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Outline

• The plastic circular economy: can WWTPs and 
water utilities have a role?

• Biopolymers from sewage sludge in existing
municipal WWTP:

• the (aerobic) Anoxkaldnes Cella™ system

• the (via-nitrite) SCEPPHAR system

• Scale-up and circular economy delivery in existing
WWTPs: the Horizon2020 SMART-Plant 
Innovation Action

• The circular business case in an Italian area
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Global flows of plastic

8 million tonnes to oceans
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Forecast of plastics volume growth, externalities and 
oil consumption in a business-as-usual scenario
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Ambitions of the new plastic economy

MUNICIPAL MUNICIPAL 

WASTEWATER?WASTEWATER?
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What are bioplastics?
�Bioplastics are plastics that are either biobased (meaning derived

from a renewable energy) or biodegradable or both

�Polyhydroxyalkanoates (PHA )are both biodegradable and biobased

European bioplastics, 2014

Non 

biodegradable

Fossil based

Biodegradable and 

biobased

Biodegradable
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2011 analysis: 3.5 Mton, 1.5% of an 

overall polymer production of 235 

Mton.

2020 forecast:  12 Mton (3 times 

more), 3% of about 400 Mton

Strongest development  foreseen for 

drop-in biopolymers, chemically 

identical to their petrochemical 

counterparts but at least partially 

derived from biomass. (PET, PE and 

PP, e.g. bio-based on bioethanol).

The Coca-Cola, Ford, Heinz , NIKE 

Procter & Gamble made an 

agreement (PTC) on the development 

and use of 100% plant-based PET 

materials and fibre for their products 

However, PLA and PHA are also 

expected to at least quadruple the 

capacity between 2011 and 2020. 

http://www.bio- based.eu/market_study/). 

Trends of bioplastic production

�PHA are biopolymers which are produced by specific types of microorganisms

�PHA is an intracellular energy and carbon reserve (like fat is produced in
humans)

�PHA have similar properties to petrochemically derived plastics (thermoplastic)

�But PHA are also biodegradable and biocompatible

� Time of biodegradation depends on temperature, light, moisture, exposed surface area,
pH and microbial activity

� Can degrade both under aerobic and anaerobic conditions

�Current price 3-6 € / kg

Kleerebezem et al., 2013

�More than 300 different

microorganisms that synthesize PHA

have been isolated

�Approximately 150 different types of

PHA (i.e. biopolymers)

What are polyhydroxyalkanoates (PHA)?

| LabICAB | LabICAB
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How are PHA produced?
�Different PHAs have different properties

�Flexibility

�Gas permeability

�Temperature tolerance

� PHAs are commercially produced using expensive, pre-
sterilized, high-tech equipment and substrates such as glucose
by pure cultures

�As a result the production cost is significantly higher than
that of conventional plastics (ten times more)

�Solutions to reduce cost:

�Use waste material as substrate; fermented molasses, agro-industrial waste, paper mill

wastewater, chocolate waste, waste glycerol, waste frying oil, food waste, olive mill

wastewater, fermented sewage sludge

�Use mixed cultures that are readily available to grow the bacteria that produce PHA

(activated sludge)

�In WWTPs we have both the substrate (wastewater) and the culture

(activated sludge) to produce PHA!

| LabICAB | LabICAB
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Typical steps involved in PHA Typical steps involved in PHA 

production in WWTPsproduction in WWTPs
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Step 1: Fermentation to produce VFAs

�This step is necessary when the substrate has poor content in volatile fatty acids

(VFA). The hydrolysis that takes place releases VFA in the liquid phase.

�In WWTPs sewage sludge is fermented (either alkaline or acidic conditions)

producing an effluent that is rich in VFAs and has the best mix of VFA

Step 2: Selection of PHA storing biomass

�Bacteria are subjected to an alternation of high
and low substrate availability under aerobic
conditions.

�The feast and famine regime creates favourable
conditions for microorganisms capable of storing
VFAs as PHA

Micrograph of 

filamentous PHA 

accumulating 

bacteria, Bengtsson

et al., 2008 

Morton et 

al., 2010
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Step 3:Maximize PHA within biomass
�PHA accumulation occurs when growth is limited by external factors such as
a lack of nutrients or internal factors such as an insufficient amount of RNA or
enzymes required for growth

The accumulation of PHA within the biomass is usually accomplished by
feeding with carbon source (preferably VFAs) and at the same time depriving
one of the key growth nutrients (nitrogen, phosphorus).

This way growth is avoided/limited and the biomass uptakes the VFAs and
stores them as PHA in order to be able to use them when growth conditions
will be feasible.

Before step 3 After step 3

Kleerebezem et al., 2013

Johnson et al., 2009

PHA = 89% wt

| LabICAB | LabICAB
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Step 4:Recovery of PHA from biomass

Need to separate the PHA (biopolymers) from the rest of the biomass

| LabICAB | LabICAB
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Anoxkaldnes Cella™

| LabICAB | LabICAB
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Main features of Anoxkaldnes Cella™

• Sludge fermentation at 42°C, pH = 5.5-6.5

• YVFA/VS = 270±30 gCOD(VFA)/gVS

• 12 cycles per day

• Feast/Famine 15/85%

• OLR = 3 kgCOD/m3 d; SRT = 1-2 days

• Final PHA content 34% (gPHA/gVSS) 

• Overall rate 0.07 gCOD(PHA)/gCODtreated

• Downstream nitrogen and phosphorus need to be 
managed

| LabICAB | LabICAB
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The «short-cut» innovation: 

• Integrate the via-nitrite nitrogen removal with the 
PHA recovery � major interest of the water utility

• Adopt anoxic (via-nitrite) conditions to optimize
energy consumptions

• Phosphorus (struvite) recovery even to support the 
balance of nitrogen and phosphorus to the PHA 
recovery

| LabICAB | LabICAB
BioMAc 2016
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Biological Reactor for 

Wastewater Treatment 

Sludge recycle Waste  

Ac vated Sludge 

Primary Se ler Secondary Se ler 

Primary  

Sludge 

Sludge  

Fermenta on 

Unit  

Biogas 

Separa on Unit 

Municipal  

Wastewater 
Effluent 

Solid  

Frac on 

Nitrita on 

SBR 

Anaerobic  

diges on 

Anaerobic  

Supernatant 

Batch Reactor  

(accumula on 

of PHA) 

Waste Ac vated Sludge  

for phosphorus  

and biopolymer recovery 

Vola le  

Fa y Acids 

Vola le 

 Fa y Acids 

Effluent to the  

mainstream WWTP 

Selected biomass  

Aerobic Anoxic 

Feast and Famine 

SBR 

(Biomass Selec on) 

Nitrite and  

Ammonia 

Short-Cut Enhanced PHA Recovery (SCEPPHAR)

Frison et al., Environmental Science and Technology, 2015
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Operating parameters

vNLR (kgN/m3d) 0.53

Total vOLR (kgCOD/m3d) 1.4

vOLRVFA (kgCODVFA/m3d) 1.2

HRT (d) 0.8

COD/N (gCODVFA:gNH4-N) 2.2

F/M (gCODVFA:gXa) 0.37

Aerobic reaction time/Anoxic reaction time ratio 0.20

Feast/Famine ratio 0.13

| LabICAB | LabICAB
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Nitritation reactor + SBR enrichment biomass:

vNLR up to 0.5 kgN/m3d

Ed = 89%

En =  87 %

During the feast phase:

-qVFA = 239 mgCODVFA/gXa h 

qPHA =  89 mgCODPHA/gXa h

YPHA/VFA= 0.42 gCODPHA/gCODVFA

Enrichment of PHA-storing bacteria

| LabICAB | LabICAB
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Parameter
Synthetic mixture of 

VFA
WSFL SFL

Duration of accumulation 8.5 8.5 8.5

CODVFA:NH4-N:PO4-P 100:0:0 100:7.8:0.06 100:9.7:2.1

Initial NH4-N/ Final NH4-N (mgN/L) 35.7/27.2 20.1/185.5 35.2/146.5

Initial PO4-P/Final PO4-P (mgP/L) 12.5/8.4 11.6/8.1 25.4/45.3

%PHAs (gPHA/gVSS x 100) 44±5% 21±2% 19±2%

HAc/HPr (gCOD/gCOD) 1.4 1.1 1.1

3HB (%) 60 57 56

3HV (%) 35 41 42

2HH (%) 5 2 2

YPHA/VFA (gCOD/gCOD) 0.46±0.06 0.40±0.04 0.40±0.04

YX/VFA (gCOD/gCOD) 0.26±0.02 0.25±0.09 0.23±0.06

PHA accumulation 

| LabICAB | LabICAB
BioMAc 2016
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Speciation of the microbial community

Very specific selective pressure on denitryfing and PHA storing strains:

• Azoarcus olearius (enabling high PHA content)

• Thauera terpenica (enabling PHA with higher HV percentages)

| LabICAB | LabICAB
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Main properties of the biopolymers 

obtained with the different carbon 
sources after the accumulation tests

Carbon source
Mw

(g/mol)

PDI

(Mw/Mn)

Tg

(°C)

Tm1

(°C)

Tm2

(°C)

ΔHm

(J/g)

Td-trans

(°C)

Synthetic mixture of VFA 6.2x105 1.30 -1.1 138 147 21 267

SFL 6.5x105 1.29 -0.5 136 144 24 275

WSFL 7.4x105 1.25 -1.6 141 153 27 276
Mw: average molecular weight, PDI: polydispersity index; Mn: molar number; Td-trans: decomposition temperature

(DSC analyses); Tg: glass-transition temperature; Tm1,2: melting temperature; ΔHm: melting enthalpy.

| LabICAB | LabICAB
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Parameter Unit SCEPPHAR Complete aerobic 

PHA production

Total PHA produced (60 %HB, 40% HV) kgPHA/d 1.0 1.0

Total VFA needed (Selection and Accumulation) kgCOD/d 16.5 16.5

Overall Yield of PHA production (YPHA/VFA) kgCOD/kgCOD 0.11 0.11

Yield of oxygen consumption (YOxygen/PHA) kgO2/kgCOD 106.2 165.1

Electrical energy consumption (Ykwh/PHA) kwh/kgCOD 23.6 36.7

Comparison of the performance and energy consumption of 

SCEPHAR with the complete aerobic PHA production process

| LabICAB | LabICAB
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Where are we going?

| LabICAB | LabICAB
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SScalecale--up of lowup of low--carbon footprint carbon footprint MAMAterialterial

RRecovery ecovery TTechniques for upgrading echniques for upgrading 

existing wastewater treatment existing wastewater treatment PlantPlants s 
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Resources embedded to municipal Resources embedded to municipal 

wastewaterwastewater
Parameter Value

Reusable water (m3/capita year) 80-120

Cellulose (kg/capita year) 5-7

Biopolymers; PHA (kg/capita year) 2-4

Phosphorus in P precursors (kg/capita year) 0.5-1.5

Nitrogen in N precursors (kg/capita year) 4-5

Methane (m3/ capita year) 12-13

Organic Fertilizer (P-rich compost) (kg/capita year) 9-10
Verstraete et al. (2009) Bioresource Technology 100, 5537–5545

Salehizadej and van Loosdrecht (2004) Biotechnology Advances 22, 261–279

Key Enabling Strategy: upstream solid concentration, 

integration and innovation of the sewage sludge treatment

| LabICAB | LabICAB
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STech 

1
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3
STech 

2b

STech 

2a

STech 4a

STech 4b

STech 5

Treated water 

Struvite,(NH4)2SO4

P-Compost

Biopolymers

Cellulose

Nutrients

removal

Phosphorus recovery

PHA recovery

Cellulose recovery

Water reuse

Soil 

amendment

Plastics, 

biomass 

plants and 

composite 

material 

industries

Mainstream

Renovation 

& Integration

Sidestream 

Integration

CONVENTIONAL

EXISTING

WWTP

�Environmental and 

human health protection

�New water governance 

and utility management 

persepectives

�New  sustainable 

chemical sourcing model 

�New jobs opportunities in 

circular economy

Carbon removal

Biogas recovery Energy-efficiency

The overall target of SMART-Plant is to validate and to

address to the market a portfolio of SMARTechnologies

that, singularly or combined, can renovate and upgrade

existing wastewater treatment plants and give the added

value of instigating the paradigm change towards efficient

wastewater-based bio-refineries.

| LabICAB | LabICAB
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The overall targetThe overall target

The SMART-Plant partners

• 8 Research Organizations

• 12 Technology/Service 

Providers

• 6 Water utilities

| LabICAB | LabICAB
BioMAc 2016

o

SMART-Plant SMART-People

The SMART-Plant Consortium
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SMARTSMART--Plant open Plant open thethe pathwaypathway toto
deliverdeliver circularcircular economyeconomy

SCALE 

UP

| LabICAB | LabICAB
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SMART-Plant Business plan and market 
deployment strategy

Primary licensing stream

Lever and Cross licensing 

stream

| LabICAB | LabICAB
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The The SMARTechnologiesSMARTechnologies toto integrateintegrate and and 

renovaterenovate existingexisting WWTPs WWTPs 

Influent Effluent

Biogas

Dehydrated

sludge Water line
Sludge line

Conventional Primary Conventional Primary 

Sedimentation Sedimentation replaced replaced by Primary by Primary 

Upstream SMARTech1Upstream SMARTech1

Conventional Activated Sludge Conventional Activated Sludge 

replaced by Secondary Mainstream replaced by Secondary Mainstream 

SMARTechs 2a and/or 2bSMARTechs 2a and/or 2b

Conventional or Enhanced Conventional or Enhanced 

Anaerobic Digestion Anaerobic Digestion 

integrated by Sidestream integrated by Sidestream 

SMARTechs 4a,4b or 5SMARTechs 4a,4b or 5

Conventional Secondary Effluent Conventional Secondary Effluent 

refined by Tertiary Mainstream refined by Tertiary Mainstream 

SMARTech3SMARTech3

| LabICAB | LabICAB
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SMARTec

h n.

Integrated 

municipal WWTP

Key enabling process(es) SMART-product(s)

1 Uithuizermeeden

(Netherlands)

Upstream dynamic fine-screen 

and post-processing of cellulosic 

sludge

Cellulosic sludge, refined 

clean cellulose

2a Karmiel (Israel) Mainstream polyurethane-based 

anaerobic biofilter

Biogas, Energy-efficient 

water reuse 

2b Manresa (Spain) Mainstream SCEPPHAR P-rich sludge, PHA

3 Cranfield (UK) Mainstream tertiary hybrid ion 

exchange

Nutrients

4a Carbonera (Italy) Sidestream SCENA+conventional

AD

P-rich sludge, VFA

4b Psyttalia (Greece) Sidestream SCENA+enhanced AD P-rich sludge

5 Carbonera (Italy) Sidestream SCEPPHAR PHA, struvite, VFA

The SMARTThe SMART--Plant Plant integratedintegrated WWTPsWWTPs

| LabICAB | LabICAB
BioMAc 2016
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ValorizationValorization of cellulosic sludge within of cellulosic sludge within 

SMARTech5: SMARTech5: SidestreamSidestream SCEPPHARSCEPPHAR

1-Production of VFAs 

and struvite from 

cellulosic sieved sludge

2-Nitrogen removal via-

nitrite driven by 

Selection of PHA storing 

biomass

3-PHA accumulation

Wastewater

Reject Water

PHA 

extraction

Fed-batch reactor

Nitritation and Selection SBR

Fermentation S/L

Mg(OH)
2

Cellulosic 

Sludge
Struvite

VFAs

VFAs

Treated Reject 

Water

Selected PHA 

storing biomass
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Follow and meet SMART-Plant at

ECOMONDO2016
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