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Water & Circular Economy  Principles

• Principle 1: Design out waste
externalities

• Principle 2: Keep Resources in Use

• Principle 3: Regenerate Natural Capital

McArthur Foundation et al., 2018



Opportunity

Holistic view of multiple  
Circular Economy  
opportunities across a  
municipal water system

McArthur Foundation et al., 2018



Energy and water are highly interconnected

0.33* 1.78*
m3/kWh 

water demand for energy 
production

kWh/m3

energy demand for 
domestic water use

* Including electricity, thermal energy and gas. Data from International Energy Agency (2016), own calculation.

Courtesy from Stefano Longo (H2020 ENERWATER Consortium)



• About 800 TWh of electricity are 

consumed for the water cycle
• Equal to 4% of the global consumption
• 20-30% of electricity consumed in the 

water cycle is for wastewater treatment
• Electricity consumption is set to 

increase due to:

‣ increasing number of people who 
have access to water

‣ increasing effluent requirements

Energy and water are important demands set to increase 

International Energy Agency (2016)

Courtesy from Stefano Longo (H2020 ENERWATER Consortium)



WWTP energy footprint
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Electricity
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Courtesy from Stefano Longo (H2020 ENERWATER Consortium)



Case Study:
Energy vs. Product Water Quality

WATER QUALITY
INCREASING

 
Figure 4. Steady State Mass Balance GHG Emissions Results (10 mgd; 100,000 PE for 100 
gal/d/capita) 
 
The above results are further magnified when the GHG emissions impacts are expressed in terms 
of the incremental increase in GHG emissions per additional lb of N or P removed as shown in 
Figure 5 (log-scale). For nitrogen, the incremental increase in GHG emissions increases 
exponentially beyond Level 4. As for P, the increase in GHG emissions with treatment per 
additional pound of P removed increases exponentially after Level 3. Based on this figure, an 
argument could be made that a point of diminishing returns is reached following Level 3 where 
the GHG emissions required to remove the last few percentile of N or P is significantly higher 
than the initial benefit.  

Rather than push facilities to Levels 4 or 5, a more rational and holistic approach that uses Level 
2 or 3 treatment complimented with best management practices on non-point sources might be 
more sustainable. Further dialog with regulators on a national and local level is needed to find a 
regulatory framework that best protects water quality and manages GHG emissions using both 
non-point and point source control. 

Because the rationale behind nutrient removal is to improve water quality, the benefit of nutrient 
removal was quantified using a water quality surrogate that reflects potential algal growth. The 
plot of GHG emissions along with potential algal production for the five treatment levels is 
shown in Figure 6. Nearly 95 percent of the potential algae production is reduced by changing 
from Level 1 to Level 3 treatment. An additional 4 percent of potential algae production is 
reduced from Level 3 to 5, but requires nearly twice as much GHG emissions (6,590 to 12,950 
CO2 eq mt/year). 
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Energy Intensity in Water Reuse

12AM

8AM

2PM

2.5x

Sobhani and Rosso (2011) WEFTEC Proc.

NORMALIZED METRICS DO NOT NECESSARILY REFLECT ACTUAL IMPACT  

INCREASING WATER QUALITY



The water-energy policy context

‣Under the EED all EU countries are 

required to use energy more efficiently 
at all stages of the energy chain from 
production to final consumption

‣The EED establishes a set of binding 
measures to help the EU reach its 20% 
energy efficiency by 2020.

‣Big enterprise (including water utilities)  
are obliged to carry out energy audit. 
However, EED and its transposition do 
not imposes a specific regulation for the 

water sector

EU Energy Efficiency Directive (EED)

There no exist 
energy efficiency 
standards in 
WWTP

Water and
Wastewater
systems

Energy and 
Environmental
Management

Wastewater treatment 
(EN 12255-1-16) 
Drinking water 
(ISO 24510:2007)
Water re-use 
(ISO/AWI 20468)

Energy audit 
(EN 16247-1-3:2012-2015)
Energy management 
(EN ISO 50001:2011)
Energy efficiency 
(EN 16212:2012)
Life cycle assessment 
(ISO 14040:2006-14044:2006)
Greenhouse gases 
(ISO 14064-1-2:2006)

?

Courtesy from Stefano Longo (H2020 ENERWATER Consortium)



How to define energy efficiency in WWTPs?



ENERWATER methodology: overview



ENERWATER methodology: Define



ENERWATER: Rapid audit and decision support



Water Treatment Energy Index (WTEI) calculation



Data validation



ENERWATER results



What many do NOT know/expect: impact of chemical 
energy demand on the rest of energy consumption 

What we did expect/know: 
consumptions along the treatment stages

Relative importance of a stage on total energy demand



ENERWATER decision support: 
example process and equipment optimization

1

2

1- Current
conditions are 

audited

2- Process changes are identified and 
prioritized

4- Impacts are verified and 
optimal parameters are applied

3- Energy 
efficiency 

improvement 
are verified

Energy 
consumption 
Treatment stage 3 
(kWh/d) 

Total Agitators Recycling 
pump 

Blower 
1 

Blower 
2 

Blower 
3 

Ground
water 
pump 

Secondary 
clarification, 
groundwater 
pump 

Before revamping 775 224 95 123 95 62 6 170 

After revamping 460 46 47 191 6 170 

 

2 2- Equipment changes/revamping are  
identified and prioritized

3

4
Rapid audit 

 
Pre-
revamping 

Post-
revamping 

KPI1 kWh/m3 0.731 0.527 
KPI2 kWh/TPE 0.523 0.392 
KPI3 kWh/LogRed*m3   

KPI4 kWh/kgTSproc 3.371 1.944  
WTEI 0.721 0.481  
Label  F E 

Decision Support 
 

  

KPI1 kWh/m3 0.176 0.176 
KPI2 kWh/TSrem   

KPI3 kWh/TPE 0.342 0.202 
KPI4 kWh/LogRed*m3   

KPI5 kWh/TSE 0.066 0.058 
Label Stage 1 

 
G G 

Label Stage 2 
 

  

Label Stage 3 
 

F D 
Label Stage 4 

 
  

Label Stage 5 
 

A A 
 WTEI global 0.471 0.344 
 Label global E D 

 



FUTURE:
Better interface with 
national associations
guidelines 



Delibera ARERA 917/2017/R/idr in relazione 
alla Regolazione della Qualità Tecnica del 

Servizio Idrico Integrato (RQTI)
(Entrata in vigore il 1 gennaio 2018)

«Ad integrazione del macro-indicatore M5
(smaltimento fanghi in discarica) […] si 
considera l’indicatore G5.3 denominato 

“Impronta di carbonio del servizio di 
depurazione”, valutato in accordo alla norma 
UNI EN ISO 14064-1 e misurato in termini di 

tonnellate di CO2 equivalente”.

Scope 1:
Emissioni dirette correlate ai processi

CH4

N2O



ENERWATER decision support: 
example process and equipment optimization

1

2

1- Current
conditions are 

audited

2- Process changes are identified and 
prioritized

4- Impacts are verified and 
optimal parameters are applied

3- Energy 
efficiency 

improvement 
are verified

Energy 
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Treatment stage 3 
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Blower 
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Ground
water 
pump 

Secondary 
clarification, 
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pump 

Before revamping 775 224 95 123 95 62 6 170 

After revamping 460 46 47 191 6 170 

 

2 2- Equipment changes/revamping are  
identified and prioritized

3

4
Rapid audit 

 
Pre-
revamping 

Post-
revamping 

KPI1 kWh/m3 0.731 0.527 
KPI2 kWh/TPE 0.523 0.392 
KPI3 kWh/LogRed*m3   

KPI4 kWh/kgTSproc 3.371 1.944  
WTEI 0.721 0.481  
Label  F E 

Decision Support 
 

  

KPI1 kWh/m3 0.176 0.176 
KPI2 kWh/TSrem   

KPI3 kWh/TPE 0.342 0.202 
KPI4 kWh/LogRed*m3   

KPI5 kWh/TSE 0.066 0.058 
Label Stage 1 
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Label Stage 2 
 

  

Label Stage 3 
 

F D 
Label Stage 4 

 
  

Label Stage 5 
 

A A 
 WTEI global 0.471 0.344 
 Label global E D 

 



Example: reject water treatment by SCENA system in Carbonera WWTP
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Courtesy from Stefano Longo (H2020 ENERWATER Consortium)



Scenarios under analysis:
‣ Sc. 0 = Old configuration
‣ Sc. 1 = Sc. 0 + SCENA
‣ Sc. 2A = Sc. 1 + dynamic thickening
‣ Sc. 2B = Sc. 1 + chemically assisted I SED
‣ Sc. 2C = Sc. 1 + rotating belt screen

Indicators:
‣ Global Warming Potential (GWP)
‣ Eutrophication Potential (EP)
‣ Net Present Value (NPV)

Functional Unit:
‣ kgPO4eq. removed

Example: reject water treatment by SCENA system in Carbonera WWTP

Courtesy from Stefano Longo (H2020 ENERWATER Consortium)



What about ENERWATER?

Before SCENA

WTEI = D = 0.42

After SCENA

WTEI = D = 0.35; 
C ≤ 0.33

Courtesy from Stefano Longo (H2020 ENERWATER Consortium)



Future: water-energy nexus 
and regulation interface



Recommendations for a 
FUTURE directive

What is needed:
• Harmonization with national guidelines
• Elevate the ENERWATER methodology to the CEN/TC 165 for discussion and potential translation into a 

European standard à IN PROGRESS !
• More public stakeholders, authorities and officers within the discussion
• Stakeholders, mostly representing water utilities, have expressed concern and scepticism on the 

possibility of new regulation on wastewater treatment efficiency
IT IS OUR RECOMMENDATION THAT THE CURRENT DIRECTIVE 2012/27/EU REMAINS AS THE MAIN 

REGULATORY INSTRUMENT ON ENERGY EFFICIENCY OF WWTPS UNTIL A CLEAR EVALUATION OF ITS 
EFFECTS AND SHORTCOMINGS CAN BE CARRIED OUT. THE STANDARDISING ACTIVITIES DEVELOPED IN 
THE FRAMEWORK OF THIS PROJECT CAN BE USED BY PUBLIC OFFICIALS AS INSTRUMENTS TO INCLUDE 

ENERGY EFFICIENCY CRITERIA IN PUBLIC TENDERS AND, IF REQUIRED IN THE FUTURE, CAN BE USED AS A 
STARTING POINT TO REACH A WIDE CONSENSUS IN A DETAILED DEFINITION OF WWTP ENERGY 

EFFICIENCY, ITS ESTIMATION AND OBJECTIVES. THE COLLECTION AND OPEN PROVISION OF DATA ON 
THE PERFORMANCE OF WWTPS IS, NOTWITHSTANDING, AN ACHIEVABLE GOAL THAT SHOULD BE 

ASSUMED BY WATER AUTHORITIES.



Once we audit well…we can 
improve much…and become

energy positive

HOW?

Next slides



Energy positive in full scale: how?

• Upstream diversion of more carbon to anaerobic
digestion

• Separate short-cut treatment of the reject water
• Energy-efficiency in the mainline (e.g. short-cut (via-

nitrite) processes)



The A-B schemes



Strass WRRF: energy positive since
2005  

Source: Wett et al.



Energy-positive in 2005



120%-140% positive by co-digestion of 
sewage sludge and organic waste

What about the 
final

sludge/digestate
disposal?

Composting and 
Agriculture ?
Incineration ?



Energy positive evolution: H2020 POWERSTEP

POWERSTEP modules
1- in mainline WWTP for A-stage (C extraction) 
2- in mainline WWTP for B-stage (N removal)
3- reject water for N- removal or N-recovery
4- for best biogas valorisation

www.powerstep.eu



New frontier: energy- and carbon-
efficient materials recovery and reuse



Cellulose 

Struvite
Calcium-P

P-Biofertilizer

Bio-
polymers

Biogas 
and

Biomass
Fuel

Energy 
and 

Carbon 
Efficiency

Water re-use and 
fertigation

www.smart-plant.eu Start: 01/Jun/2016 – End: 31/May/2020 

Scale-up of low-carbon footprint 
MAterial Recovery Techniques in 
existing wastewater treatment 

PLANTs

- Horizon2020 IA
- 9 demo SMARTechs
- Cross-sectorial value chain
- Innovation deal
- 26 partners

- 19 SME or LI
- 7 R&D Organization
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AWARD 2018

http://www.smart-plant.eu/


http://smart-plant.eu/index.php/map



SMARTechs integrated in existing WWTPs
(revamped/upgraded to WRRFs)

SMARTech1 - Geestmerambacht WWTP (NL) 

SMARTech2b and Downstream 
SMARTech B  - Manresa WWTP (Spain) SMARTech2a –

Karmiel WWTP (IL) 

SMARTech3 – WWTP at Cranfield University (UK) 
SMARTech 4b  - Psyttalia WWTP (Greece) 

SMARTech 4a and SMARTech 5 
Carbonera WWTP (Italy)  



ACHIEVEMENTS OF SMART-PLANT
SMARTech

n.
Integrated 

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

1 Geestmerambacht
(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 Struvite, PHA
3 Cranfield (UK) Mainstream tertiary hybrid 

ion exchange
Nutrients

4a Carbonera (Italy) Sidestream SCENA P-rich sludge, VFA

4b Psyttalia (Greece) Sidestream Thermal 
hydrolysis – SCENA

P-rich sludge

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

M
ai
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tr
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m
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de

st
re

am

Demos commissioned: June 2017 – Long-term validation: May 2019



Influent Effluent

Biogas

Dehydrated
sludge Water line

Sludge line

Conventional Primary 
Sedimentation replaced by 

Primary Upstream SMARTech1

Conventional Activated Sludge 
replaced by Secondary Mainstream 

SMARTechs 2a and/or 2b

Conventional or Enhanced 
Anaerobic Digestion 

integrated by Sidestream 
SMARTechs 4a,4b or 5

Conventional Secondary 
Effluent refined by Tertiary 
Mainstream SMARTech3

SMART-Plant approach and SMARTechs



CURRENT ACHIEVEMENTS OF THE PROJECT: 
Energy and Carbon-Efficient Valuable Materials Recovery in 

SMART-Plant demos
• 350-400 kg Cellulose per week;

• 1,0-1,2 kg PHA per day;

• > 250-300 g Struvite per day;

• 2000-3000 Liters of biogas per day;

• 60% of P recovered as CaPO4 from the tertiary treatment;

• 15-20 kg of P-rich sludge, 60-65 gP/kgTS

• > 10 kg BioFertilizers per day;

• 10-30% Energy Efficiency;

• 10-50% Carbon Efficiency;



Closed value chain with validated technologies and 
marketable industrial/consumer products

Industrial production of lignocellulosic 
PHA biocomposites

Post-processing of recovered 
cellulose in mortars and concrete

Pilot-scale production of biocomposites
from raw PHA-rich biomass

Production and testing of phosphorus
bio-fertilizers and biomass fuels



Focus on cellulose recovery…and value chain!!!
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More value?
Biorefinery of Cellulosic Primary Sludge (CPS) 

Water Research, Crutchik et al., 2018

Cellulosic material: 
70-80% 

Up to 10 kg/capita yr
(Ruiken et al., 2014) Water treatment trains

0.45 gCOD(SCFA)/gTVS fed
(45-50% HAc;
30-35% HPr)



Polymer 
production

(batch reactor)

Organic waste or 
sewage sludge

Biomass with high PHA content 
to polymer extraction

Typical process for 
PHA production 

from sludges and 
wastes

Activated 
sludge

as direct
source for

PHA 
production

Selection and 
production of

biomass with high 
storage ability

(e.g SBR)

as inoculum

Acclimated biomass

volatile 
fatty acids

Acidogenic 
fermentation Slurry

Waste
water

PHA recovery 



The «short-cut» innovation in 
SCEPPHAR: 

• Integrate the via-nitrite nitrogen removal with the PHA recovery à
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



Biological nutrients removal

Municipal wastewater
Effluent

Anaerobic 
Digestion

Fermentation of 
cellulosic sewage 

sludge

Solid Stream

Anaerobic Supernatant

Aerobic/Anoxi 
feast/famine 

SBR

PHA recovery

Treated anaerobic
supernatant

Sludge recycle

Separation

VFAs

Liquid Stream

Cellulosic 
primary sludge

Waste 
Activated 
Sludge Biogas

Batch for PHA 
accumulation

VFAs

4° step

2° step

5° stepSelected biomass

WW Microscreen (350 μm)

StruviteMg(OH)2

1° step

Nitritation 
SBR

3° step

Sidestream S.C.E.P.P.H.A.R.: Short-Cut Enhanced
Phosphorus and PHA recovery (Smartech 5)

10%-30% 
energy 
saving

compared
to 

completely
aerobic

proceses



Nitritation
SBR

PHA accumulation

Crystallizer

Biomass selection SBR

Equalization tank 

Ceramic membrane

Struvite recovered
(purity and agronomic properties

under assessment

SCHEPPHAR: Short-Cut Enhanced P and PHA Recovery



Verification procedure for energy and carbon efficiency KPI 

üContact phase with Verification Body
üQuick-Scan (QS) eligibility assessment
üVerification proposal
üOffer and contractual agreement
üSpecific verification protocol phase (starting)
→Testing
→Verification
→Reporting and publication

Timeline

57



Are H2020 Innovation Actions inspiring a change? 
Is there a market ready?

Only in Italy: > 4 WWTPs are 
going to apply SMARTechs in 
2018-2019

58



Digital.water.city: 
Leading urban water management to its digital future



Water reuse – enregy nexus inside an 
Agricultural Protected Area



CLOSING WATER LOOPS IN HYDROUSA



https://www.iwarr2019.org/

Thank you and…see you in Venice!


