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⇒ Mainly physicochemical unit processes !
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Fast reactions Slow reactions

Chemical products
Insights in chemical speciation required 

for fertilizer quality optimization  

Potential flow diagram of a WRRF Potential flow diagram of a WRRF Potential flow diagram of a WRRF Potential flow diagram of a WRRF 
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ProblemProblemProblemProblem: : : : Optimal combination different for each waste flow
Solution = Mathematical modelsSolution = Mathematical modelsSolution = Mathematical modelsSolution = Mathematical models

ResearchResearchResearchResearch questionquestionquestionquestion: : : : What is the optimal combination of unit processes and their operational conditions?  
� Given: Given: Given: Given: Particular waste stream 
� Optimal: Optimal: Optimal: Optimal: 

• Maximal resource recovery (nutrients, energy) 
• Minimal energy and chemical requirements 

Modelling challenges Modelling challenges Modelling challenges Modelling challenges 

Existing WWTP models Existing WWTP models Existing WWTP models Existing WWTP models - Good description of biological principles for N & COD removal - Lack of physicochemical reactions and speciation  - No models for nutrient recovery systems 
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⇒ Lack of models to adequately put together 

optimal treatment trains and their operating conditions 



2014-10-21

14

OBJECTIVESOBJECTIVESOBJECTIVESOBJECTIVES

Specific research objectives Specific research objectives Specific research objectives Specific research objectives 

1. To develop generic models for the best available 

resource recovery systems including: 

� detailed chemical speciation
� biological and physicochemical reaction kinetics
� interactions between three phases (liquid-solid-gas)

2. To apply the models as a tool for optimization of 

single processes and treatment trains in order to:

� maximize resource recovery (nutrients, energy)
� minimize energy and chemical requirements

28
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MODEL DEVELOPMENT MODEL DEVELOPMENT MODEL DEVELOPMENT MODEL DEVELOPMENT 

METHODOLOGYMETHODOLOGYMETHODOLOGYMETHODOLOGY

� Selection of unit processes (Vaneeckhaute et al., submitted):I. I. I. I. SelectionSelectionSelectionSelection ofofofof

unit unit unit unit processesprocessesprocessesprocesses and input streams and input streams and input streams and input streams 
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Ancillary units 1. Separation unit NRM-Settle

2. Storage tank NRM-Store

3. Chemical dosing unit NRM-Chem

4. Heat exchanger NRM-Heat 

Type Unit Model name

Key units 1. Anaerobic digester NRM-AD

2. Precipitation/crystallization unit NRM-Prec

3. Stripping unit NRM-Strip

4. Air scrubber NRM-Scrub

� Selection of unit processes (Vaneeckhaute et al., submitted):I. I. I. I. SelectionSelectionSelectionSelection ofofofof

unit unit unit unit processesprocessesprocessesprocesses and input streams and input streams and input streams and input streams 

32

- Full-scale application - Economic feasibility
Nutrient recovery model
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� Selection of input waste streams:

I. I. I. I. SelectionSelectionSelectionSelection ofofofof

unit unit unit unit processesprocessesprocessesprocesses and and and and input streams input streams input streams input streams 
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I. Physicochemical 

component 

selection  (21)
II. Speciation 

calculation

III+IV. Selection 

species/reactions

⟹ reduced modelAc, Al, Bu, Ca, C(IV), Cl, C(-IV), Fe, H(0), H(I), K, Mg, Na, N(-III), N(0), N(IV), O(0), P, Pro, S(-II), S(+VI), Va PHREEQC/  PHREEQC/  

MINTEQC  

77 species 12 acid-base reactions43 ion-pairing reactions23 precipitation reactions7 gas-liquid reactions Corrections:- Ion activity- Temperature ± > 3000 species 
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II. Model theory and implementationII. Model theory and implementationII. Model theory and implementationII. Model theory and implementation
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� Liquid-gas transfer:

� ����,� = 	
����  ∗  ����,��� − ���� ∗ ����,���

� Liquid-solid transfer:

� ������ = 	�,����� ∗ ��,����� − 1
�
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PHYSICOCHEMICAL

• Acid-base systems (9)
• Ion-pairing (43)
• Precipitation-dissolution (23)
• Gas-liquid exchange (7) 
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• Extension 1 (8): SulfurgenesisKnobel & Lewis (2002)
• Extension 2: Inclusion new components in stoich. matrix ADM 1 (P, K, S)
• Optional extension 3 (4): EBPR sludge (Ikumi, 2011)

II. Model theory and implementationII. Model theory and implementationII. Model theory and implementationII. Model theory and implementation
Biochemical transformation model (NRMBiochemical transformation model (NRMBiochemical transformation model (NRMBiochemical transformation model (NRM----AD)AD)AD)AD)

BIOCHEMICAL

• ADM 1 (19): Disintegration, hydrolysis, acidogenesis, acetogenesis, methanogenesisBatstone et al. (2002) COD-conversionsN-release/uptakeP
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VALIDATION RESULTS VALIDATION RESULTS VALIDATION RESULTS VALIDATION RESULTS 
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NRMNRMNRMNRM----Prec: ValidationPrec: ValidationPrec: ValidationPrec: Validation

53

� Lab-scale experiments P-precipitation

Digestate sample
Precipitate Effluent

MgCl2.6H2O
Detailed characterization

Different Mg:P ratios
Struvite ? (MgNH4PO4.6H2O)

Mg:P Digestate 1 

% P-recovery

Digestate 2

% P-recovery

Exp. Model without 

NaH2PO4

Model with 

NaH2PO4

Exp. Model with 

NaH2PO4

1:1 41 95.60 41.32 28 27.76

2:1 44 97.91 43.62 29 29.29

NRMNRMNRMNRM----Prec: Validation Prec: Validation Prec: Validation Prec: Validation 

54

⇒ Importance of a detailed solution speciation 

and input characterization !

� Simulation vs. experimental results (after 12h)
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� Main precipitates: struvite, Ca- and Mg-phosphates, 

Ca- and Mg-carbonates, AlPO4, Fe- and Al-carbonates

⇒ No pure struvite fertilizer !

� Practical recommendations (if struvite is target):

� Removal of CaCO3 prior to precipitation (Huchzermeier et al., 2012)
� Perform struvite precipitation upstream of Fe/Al dosing

NRMNRMNRMNRM----Prec: Scenario analyses Prec: Scenario analyses Prec: Scenario analyses Prec: Scenario analyses 

and process optimizationand process optimizationand process optimizationand process optimization
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P-recovery eff. 
(%)             

Mg_in (mol m-3)
MgKPO4.6H2O,Mg(OH)2, Mg3(PO4)2= Pure Mg-P-K fertilizer  
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� Main precipitates: struvite, Ca- and Mg-phosphates, 

Ca- and Mg-carbonates, AlPO4, Fe- and Al-carbonates

⇒ No pure struvite fertilizer !

� Practical recommendations (if struvite is target):

� Removal of CaCO3 prior to precipitation (Huchzermeier et al., 2012)
� Perform struvite precipitation upstream of Fe/Al dosing
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and process optimizationand process optimizationand process optimizationand process optimization
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Economic considerations : - Mg ↑ ⇒ Costs ↑- Particle size ↑ ⇒ Revenues ↑K2NH4PO4.6H2O= Pure N-P-K fertilizerP-recovery eff. 
(%)             

Mg_in (mol m-3)
MgKPO4.6H2O,Mg(OH)2, Mg3(PO4)2= Pure Mg-P-K fertilizer  

RECOMMENDATIONS RECOMMENDATIONS RECOMMENDATIONS RECOMMENDATIONS 

FOR RESEARCH FOR RESEARCH FOR RESEARCH FOR RESEARCH 
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Recommendations for further Recommendations for further Recommendations for further Recommendations for further 

experimental research experimental research experimental research experimental research 

� Detailed characterisation input composition 
→ Essential for process optimization

� Determination kinetic rates in real matrix ↔ pure solutions → Better prediction of fertilizer quality in time 
� Development generic chemical analysis procedure for precipitate identification

59

CONCLUSIONS & CONCLUSIONS & CONCLUSIONS & CONCLUSIONS & 

PERSPECTIVESPERSPECTIVESPERSPECTIVESPERSPECTIVES
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Conclusions Conclusions Conclusions Conclusions 

� Generic nutrient recovery model (NRM) library created

� PHREEQC-Tornado/West interface developed & verified 

� Default parameters + proper input characterization 

⇒ Good agreement with steady state experimental 

results (to be confirmed)

� Opportunities for better process understanding and 

optimization  

61

Perspectives Perspectives Perspectives Perspectives 

� Further dynamic data collection (on-going):

� NRM-AD: Full-scale Greenwatt (BE)
� NRM-Prec: Pilot-scale St. Hyacinthe (QC) 
� NRM-Strip/NRM-Scrub: Pilot-scale Waterleau (BE)

62



2014-10-21

32

Perspectives Perspectives Perspectives Perspectives 

� Further dynamic data collection (on-going):

� NRM-AD: Full-scale Greenwatt (BE)
� NRM-Prec: Pilot-scale St. Hyacinthe (QC) 
� NRM-Strip/NRM-Scrub: Pilot-scale Waterleau (BE)

� Selection most important parameters for process 

optimization: Global sensitivity analysis (on-going)

� Process optimization (on-going):

Single units + treatment train 
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