concentration must be maintained for the
precipitation processes. If the concentration is not high enough, an ion exchanger can be
applied as in Spernal to accumulate phosphate. As already mentioned, the ion exchanger is
easy to operate and control, it does not require a start-up time and can be easily up-scaled.
Its energy demand depends only on the pumping processes for the in- and outflows and no
direct GHG emissions occur.

In Altenrhein, a PK fertiliser was produced via a thermal treatment. This process is a one stage
process and the investment costs are in a similar range as for a mono-incineration. The
operating costs become even lower compared to a mono-incineration, if the product can be
sold at a reasonable price. The challenges are however, the requirement of a separate drying
process to approximately 90% for which energy from the thermal treatment can be reused
and the potential necessity to blend the fertiliser with a P- and/or K-fertiliser to sale it.

7.2 Best applications of the technologies

Ten different technologies have been investigated in NextGen with different points of
application. In Figure 91, the points of applications are presented in an overview scheme. The
scheme shows, that only three technologies are applied on a main stream and the others are
applied on side streams. Furthermore, five technologies need a solid free feed stream such as
aliquor and five technologies valorise thickened sludge or even dried material. In the following
sections, the best applications of the technologies are summarised, compared and presented
together with their TRLs, key performance parameters such as recovery rate, crucial feed
stream concentrations, their demand for energy, for chemicals and indications regarding their
potential corresponding to an upscaled system. The data for the upscaled system were gained
in cooperation with WP2 and are explained in detail in D2.1 (Remy et al. 2022). Data regarding
costs are available in D2.2 (Nattorp et al. 2022) and are not shown here.
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Overview about the different points of application for the NextGen material recovery technologies (AnMBR: anaerobic membrane bioreactor; RCB: rapid composting
bioreactor; TPH thermal pressure hydrolysis, GAC granular activated carbon); here: no distinction between centralised and decentralised systems

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°776541



\3 ﬂeXtGeﬂ D1.5 New approaches - material

Technologies for material recovery from sludge

The tested technologies for material recovery from sludge have a technology readiness level
of 7 and 4 (Table 82, Figure 92). Thus, further investigations and tests are recommended
before their implementation at full-scale. Table 82 shows the relevant parameters referring
to the pilot plants and their up-scaled systems.

Table 82 Summary of the crucial parameters for material recovery from sludge in NextGen
Athens Altenrhein Timisoara
Technolo Rapid composting Pyrolysis (TRL 7) Pyrolysis (TRL 4)
3 bioreactor (TRL 7) yroly yroly
Granular activated

Product Compost carbon (GAC) Gas
Recoverv rate C: 60%; N:80%; 50% GAC 18% gas,

y P: 100% 50% gas, sieving losses 63% char, 2% oil
Flow rate 5t compost/a 1 kg dried sludge/h 2.1 kg dried sludge/h
Chemicals/ Pruning waste & N2, heat; H,0 and CO;

. . N N3, heat
additives inoculum, heat for activation
Dotrr 600 PE; restmentfor 400 000 PE:

* 3
suitability 1tN/a&0.34tP/a conventional GAC filter 3100 m* gas/d
Energy
demand 410 i
(upscaled kWh/(t compost) No data available
system; D2.1)

Athens Altenrhein Timisoara

DM=5-7% DM=90% DM= 84%

Bag thickener Fine shredder RCB unit
'I

G0 —
!=

lr.'t, reactor

ithaka institute

Figure 92 NextGen technologies for material recovery from sludge with dry matter (DM) contents of their inflow
streams

The rapid composting bioreactor can be best applied in a decentralised system e.g. in
combination with a membrane bioreactor. The resulting excess sludge has to be thickened to
a dry matter content between 5 and 7%. In addition, the pruning waste has to be shreddered
and then blended with the thickened sludge. The recovery rate is 100% and the pilot plant
produces 5t compost per year that is reused at the tree nursery and substitutes conventional
fertilisers with 80 kg N/a and 27 kg P/a. For a full-scale system (600 PE), the substitution of
1tN/aand 0.34 t P/a is expected. This corresponds to 15% of the nitrogen load and 72% of
the phosphorus load of the raw wastewater being the influent to the sewer mining unit.
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The thermal treatment and also the pyrolysis are suited to be applied at a centralised system
such as a WWTP. In order to produce GAC, the sewage sludge has to be dried to a dry matter
content of around 90%. In NextGen, two different GACs were produced: one based on sewage
sludge and one based on dried cherry pits. The sewage sludge GAC performed better than that
produced from cherry pits. Hence, the results suggest to apply the technology with digested
sewage sludge. The renewable GAC is suited for a pre-treatment upstream to a conventional
GAC filter, since it does not reach the required level of micropollutant elimination. However,
it is very well suited to prolong the lifetime a conventional GAC filter via its application as
pretreatment.

For the pyrolysis process applied for the case study in Timisoara, the excess sludge was also
dried to a dry matter content of 84% prior to its treatment. High quality gas and oil were
produced. The higher the organic content of the sludge, the higher the recovery rates of gas
and oil are. For a full-scale pyrolysis in the case of Timisoara, around 3100 m3 fossil gas/d are
expected to be substituted with the pyrolysis gas.

Protein production

The photobioreactor produces microalgae which can be reused as protein-based slow release
fertiliser or even as fodder (Table 83, Figure 93).

Table 83 Summary of the crucial parameters for protein production

La Trappe
Technology Photobioreactor (TRL 5-6)
Product Proteins as slow release fertiliser
Recovery rate COD: 38%; N: 20%; P: 25%
Flow rate 60 L wastewater/d
Additives, etc. Artificial light
Energy demand Energy for pumps and lights (no detailed data available)
Suitability Pilot: 276-575 kg dried biomass{a
- Successfully tested to grow microgreens
La Trappe

COD= 1000-3000 mg/L, TN= 11-25 mg/L and TP= 2-20 mg/L

(b) 12th March

(¢) 15th March (d) 19th March

Figure 93 Photobioreactor with influent concentrations of COD, TN and TP
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Its TRL is still low between 5 and 6 and thus, further investigations are recommended before
its full-scale implementation. Its best application was in a main stream treatment of brewery
wastewater and urine. However, it can also be applied for a side stream treatment of
concentrates resulting from a membrane treatment such as a combination of UF and RO. The
recovery rates for COD, N and P are 38%, 20% and 25%, respectively.

Compared to the other technologies for N and P recovery, the recovery rates are much lower.
However, this technology does not require any chemicals as the other technologies and
depending on the protein quality it can be even reused as fodder or food additive. The
photobioreactor produced roughly 0.48 g TSS biomass per litre wastewater. This corresponds
to a production of around 276 to 575 kg of dried biomass per year to be used as a slow release
fertiliser. The slow release fertiliser was successfully tested to grow microgreens.

Nitrogen recovery technologies

The nitrogen recovery technologies vary in their TRL from 6 to 9 (Table 84, Figure 94). Thus,
for the ion exchanger and the hollow fibre membrane contactors (HFMC) further
investigations and tests are recommended prior to their full-scale implementation. Their
points of application can be in a side stream such as the liquor from dewatered digestate (TSS
<600 mg/L) with an influent NH4-N concentration between 300 and 1700 mg/L as in the cases
of Altenrhein and Braunschweig or in a main stream as in Spernal e. g. in the AnMBR effluent
after ultrafiltration (TSS < 10 mg /L).

Table 84 Overview about the crucial parameters of the nitrogen recovery technologies
Spernal Altenrhein Braunschweig
IEX & HFMC Air stripping &
Technology (TRL 6) HFMC (TRL 8) scrubbing (TRL 9)
Product Ammonium sulphate Ammonium Ammonium
sulphate sulphate

N: > 76%; e _ .
Recovery rate IEX: >80%; HFMC: 95% N: 75% N: 85-97%
Flow rate 1 m3 AnMBR effluent/d 8.5 m3 centrate/h 7-19 m? liquor/h

Zeolite-N, NaOH (50%): NaOH (50%):
Chemicals/ KCl: 342 kg/(kg N 4.4 L/(m?3 centrate), 3.3 L/(m? liquor),
adz::::::ss eliminated), H,S04 (96%): H2504 (96%):

NaOH: 1.75 ke/kg N'_ 4.2 L/(m?3 centrate), 1.4 L/m?3 liquor,
H2S04: 3.57 kg/(kg N in
heat heat

product)
Upscaling 100 000 PE: 305 000 PE: 380 000 PE:
(D2.1) 320t N/a 66 t N/a 175t N/a
Energy 0.02 kWh/m? for IEX,
demand 0.025 kWh/m3 for N 0.5 kWhel/(m?3, 1 kWhe/m3,
(upscaled recovery from 7.7 kWhin/m? 9 kWh/m3
system; D2.1) regenerant
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Spernal Altenrhein Braunschweig
NH,-N=40-50 mg/L  NH,-N= 1500 mg/L NH,-N= 300 — 1700 mg/L NH,-N= 700 — 1500 mg/L

T

Figure 94 Overview about the nitrogen recovery technologies with influent NH,-N concentrations in NextGen

Furthermore, the nitrogen recovery units can be combined with a pretreatment either to
concentrate the ammonium as in Spernal with an ion exchanger from 40 mg NH4-N/L to 1500
mg NHa-N/L or with a struvite production unit as in Braunschweig to avoid undesired
precipitation processes in the stripping unit. A thermal pressure hydrolysis contributes to an
increase in the phosphate and ammonium concentrations in the digestion system as shown in
Kleybocker et al. 2022 in D1.4

The recovery rates of the three units are quite high ranging between 75% and 97% (Table 84).
In Spernal, 1.1 kg (NH4)2S04/d were produced as solid crystals. Upscaling the process to a
WWTP of 100 000 PE would result in the recovery of 320 t N/a from the main stream
corresponding to a recovery rate 88% referring to the nitrogen load in the influent of the
WWTP.

In Altenrhein, the recovery rate of the pilot plant reached 75%. Hence, for a full-scale system
with 305 000 PE the yearly recovery nitron would be 66 t N/a corresponding to 11% of the
influent nitrogen load to the WWTP.

In Braunschweig, 2000t (NH4)2SOs/a are anticipated to be produced under optimised
conditions as ammonium sulphate solution. This amount corresponds to 175 t N/a and a
recovery rate of 12% referring to the influent nitrogen load to the WWTP.

In Altenrhein, the process temperature is with 40-50 °C slightly lower than in Braunschweig
with 55 °C resulting in a lower thermal energy demand. However, the process pH is slightly
higher between 9 and 10 instead of 9 and 9.5 (Table 84) and hence, more NaOH is required in
Altenrhein than in Braunschweig.

Phosphorus recovery technologies

As shown in Figure 95, the TRLs of the phosphorus recovery units differ between 6, 7 and 9.
For the ion exchanger combined with a precipitator and the pyrolysis process further
investigations and tests are recommended prior to its full-scale implementation. Even though
the struvite production unit is categorized as TRL 9, for applications in new environments with
another chemical composition of the wastewater, detailed tests are considered as necessary.

The points of application are different for all three technologies. In Spernal, the AnMBR
effluent being a main stream is used to recover phosphorus. In Altenrhein, the dried digestate
is used from a municipal WWTP and thus, it is used as a side stream technology. It should be
noted, that the pyrolysis process removes only partly heavy metals which are contained in the
digestate and thus, this technology might be better suited for industrial wastewaters which
are “cleaner” than municipal wastewater. In general, the chemical composition of the
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digestate should be investigated in terms of its heavy metal contents in order to decide, if the
technology is suitable for the type of digestate/sludge.

Table 85

Spernal

IEX & precipitation

Overview about the crucial parameters for phosphorus recovery in NexGen

Altenrhein

Thermal treatment

Braunschweig

CO2 stripping &

precipitator >90%

Technology (TRL 6) (TRL 8) precipitation (TRL 9)
Product Hydroxyapatite PK fertiliser Struvite

P: > 72%;
Recovery rate [EX >80%; P: 90-100% P: 80-97%

system; D2.1)

recovery from
regenerant

Flow rate 1 m3 AnMBR effluent/d | 50 kg dried sludge/h 7-19 m3 liquor/h
H o/\. 3
Chemicals/ lon exchar?ge resin, KOH or similar (140 NaOH (50%): 1 L/(m
additives hydrated lime (2.64 ke/t dried sludge) liquor), MgCl; (25%):
kg/kg P) g g 1.9 L/(m3 liquor)
Upscaling 100 000 PE: 305 000 PE: 380 000 PE:
(D2.1) 61tP/a 260t P/a 37tP/a&17tN/a
0.02 kWh/m? 140 kWh/(t sludge
Energy for IEX input), electricity
Y] ’ 3
demand 0.005 kWh/m? for P produced from off-gas 13 k.Whe|/(m
(upscaled liquor)

heat: 250 kWh/(t
sludge input)

Spernal
PO,-P=5-8 mg/L

PO,-P= 200 mg/L

Altenrhein
TP= 19 g/(kg DM); DM=75%

Figure 95

Steam generator
Post combustor

Feeder
Gasifier

Braunschweig
PO,-P= 250 — 800 mg/L

Phosphorus recovery technologies in NextGen with feed concentrations or contents

In Braunschweig, the struvite production unit is also implemented in a side stream. Here, the
liqguor of the dewatered digestate is used and the heavy metal contents are far below the legal
thresholds. This is also true for the hydroxyapatite produced in Spernal. The recovery rates of
the technologies range between 72% and 100% (Table 85).

In Spernal, 0.5 kg Hydroxyapatite/d was produced in the pilot plant. Upscaling the process
results in the recovery of 61 t P/a from the main stream of a 100 000 PE WWTP. This
corresponds to 80% of the phosphorus load in the influent to WWTP.

In Altenrhein, the pilot plant produced 50 kg PK-fertiliser/h corresponding to 0.95 kg P/h.
Upsacling to a full-scale plant (305 000 PE) results in a yearly recovery of 390 t P and 850 t K
(Remy et al. 2022). Hereby, it should be noted, that the potassium was added from an external
source in the production process of the PK-fertiliser.
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In Braunschweig under optimised process conditions (380 000 PE), 300 t struvite/a can be
produced (Remy et al. 2022). This amount corresponds to 37 t P/a and 17 t N/a that can
substitute conventionally produced slow release fertilisers. Those amounts correspond to 16%
and 1% of the phosphorus and nitrogen loads in the influent to the WWTP, respectively. It
should be noted, that the combination of the digestion system with a thermal pressure
hydrolysis (see Kleybocker et al. in D1.4) contributes to an increase in the phosphate
concentration and thus, increases the available dissolved phsophate for its recovery.

7.3 Transferability: application at other sites

For the transferability of the NextGen results and for replication of the technologies at other
sites, different challenges and next steps are outlined in this chapter.

Technologies for material recovery from sludge

The pilot composting reactor demonstrated that reactor-based composting can be down-
scaled to a decentralised urban option and still be technically and financially feasible. The
ability to produce a high-quality compost in urban settings with no odor and in a small
footprint is important to work at a decentralised level. A stand-alone composting reactor unit
is needed that is larger than a residential unit, but smaller than a centralized organic waste
processing facility.For the replication of the rapid composting bioreactor, a trial and error
approach is needed for its sizing, because the mechanical design is dependent on the system
scale and composition as well as on the size of its input material. Until now, established
models for solid-phased metabolic reactors are rarely available. Therefore, more research
should be conducted in terms of solid-phase reactor modelling in order to allow for an easy
upscale of this reactor type.

GAC production from sewage sludge was successfully shown. However, for the GAC
production from sewage sludge and other materials at other sites, preliminary investigations
are mandatory to assess the best conditions for the pyrolysis process and the activation of its
product. In addition, a further optimisation of process parameters of the GAC-filters is crucial
for prior to its replication, because standard operating conditions do not necessarily apply and
always depend on the conditions on site.

The same is true for the pyrolysis process applied for the case study in Timisoara. Here, the
tests were run at a test plant. Up-scaling those results is quite challenging. Furthermore, the
implementation of a full-scale pyrolysis plant to cover the whole Timis county is a big
investment project. Therefore, a detailed planning will be conducted and further feasibility
studies are ongoing.

Protein production

The cultivation of purple bacteria as protein source was successfully shown. The main
challenge for the replication of the photobioreactor at other sites, is the low TRL between 5
and 6 indicating a further demand for research and optimisation. The aim of this optimisation
is to identify the minimum and maximum wastewater concentration and characterisation that
will define the need of pre- and post-treatment technologies. A model needs to be created
that can be used to scale-up the design for a full-scale implementation.
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Also the establishment of a market for the proteins as slow release fertiliser, fodder additive
or even as food additive has to be promoted. Hereby, the feed stream of the technology will
be crucial for the decision of which quality the endproduct will be. Research activities are still
necessary to determine the application rate of the fertiliser and its application method,
biomass stability and post processing and the most cost effective way to use it from harvest
to application.

Nitrogen recovery

Especially for the nitrogen recovery plants with lower TRLs (5-8) such as for the HFMC, its
scale-up is still under scrutiny. The experiences of a first handful of plants that have been
constructed and operated should therefore be summarised, evaluated and generalised in
order to generate a better basis for its up-scaling.

In terms of the ion exchanger, its media is currently facing supply chain issues and hence, new
materials are being tested. The short-term trials indicated that the concentration process
would benefit from more cycles in order to facilitate recovery. Hence, more investigations are
beneficial to provide more insights of the process for a successful replication.

Regarding the replication of the air stripping and scrubbing process, it is highly recommended
to test and investigate before its implementation, if the influent stream is prone to scaling in
order to avoid any process failures and downtimes. Several pre-treatments are available and
can be combined with this technology such as struvite production as in the case of
Braunschweig. Furthermore, if excess heat is available at a potential replication site, it is
beneficial to reuse it for the stripping process in order to allow the process to be operated at
a lower pH and thus, reduce the demand for NaOH. In general this process is mature and very
robust and well suited for replication. In this case, especially waste and wastewater streams
with high nitrogen contents are suitable for the treatment with this technology. Therefore,
potential replication sites might be industrial waste(water) treatment plants from the meat
industry, plant oil industry as well as from breweries as shown in Kleybocker et al. 2020.

In general, a successful replication might be accelerated, if a market for renewable fertilisers
which were recovered from municipal wastewaters would be established and/or developed.
Especially wastewater treatment plant operators are not experts in the fertiliser industry and
cannot compete with their relatively small amounts of fertilisers on the market compared to
the big fertiliser industries. Therefore, a solution should be found as suggested in chapter 7.4.

Phosphorus recovery

For the replication of the struvite recovery plant, preliminary investigation are needed. Is very
difficult to predict, how good the crystallisation process works for a certain influent as it was
shown in Braunschweig, where the optimisation phase quite for evolved, however, it is still
after two years of operation not completed.

As already mentioned for the nitrogen based fertilisers, also for the phosphorus based
fertilisers, a market is needed and the plant operator or owner who is usually an expert in
wastewater treatment does not have the expertise of trading and marketing the produced
fertiliser. In this regard, further recommendations are provided in chapter 7.4.

As for struvite for example, the fertiliser quality was shown to be very high compared to the
legal requirements and hence, it would be well suited to be used in organic farming.
Therefore, we suggest to amend the regulation on organic production and labelling of organic
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products (EC) No 889/2008 and to include struvite recovered from wastewater as a fertiliser
for organic farming.

For the phosphorus recovery technologies with lower TRLs (6-7) such as the production of the
PK-fertiliser, the extension of the operating time in pilot scale is still needed before its
replication to reach a complete steady state under a controlled variation of temperature. A
pilot operation with a substrate containing less heavy metals such as meat flour should be
preferred to make sure to fulfill the strict requirements of the Swiss fertilser regulation.

Also other waste and wastewater streams might be of interest for this technology as already
outlined before as long as its content is not contaminated with heavy metals such as waste
and wastewaters from the meat and plant oil industry as well as from breweries as explained
in detail in Kleybdcker et al. 2020.

In terms of the hydroxyapatite production shown in the Spernal case study, still more
investiagtions are needed to for example characterise the organics contained in the influent
stream which have an impact on the adsorption capacity of the hybrid anion exchange
nanotechnology (HAIX) to optimise the removal and prevent the fouling of the resin. In
addition, the short-term trials indicated that the process would benefit from more cycles.
Thus, a longer optimisation phase will be beneficial to suggest an optimised process for a
potential replication.

Selection of NextGen technologies that might be implemented in Filton Airfield

The NextGen solutions cover centralised and decentralised material recovery technologies.
Filton Airfield focused on nutrient recovery potential at district level to simultaneously explore
the impact of wastewater volume on nutrient concentrations in wastewater and provide
insight into a sustainable water-nutrient circular solution. In this context, decentralised
NextGen recovery technologies can be a more favourable way of ensuring the servicing
nutrient recovery in the Filton area.

Among NextGen nutrient recovery technologies, the ion exchanger and the hollow fibre
membrane contactors demonstrated in Spernal (UK) can be the most appropriate and
sustainable solution to be applied to Filton Airfield. This is because the system is suited to be
a decentralised system (i.e., local level) and the source of nutrient recovery considered for the
Filton case is wastewater from residential buildings that are located close to each other. In
addition, the treatment train has an ammonium and phosphate accumulation step using the
ion exchanger. Hence, the already increased concentrations are beneficial for this treatment
train.

Furthermore, there are NextGen technologies that recover nutrients from sewage sludge as
shown in Figure 91. However, only the rapid composting bioreactor demonstrated in Athens
(Greece) is suited to be applied in a decentralised system. From the perspective of a system
scale, an RCB system would be also considered a sustainable solution to improving circularity
in Filton Airfield. However, since the waste source is sewage sludge, it is important to conduct
further investigation to evaluate the feasibility of sewage sludge properties with reference to
the nutrient recovery. This indicates that when considering the RCB system for the Filton case,
the nitrogen and phosphorous contents in sewage sludge generated within the Filton area
should be pre-investigated via conducting the mass balances (availability). Furthermore, as
demonstrated in Athens, prior to the RCB system, a sewer mining unit was performed as a
pre-treatment process to thicken the sludge (i.e., the dry solids content of excess sludge
should be at least 5%). As such, the appropriate pre-treatment for influent wastewater should
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be pre-determined as it has direct impacts on sludge properties, system maintenance and
overall recovery efficiency. Thus, the RCB system would be the second option that might be
implemented for the Filton case.

It has to be noted here that NextGen technologies that are centralised and utilise other
sources (i.e., industrial wastewater or urine) would not be feasible for the Filton case due to
the scope of the current Filton study. However, this would become a feasible solution if the
scope of the Filton case study is extended to include a centralised wastewater treatment plant
with a nutrient recovery technology being incorporated in the sludge line i.e., thermal
treatment and pyrolysis.

7.4 Recommendations for future implementations

As already outlined in chapter 7.3, for most of the processes, preliminary investigations should
be done before their implementation especially to consider the individually different
conditions and characteristics of their potential waste and wastewater streams for a certain
site. Also, some of the investigated technologies still have further optimisation potential and
thus, having more demonstration scale trials in small, medium and large WWTPs to show their
economic benefits due to a lower energy demand, lower GHG emissions, nutrient/material
recovery and higher effluent qualities against costs and maintenance needs might easily
convince new investors.

Especially for the technologies with TRL 6 and below, such as the photobioreactor, open
guestions are still rendering the technology not mature enough for direct commercialisation,
so a funding scheme from EU, ESA or other sources for research and development will highly
contribute to accelerating the next steps towards its integration at full scale in order to
demonstrate the system and thus creating more sales opportunities.

Furthermore, the implementation of all NextGen technologies will be accelerated, if there are
pressures from regulation and governments to implement nutrient resource recovery
technologies, as there are not many options available until now for example for recovering
nutrients in a mainstream configuration. Therefore, legislation could be used to create
incentives for the technology use and to set environmental standards to push for the new
technologies for example to reduce or even avoid direct GHG emissions from biological
treatment processes.

Compared to the fertiliser industry, most of the nutrient recovery plants in circular economy
are small and decentralised. They do not have the logistics and legal knowledge (REACH (EC
1907/2006) and certification procedures) to bring their fertilisers profitable to the market.
Especially the legal capacities are important, because the Fertilising Products Regulation (EU
2019/1009) does not include products originating from sewage sludge or wastewater, except
for struvite and other precipitated phosphate salts (EU 2021/2086), until now. This means
ammonium sulphate, compost and biochar, all orginating from sewage sludge or wastewater
are not explicitly mentioned in the regulation. Due to the small amounts, local or regional
markets are more relevant for the marketing of recovered nutrients or renewable fertilisers.
For domestic markets, the national legislation can be applied, if it considers those renewable
fertilsers. Hence, the legal knowledge is crucial and the inclusion of all renewable fertilisers
originating from sewage sludge and/or wastewater in the Fertilising Products Regulation (EU
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2019/1009) decreases formal barriers and increases the motivation to invest in such a
technology.

We showed that the renewable fertilisers such as struvite and ammonium sulphate have a
high quality that is usually required for organic farming. Hence, if the regulation on organic
farming and labelling of organic products (EC 889/2008) would include for example struvite in
order to label it as a “green” fertiliser, it might compete better with the common fertilisers
from the fertiliser industry.

For the PK-fertiliser, it should be noted that as in the case of Altenrhein, the type of the inflow
streams is crucial to produce a contaminant-free fertiliser. Also, considering the case of
Braunschweig, where the sulfuric acid contributed to a higher mercury concentration in the
ammonium sulphate solution shows that the contamination can result from another sources
than from the recovered ammonia. Hence, the NextGen technologies are able to produce high
quality fertilisers, but nevertheless a quality check of the fertilisers is highly recommended.
Regarding the label “green”, here it is crucial to assess the CO; footprint of the treatment train
to recover the certain material. As shown in D2.1 (Remy et al. 2022), circular economy
technologies are not always automatically CO, neutral. However, in combination with green
energies and the reduction or even avoidance of direct GHG emission via a nitrogen recovery
technology, this requirement can be easily reached.

Even though the technologies to recover materials, their suppliers and also their potential
clients from the water sector exist, it should be noted, that the primary goal of the water
sector is to provide a better water quality and secondly, to reduce their CO, emissions. To
produce a new product and to bring it to the market is not their priority. Therefore, we need
an entity/commercial company that processes the residual towards a usable resource or a
product. It seems difficult to find entities that step into a relatively high risk new value chain
with a lot of uncertainties. Hence, traditional companies usually step out, because of a
competition with their core business and water companies will not invest in value chains,
because it is out of their field of treating water. Thus, there is a gap regarding the production
of an end product and its marketing. Between a fertiliser producer and a farmer, there act
usually trading companies. They might have an advantage, when they blend the renewable
fertilisers with the “traditional fertilisers”.
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