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1 Notice personnelle synthétique

1.1 Curriculum vitae

INFORMATIONS
PERSONNELLES | 250! Molle
¥ Equipe traitement des eaux résiduaires
Unité de recherché Milieux Aquatiques, Ecologi®ellutions
5 rue de la Doua
CS70077
r69626 Villeurbanne Cedex, France
. +330)472208735 & +33(0)652 980169
%4 pascal.molle@irstea.fr
Etat civil :
Date de naissance 01/05/1974 | Nationalité Francgais
Mari¢, 4 enfants
EXPERIENCE
PROFESSIONNELLE

Aolt 2005 - Maintenant

En charge des recherches sur 'assainissement des petites et moyennes
collectivités

Irstea (anciennement Cemagref), Lyon, France (www.irstea.fr)

= En charge des recherches sur les petites et moyennes collectivités. Méne des
recherches sur les filtres plantés pour le traitement des eaux usées
domestiques, des boues et des rejets urbains de s temps de pluie.

Institution de recherche publique

Nov 2004 — Juillet 2005

Post doctorat

Université de Barcelone, faculté de pharmacie, unité science du sol, Espagne

= Recherches sur la dénitrification dans des filtres plantés a écoulement horizontal

Université

Jan 2004 - Sept 2004

Ingénieur de recherche sur 'assainissement des petites collectivités

Irstea (anciennement Cemagref), Lyon, France (www.irstea.fr)

Recherches sur les filtres plantés et le lagunage naturel

Institution de recherche publique

Dec 2000 a Dec 2003

Doctorat

Irstea (anciennement Cemagref), Lyon, France (www.irstea.fr)

= Sujet : Filtres plantés de roseaux: limites hydrauliques et rétention du phosphore

Institution de recherche publique

From Jan 1998 to Nov

Ingénieur d’étude sur 'assainissement des petites collectivités

2000 |irstea (anciennement Cemagref), Lyon, France (www.irstea.fr)
Evaluation de différentes techniques d’assainissement (filtres plantés, filtres a
sable, lits bactériens, disques biologique,s boues activées ...)
Institution de recherche publique
FORMATION




Dec 2000 - Dec 2003  |Doctorat ‘

Université de Montpellier Il. Montpellier, France (Doctorat réalisé a irstea, Lyon)

= Sujet : Filtres plantés de roseaux: limites hydrauliques et rétention du phosphore
Sept 1999 - Juin 1999  [Master de recherché (DEA) en genie des procédeés applique au traitement des
effluents.

INSA de Toulouse (France)

= Stage réalisé a Irstea sur la rétention du phosphore sur matériaux specifiques
par filtres plantés de roseaux
Sept 1995 - Juin 1997  [Maitrise des Science et Techniques en mesure et traitement des pollutions

Université de Pau (France)

= Stage réalisé au Centre Technique du Papier (CTP, Grenoble) sur la réduction
des contaminants collants des eaux de process du recyclage du papier.
Sept 1993 - Juin 1995  [Diplome universitaire de Technologie

Université de Montpellier (France)

= Stage réalisé a la raffinerie ELF (Feyzin) sur la mise en place d'un capteur en
ligne de DCO pour le contréle du traitement des eaux industrielles.

1.2 Pilotage de programmes de recherche

Ce paragraphe recense dans l'ordre chronologiggeprincipaux projets de recherche dont
j'ai assuré ou assure actuellement le pilotageearopilotage. Ne sont mentionnés ici que les
projets avec financements spécifiques.

. co-cordination scientifique du projet ECOSTAR 8amélioration des filtres plantés
pour le traitement de I'azote global et du phosph@inancé par la société Jean Voisin) (2014
—2016)

. Coordination scientifique du projet INNOPUR suartiélioration des filtres plantés
compacts pour le traitement de I'azote global (ic&par la société Epur Nature) (2013 —
2015)

. Coordination d’un projet sur le traitement desiarat de vidange des fosses septiques
par lits de séchage plantés de Roseaux (financkagance de I'eau Adour Garonne) (2013 —
2016)

. Coordination scientifique du projet ADEPTE (wwwepte-pluvial.org) sur le
traitement des eaux urbaines de temps de pluidilpas plantés a écoulement vertical.
(financé par I'Onema et les agences de I'eau) (202316)

. Coordination du projet ATTENTIVE sur le développamh de filiére filtres plantés
adaptées au climat tropical (financé par 'Oner2@1L8 — 2016)

. Coordination d’'un projet sur I'adaptabilité de#iréis plantés a écoulement vertical
(systéeme francais) en climat froid (zone de morgag(financé par les agences de l'eau
RMC, Adour Garonne et Loire Bretagne) (2012-2014).

. Coordination d’'un projet sur I'acceptation des psnae pluie des filtres a écoulement
vertical alimentés par un réseau unitaire. (fimapar la société Safege et I'agence de I'eau
RMC) (2010-2013)

. Coordination du groupe EPNAC (www.epnac.irsteadddié a I'évaluation des
procédés nouveaux d’assainissement des petitesogenmes collectivités (financé par
'Onema) (2008-2018)




. Coordination du projet SEGTEUP (www.segteup.org)le traitement des surverses
de déversoir d’orage par filtres plantés a écoutgnaertical (finance par I’Agence nationale
de la Recherche) (2009-2012)

. Coordination d'un projet sur la recirculation sun étgae de fitlres platnés a
écoulement vertical (Financé par I'agence de IRMC). (2008-2010)
. Coordination du projet MAREVAP sur la rétention ghosphore par matériaux

spécifiques en filtres plantés. (Financé par le pi@ compétitivité AXELERA, Rhéne Alpes).
(2007-2009)

. Coordination d'un projet national sur le traitemates boues d’épuration et des
matieres de vidange des fosses septiques paelisechage plantés de Roseaux (financé par
I'Onema et I'agence de I'eau RMC) (2006-2011)

. Coordination d'un projet national sur le dévelopeat d’outils de diagnostic in-situ

et non destructifs de I'état de colmatage desflth sable enterrés utilisés en assainissement
non collectif (financé par la société Véolia) (2602@08)

. Coordination d’'un projet d’évaluation d’'un procédé filtres plantés commercialisé
par la société ERE (financé par I'agence de I'emCIR(2006-2008)
. Coordination d’'un projet d’évaluation d’'un procédé filtres plantés commercialisé

par la société SAUR (financé par I'agence de I'BMC) (2006-2008)

. Responsable scientifique du projet Lilipub (LIFEDIRV/F/000303, 2002 — 2005) sur
'association de lagunage naturel et de filtresif@a (financement dans le cadre d’'un projet
LIFE, 2003-2005)

1.3 Productions scientifiques

Seules les productions scientifiques sont préssmiges cette partie. Elles sont résumées dans
le tableau suivant.

Tableau 1 : résumé des productions scientifiques

40 59 4 2 9 10/an

1.3.1 Publication dans des revues a comités de lect ure

Sont reportés ici les articles publiés dans degaggcientifiques internationales. Les sources
sont issues de SCOPUS.

1. Samso R., Garcia J., Molle P., Forquet N. (2016)d#lling bioclogging in variably
saturated porous media and the interactions betwseeface/subsurface flows:
application to Constructed Wetlands. Accepted irurdal of Environmental
Management.

2. Schmitt N., Wanko A., Laurent J., Bois P., Molle Rlosé R. (2015). Constructed
wetlands treating stormwater from separate sewwvanks in a residential Strasbourg
urban catchment area: micropollutant removal ane. fAccepted in Journal of
Environmental Chemical Engineering.

3. Molle P. , Lombard Latune R., Riegel C., LacomheEzser, D., Mangeot L. (2015)
French vertical-flow constructed wetland designapitions for tropical climates. In
Water Science and Technology, 71 (10), pp 1516-1523

4. Kim, B., Gautier, M., Olvera Palma G., Molle, P.iddel, P., Gourdon, R. (2015)
Pilot-scale study of vertical flow constructed vaetll combined with trickling filter




and ferric chloride coagulation: Influence of ireégy operational conditions. In Water
Science and Technology, 71 (7), pp 1088-1096.

5. Prost-Boucle, S., Garcia, O., Molle, P. (2015) Erervertical-flow constructed
wetlands in mountain areas: How do cold temperatumngpact performances? In
Water Science and Technology, 71 (8), pp 1219-1228.

6. Silveira D.D., Belli Filho P., Philippi L.S., Kim B Molle P. (2015) Influence of
partial saturation on total nitrogen removal in iagke-stage French constructed
wetland treating raw domestic wastewater. In EdoklgEngineering, 77, pp. 257-
264.

7. Morvannou, A., Forquet, N., Michel S., Troesch Blglle, P. (2015) Treatment
performances of French constructed wetlands: Refwltn a database collected over
the last 30 years. In Water Science and Technolayy9), pp 1333-1339.

8. Meyer, D., Chazarenc, F., Claveau-Mallet, D., DétmU., Forquet, N., Molle, P.,
Morvannou, A, Palfy, T., Petitjean, A., Rizzo, Samsé Campa, R., Scholz, M, Soric,
A., Langergraber, G. (2015) Modelling constructedtlands: Scopes and aims - a
comparative review. Ecological Engineering, 80, 2(b-213.

9. Kim, B., Gautier, M., Molle, P., Michel, P., GoumioR. (2015) Influence of the water
saturation level on phosphorus retention and treatrperformances of vertical flow
constructed wetland combined with trickling filtand FeCI3 injection. Ecological
Engineering, 80, pp. 53-61.

10.Kim, B., Gautier, M., Prost-Boucle, S., Molle, RMjchel, P., Gourdon, R. (2014)
Performance evaluation of partially saturated eattflow constructed wetland with
trickling filter and chemical precipitation for dastic and winery wastewaters
treatment. Ecological Engineering 71, pp. 41-47

11.Morvannou, A., Choubert, J.-M., Vanclooster, M., IMdp P. (2014). Modeling
nitrogen removal in a vertical flow constructed laet treating directly domestic
wastewater. Ecological Engineering, 70, pp. 376-38

12. Arias, L., Bertrand-Krajewski, J.-L., Molle, P. (29). Simplified hydraulic model of
French vertical-flow constructed wetlands. WateieSce and Technology 70 (5), pp.
909-916

13.Molle, P (2014) French vertical flow constructed tieds: a need of a better
understanding of the role of the deposit layer. &v&cience and Technology 69 (1),
pp. 106-112

14.Morvannou, A., Forquet, N., Vanclooster, M., Molle, (2013). Characterizing
hydraulic properties of filter material of a vedicflow constructed wetland. In
Ecological Engineering 60 , pp. 325-335

15.Meyer, D., Molle, P., Esser, D., Troesch, S., M&si,Dittmer, U. (2013). Constructed
wetlands for combined sewer overflow treatment-cangon of German, French and
Italian approaches. In Water, 5 (1), pp. 1-12

16.Fournel, J., Forquet, N., Molle, P., Grasmick, 2013). Modelling constructed
wetlands with variably saturated vertical subsweffiow for urban stormwater
treatment. In Ecological Engineering 55, pp. 1-8

17.Breul, P., Bouteldja, F., Boissier, D., Rolland, Liénard, A., Molle, P. (2013)
Diagnosis of domestic wastewater sand filters. digs of the Institution of Civil
Engineers: Water Management 166 (2) , pp. 57-69

18.Harouiya, N., Panczer, G., Morlay, C., Molle, P012). Surface characterization of
natural apatites used to remove phosphates frortewater in constructed wetlands:
Which techniques to use? Materiaux et Techniqu@y3), pp. 191-199
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19.Vincent, J., Forquet, N., Molle, P., Wisniewski, 2012). Mechanical and hydraulic
properties of sludge deposit on sludge drying teeds (SDRBS): Influence of sludge
characteristics and loading rates. Bioresource i@olgy 116, pp. 161-169.

20.Prost-Boucle, S., Molle, P. (2012). Recirculatiam @ single stage of vertical flow
constructed wetland: Treatment limits and operatioodes. Ecological Engineering
43, pp. 81-84.

21.Petitjean, A., Forquet, N., Wanko, A., Laurent,Malle, P., Mosé, R., Sadowski, A.
(2012). Modelling aerobic biodegradation in vettiflw sand filters: Impact of
operational considerations on oxygen transfer axtebial activity. Water Research
46 (7) , pp. 2270-2280.

22.Molle, P., Martin, S., Esser, D., Besnault, S., Mgy C., Harouiya, N., (2011).
Phosphorus removal by the use of apatite in coctsu wetlands: Design
recommendations. In Water Practice and Technolo@y.6

23.Morvannou A., Choubert J.M., Vanclooster M., MoRe (2011). Solid respirometry
to characterizee the nitrification kinetic: A bettmsight for modelling nitrogen
conversion in vertical flow constructed wetlands Water Research 45 (16) , pp.
4995-5004

24.Vincent J., Molle P., Wisniewski C., Liénard A.0@L). Sludge drying reed beds for
septage treatment: towards design and operatiaommendations. In Bioresource
Technology, 102 (17) , pp. 8327-8330.

25.Harouiya, N., Prost-Boucle, S., Morlay, C., Esd2r, Ruel, S.M., Molle, P. (2011).
Performance evaluation of phosphorus removal bytitapan constructed wetlands
treating domestic wastewater: Column and pilot expents. In International Journal
of Environmental Analytical Chemistry 91 (7-8), pjgt0-752

26.Harouiya, N., Martin Rue, S., Prost-Boucle, S.,nai, A., Esser, D., Molle, P.
(2011). Phosphorus removal by apatite in horizofial constructed wetlands for
small communities: Pilot and full-scale evidenceatéy Science and Technology 63
(8), pp. 1629-1637.

27.Tournebize, J., Vincent, B., Chaumont, C., Granaadl., Margoum, C., Molle, P.,
Carluer, N., Gril, J.J. (2011). Ecological serviagsartificial wetland for pesticide
mitigation. Socio-technical adaptation for watesiheanagement through TRUSTEA
project feedback. Procedia Environmental Sciencgs® 183-190.

28.Tournebize, J., Vincent, B., Chaumont, C., Passepor Gramaglia, C., Molle, P.,
Carluer, N., Gril, J.J ., Grison, D., Agathe, ED1R). Lessons gained from French R &
D programs for pesticides dissipation by use ofstmeted wetlands. In ASABE - 9th
International Drainage Symposium 2010, Held Joinityh CIGR and CSBE/SCGAB,
pp. 605-616.

29.Forquet, N., Wanko, A., Molle, P., Mosé, R., Sadkiwa.G. (2009). Two-phase flow
modelling for oxygen renewal estimation in vertiflaw filter: luxury or necessity?
Water Science and Technology 59 (12), pp. 2311-2319

30.Torrens, A., Molle, P., Boutin, C., Salgot, M. (B)0Removal of bacterial and viral
indicator in vertical flow constructed wetlands andtermittent sand filters.
Desalination 246 (1-3), pp. 169-178.

31.Troesch, S., Liénard, A., Molle, P., Merlin, G.,ség D. (2009). Sludge drying reed
beds: full- and pilot-scale study for activateddgje treatment. Water Science and
Technology 60 (5), pp. 1145-1154.

32.Troesch, S., Liénard, A., Molle, P., Merlin, G. ség D. (2009). Treatment of septage
in sludge drying reed beds: A case study on pitates beds. Water Science and
Technology 60 (3), pp. 643-653.
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33.Torrens, A., Molle, P., Boutin, C., Salgot, M. (B)OIlmpact of design and operation
variables on the performance of vertical-flow consted wetlands and intermittent
sand filters treating pond effluent. Water Resed®®l(7), pp. 1851-1858.

34.Rolland, L., Molle, P., Liénard, A., Bouteldja, F5rasmick, A. (2009). Influence of
the physical and mechanical characteristics of samdthe hydraulic and biological
behaviors of sand filters. Desalination 248 (1p), 998-1007.

35.Molle, P., Prost-Boucle, S., Lienard, A. (2008)tdtaial for total nitrogen removal by
combining vertical flow and horizontal flow consttad wetlands: A full-scale
experiment study. Ecological Engineering 34 (1),2%29

36.Turon, C., Comas, J., Torrens, A., Molle, P., Pddh,(2008). Improvement of sand
filter and constructed wetland design using anremnental decision support system.
Journal of Environmental Quality 37 (4), pp. 164841

37.Molle P., Liénard A., Grasmick A., lwema A., (200@ffect of reeds and feeding
operations on hydraulic behaviour of vertical flosonstructed wetlands under
hydraulic overloads. Water research, Vol 4 0 (p),G06-612

38.Molle P., Liénard A., Grasmick A., lwema A. Kabbahi, (2005), Apatite as an
interesting seed to remove phosphorus from waséswatconstructed wetlands. Wat.
Sci. & Tech, vol 51, n°9, pp 193-203.

39.Molle P., Liénard A., Boutin C., Merlin G., Iwema.,, (2005), How to treat raw
sewage with constructed wetlands: An overview ef flnench systems. Wat. Sci. &
Tech, vol 51, n°9, pp 11-21.

40.Molle P., Liénard A., Grasmick A., lwema A., (2003hosphorus retention in
subsurface constructed wetlands: investigationssed on calcareous materials and
their chemical reactions. Wat. Sci. & Tech, Voh85 pp 75-84.

1.3.2 Communications en congres internationaux avec actes.

1. PAlfy T., Meyer M., Troesch S., Gourdon R., Molle(P015). Performance of a full-
scale constructed wetland treating unsettled coetbsewer overflow. In WETPOL
conference, York, UK.

2. Palfy T., Meyer M., Molle P. (2015). Orage: Simudat of planted detentive filters
treating urban stormwater. In WETPOL conferencekyYbK.

3. Samso6 R., Garcia J., Molle P., Forquet F. (2015)délling biokinetic processes,
clogging development and subsurface/surface floweractions in CWs with
BIO_PORE model. In WETPOL conference, York, UK.

4. Morvannou A., Forquet N., Troesch S., Molle P. @0limpact of design and
operating conditions on vertical flow constructedthand performances: modelling
and global assessments confrontation. In WETPOIecence, York, UK.

5. Alvarez J., Avila C., Otter P., Kilian R., IsténD., Rolletschek M., Molle P., Khalil
N., Amersek I., Mishra V., Shukla R., Brix H., Asi&. (2013). Constructed wetland
and disinfection technologies for the treatment aadse of wastewater in India.
SWINGS project. In WETPOL conference, York, UK.

6. Kim B., Silveira D., Forquet N., Molle P. (2015).eBign optimisation of partly
saturated single-stage vertical flow constructedlamd. In WETPOL conference,
York, UK.

7. Millot Y., Troesch S., Esser D., Molle P., GourdBn, Rousseau D. (2015) Design
and operational improvements for high ammonium neahby one-stage vertical flow
filters. In WETPOL conference, York, UK.
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8. Ruiz H., Paing J., Gagnon V., Molle P., ChazarenqZ015). Effect of filter media
and filter depth on nitrification—denitrificationrgress in a single stage French
Vertical Flow Constructed Wetland (VFCW). In WETPOanference, York, UK.

9. Troesch S., Morvannou A., Esser D., Forquet N.,|1818. (2014). Using one filter
stage of unsaturated/saturated optimised vertical filters to reduce the footprint of
constructed wetlands. 14th International ConferemrtéNetland Systems for Water
Pollution Control, Shanghai, China. 9 p.

10.Millot Y., Molle P., Troesch S., Esser D., GourdBn Rousseau D., (2014). Design
and operational improvements for high ammonium neahby one-stage vertical flow
constructed wetlands. 14th International ConferemrtéNetland Systems for Water
Pollution Control, Shanghai, China. 8 p.

11.Morvannou A., Forquet N., Michel S., Troesch S.,IKEIoP. (2014). Treatment
performances of French constructed wetlands ReBuolts a database collected over
the last 30 years. 14th International ConferenceVeetland Systems for Water
Pollution Control, Shanghai, China. 9 p

12.Molle P., Lombard Latune R., Riegel C., Lacombe Exser D., Mangeot L. (2014).
French Vertical Flow CW in Tropics: can the designadapted to the climate?. 14th
International Conference on Wetland Systems forefVBollution Control, Shanghai,
China. 8 p

13.Arias C. A., Avila C., Otter P., Kilian R., IstenD., Rolletschek M., Molle P., Khalil
K., Brix H., Alvarez A.J. (2014). SWINGS, treatmewetland technology and
knowhow transfer for the treatment and reuse of tevester in India. 14th
International Conference on Wetland Systems foretVBollution Control, Shanghai,
China. 10 p

14.Kim B., Gautier M., Olvera Palma G., Molle P., M&P., and Gourdon R., (2014).
Pilot-scale study of vertical flow constructed vaetll combined with trickling filter
and ferric chloride coagulation. 14th Internatio@ainference on Wetland Systems for
Water Pollution Control, Shanghai, China. 11 p.

15.Meyer D., Pélfy T., Troesch S., Esser D., Molle(#014). Results from monitoring
the first ‘French design’ full-scale constructedthard for combined sewer overflow
treatment. 14th International Conference on Wetl&ydtems for Water Pollution
Control, Shanghai, China. 9 p.

16.Prost-Boucle S., Garcia O., Molle P. (2014). Frengadtical-flow constructed
wetlands in mountain areas: how do cold temperaturgact performances?. 14th
International Conference on Wetland Systems foretVBollution Control, Shanghai,
China. 11 p.

17.Palfy T., Molle P., Troesch S., Gourdon R., Langahbgr G., Meyer D. (2014).
Simulation of constructed wetlands treating comdiineewer overflow using
HYDRUS / CW2D. 14th International Conference on el Systems for Water
Pollution Control, Shanghai, China. 12 p.

18.Forquet N., Provost C., Molle P. (2013). How to usesitu UV/visible
spectrophotometer for a better understanding oé-ti®pendent constructed wetlands
processes: a focus on nitrate. In WETPOL conferddaates

19.Duclos N., Wanko A., Laurent J., Fisher M., Molle Blosé R. (2013). Constructed
wetlands for urban runoff treatment from a resiggnwatershed. In WETPOL
conference, Nantes

20.Kim, B., Gautier, M., Molle, P., Michel, P., Goumlo R. (2013). Pilot-scale
experimental study of phosphorus retention in diéepager of partially saturated
vertical flow constructed wetlands. In WETPOL caefece, Nantes, France
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21.Morvannou A., Forquet N., Troesch S., Molle P. @0How modeling improves the
design of French vertical flow CW. In WETPOL cordece, Nantes, France

22.Molle P., (2012). French vertical flow constructeetlands: A need of a better
understanding of the role of the deposit layer. iy at the 13th International
Conference on Wetland Systems for Water Pollutiontf®l, Perth, Australia. 9 p.

23.Morvannou A., Forquet N., Vanclooster M., Molle(RP012). Which Hydraulic Model
To Use In Vertical Flow Constructed Wetlands? 1Btternational Conference on
Wetland Systems for Water Pollution Control, Peftstralia. 9 p

24. Arias L., Bertrand Krajewski JL., Molle P. (2012gMical-Flow Constructed Wetland
Fed By A Combined Sewer System: Stormwater AccegtaAnd Associated
Performances. 13th International Conference on aldtlSystems for Water Pollution
Control, Perth, Australia. 11 p

25.Arias L., Bertrand Krajewski JL., Molle P. (2012)ntplified Hydraulic Model Of
Vertical-Flow Constructed Wetlands. 13th Internasib Conference on Wetland
Systems for Water Pollution Control, Perth, Aus#érall p.

26.Kim B., Gautier M., Molle P., Michel P., Prost-BdecS., Colombet D., Gourdon R.
(2012). Field Study Of Wastewater Treatment WithtiBlly Flooded Vertical-Flow
Constructed Wetlands Using AZOE® Process. 13thriateonal Conference on
Wetland Systems for Water Pollution Control, Peftstralia. 8 p.

27.Meyer D., Molle P., Esser D., Troesch S., MasiBitimer U. (2012). Constructed
Wetlands For Combined Sewer Overflow Treatment -m@arison Of German,
French And Italian Approaches. 13th Internationahférence on Wetland Systems
for Water Pollution Control, Perth, Australia. 11 p

28.Meyer D., Fournel J., Forquet N., Molle P. (2012n8liation Of Tracer Tests In
Constructed Wetlands For Combined Sewer Overfloeaiment Using The Hydrus-
2d (Cw2d / Cwml) Software Package. 13th Internafidonference on Wetland
Systems for Water Pollution Control, Perth, Aus#érall p.

29.Fournel J., Millot Y., Grasmick A., Molle P., (2012Treatment performances of
vertical flow constructed wetland treating urbamafi: design comparison. 13th
International Conference on Wetland Systems for @V#tollution Control, Perth,
Australia. 11 p.

30.Liepem-Kouyi G., Ross A.E., Fletcher TD., Molle Ehocat B., Calla M. (2011).
Hydraulic modelling of constructed reed-bed wetlfar stormwater treatment. 12th
International Conference on Urban Drainage, Poriegie/Brazil, 11-16 September
2011

31.Duclos N., Wanko A., Mosé R., Molle P., Sadowski A@011). Horizontal
subsurface sand filter to treat carbon pollutedewat Potential of sulphate reducing
bacteria. 12th International Conference on Urbaairixge, Porto Alegre/Brazil, 11-16
September 2011. 8p.

32.Morvannou A., Forquet N., Vanclooster M., Molle 2011). Hydraulic properties
characterization of the filtering material of a Weal flow constructed wetlands.
WETPOL conference, Prague, Rep Tcheque.

33.Fournel J., Molle P., Forquet N., Grasmick A., (20IModelling variably saturated
vertical subsurface flow constructed wetlands fobam stormwater treatment.
WETPOL conference, Prague, Rep Tchéque.

34.Duclos N., Mosé R., Molle P., Wanko A., (2011). @pzing hybrid systems for
stormwater treatment — Biodegradation of emergioltufants. WETPOL conference,
Prague, Rep Tcheque.
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35.Vincent J. Wisniewski C., Molle P. (2011). Mechaijcand hydraulic properties of
sludge deposit on Sludge Drying Reed Beds: inflaenicsludge characteristics and
loading rates. WETPOL conference, Prague, Rep Teheq

36.Duclos N., Wanko A., Mosé R., Molle P. (2011). Haomtal sand filter to treat
wastewater - Potential of sulfato reducing baateWWETPOL conference, Prague,
Rep Tchéque.

37.Mercoiret L., Molle P., Forquet N. (2011) Urban weagater characteristics in French
rural areas: variability and guideline ratios fiaratment plant design. 3rd International
conference Smallwat, Seville, Spain.

38.Molle P., Lipeme-Kouyi G., Toussaint JY., Troesch &sser D., Vareilles S.,
Guillermard S., (2010). Urban stormwater treatmbwpt vertical subsurface flow
constructed wetlands : the Segteup project. NOVAHE2010, Lyon, 9p.

39.Molle P., Martin S., Esser D., Besnault S., Morfay(2010). Phosphorus removal by
the use of apatite in constructed wetlands: desigommendations. 12th International
Conference on Wetland Systems for Water Pollutiontf®l, Venise, ITALY. 9 p.

40.Morvanou, A., Choubert, J.M., Forquet, N., Philippk, Vanclooster, M., Molle, P. —
(2010). Solid respirometry to characterise the égvddation kinetics in Vertical Flow
Constructed Wetland (VFCW): a better insight for deling. 12th International
Conference on Wetland Systems for Water Pollutiontf®l, Venice, ITALY. 9 p.

41.Prost-Boucle S., Molle, P. (2010). Recirculation arsingle stage of vertical flow
constructed wetland: treatment limits and operatimvdes. 12th IWA International
Conference on Wetland Systems for Water Pollutiont®l, Venice, ITALY. 9 p.

42.Torrens A., Folch M.; Sasa J., Lucero M., HuertagsMiolle P., Boutin C.,Salgot M.,
(2010). Removal of bacterial and viral indicatarshorizontal and vertical subsurface
flow constructed wetlands. 12th IWA Internationadriference on Wetland Systems
for Water Pollution Control, Venice, ITALY. 8 p.

43.Tournebize J., Vincent B., Chaumont C., PassdpgorGramaglia C., Molle P., Gril
JJ., Margoum C., Carluer N., (2010). Pesticidesipi#ion by use of constructed
wetlands in agricultural area: Technical and sagmal feed back. 12th IWA
International Conference on Wetland Systems foréW&wllution Control, Venice,
ITALY. 8 p

44.Troesch S., Prost-Boucle S., Molle P., Leboeuf Bsser D. (2010). Reducing the
footprint of vertical flow constructed wetlands foaw sewage treatment: the Bi-
filter® solution. 12th IWA International Conferencs Wetland Systems for Water
Pollution Control, Venice, ITALY. 10 p

45.Vincent J., Molle P., Wisniewski C., Liénard A.,0D). Sludge drying reed beds for
septage treatment: towards design and operatioommendations. 12th 1WA
International Conference on Wetland Systems foréW&llution Control, Venice,
ITALY. 10 p.

46.Harouiya N., Prost-Boucle S., Morlay C., Esser rfih Ruel S., Molle P., (2009).
Performances evaluation of phosphorus removal lafitepin constructed wetlands
treating domestic wastewater: Column and pilot erpents. WETPOL conference,
Barcelona, Spain.

47.Troesch S., Liénard A., Molle P., Merlin G., EsBer(2008) Sludge drying reed beds:
a full and pilot-scales study for activates sludgeatment. 11th international
conference on Wetlands Systems for Water Pollu@iontrol. pp 218-225.

48.Troesch S., Liénard A., Molle P., Merlin G., EsBer(2008) Treatment of septage in
sludge drying reed beds: a case study on piloescéleds. 11th international
conference on Wetlands Systems for Water Pollu@ontrol. pp 24-34.
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49.Harouiya N., Molle P., Prost-Boucle S. Liénard 200Q8) Phosphorus removal by
apatite in horizontal flow constructed wetlandsétics and treatment reliability. 11th
international conference on Wetlands Systems fotevWRollution Control. pp 746-
753.

50.Molle P., Prost-Boucle S. Liénard A. (2006) Potahtfor total nitrogen removal by
combining vertical flow and horizontal flow constted wetlands: a full scale
experiment study. 10th international conference W@atlands Systems for Water
Pollution Control. 8p.

51.Torrens A., Molle P., Boutin C., Salgot M. (2006pd#ading Pond Effluent With
Vertical Flow Constructed Wetlands and Intermitt&and Filters: Comparison of
Performances and Hydraulic Behaviour. 10th intéonal conference on Wetlands
Systems for Water Pollution Control. 10p.

52.Torrens A., Molle P., Boutin C., Salgot M. (2006%3bciation of Stabilization Ponds
and Intermittent Sand Filters: an appropriate weater treatment system for small
communities. In 7th Specialised Conference on SWaller and Wastewater Systems,
Mexico. 8p.

53.Comas J., Turon C., Torrens A., Poch M. and Moll§Z2®06). Development of an
EDSS to improve intermittent sand filter design.7ln Specialised Conference on
Small Water and Wastewater Systems, Mexico. 8p.

54.Molle, P., Liénard, A. Grasmick, A. Iwema, A.. (200 French vertical flow
constructed wetlands: reed bed behaviour and liduts to hydraulic overloading on
first stage filters. 9th international conference Wetlands Systems for Water
Pollution Control. 10p.

55.Molle, P., Liénard, A.,Boutin, C., Merlin, G., lweamA. (2004) How to Treat Raw
Sewage with Constructed Wetlands: An Overview of fArench Systems. 9th
international conference on Wetlands Systems foteWRollution Control. 10p.

56.Molle, P., Liénard, A. Grasmick, A. lwema, A. (2004patite as an Interesting Seed
to Remove Phosphorus from Wastewater in Constridtetlands. 9th international
conference on Wetlands Systems for Water Pollu@ontrol. 10p.

57.Liénard, A., Boutin, C., Molle, P., Racault, Y., i8aud, F. (2004) Constructed
Wetlands and Waste Stabilization Ponds for Municéastewater Treatment in
France: Comparison of Performance and Maintenanperdfions in Terms of
Durability and Reliability. 9th international comémce on Wetlands Systems for
Water Pollution Control. 10p.

58.Molle, P., Liénard, A. Grasmick, A. lwema, A.. (Z)OPhosphorus sorption in
subsurface constructed wetlands: investigationssied on calcareous materials and
their chemical reactions. 8th international confieezon Wetlands Systems for Water
Pollution Control. 16p.

59.Menoret C., Boutin C., Molle P., Lienard A., BrissaF., (2000). Concentrated
effluent treatment by attached-growth cultures tavel and pozzolana: experimental
study. £ Mondial IWA congress, Jul 2000, Paris, Francp. 4

1.3.3 Colloques/conférences internationales en tant qu’invité

Dans la mesure ou je réalise une dizaine de piitsamg orales par an, en tant qu’invité, a des
colloques ou conférences nationales sur la thématigs techniques extensives de traitement
(collogue Oieau, journées techniques EPNAC, Onekgences de l'eau, séminaires
université, ANSATESE, Conseil Général) je ne présea que celles réalisées au niveau
international.
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1. Molle P., (2015). French vertical flow constructedtlands: design for storm water
acceptance. Présentation devant le groupe de nisati@h Allemande (DWA),
Berlin, Allemagne, 30 septembre 2015.

2. Molle P. (2015). Constructed wetlands for wastewateatment: The French
experience. Seminaire a l'université de Santa @ataBreésil. 17 juin 2015.

3. Molle P. (2015). Sludge drying reed beds for at@dasludge and septage treatment.
Seminaire a l'université de Santa Catarina, Bré&8ilJuin 2015.

4. Molle P. (2014) Full sewage treatment flowsheehwietlands: The French approach.
2nd Wastewater Network and 3rd Low Energy Wastew@teatment Conference,
Cranfield University, UK. 1% of September 2014.

5. Molle P. (2013). Phosphorus removal by the usepattite in constructed wetlands:
design recommendations. Wastewater network UK wvimmis Cranfield University,
UK. December 1, 2013.

6. Molle P. - 2010. Sludge treatment by drying reedisbeThe French experience.
International conference on constructed wetlandssfiadge treatment, VIC, SPAIN
15 JUNE 2010, 8 p

7. Molle P. (2007) Tratamiento y valorisacion de l@dos con zonas humedales.
Séminario a la Escuela de Quimica de la Universidiacional en Costa Rica.

8. Molle P. (2007) Humedales para tratar las aguagluales de las comunidades.
Séminario a la Escuela de Quimica de la Universidiacional en Costa Rica.

9. Molle P., Liénard A. (2007). Les filtres plantés deseaux en assainissement des
petites collectivités : I'expérience Francaise.l@qple « L'épuration des eaux usées au
troisieme millénaire ». Journée internationale whét des eaux, Cebedeau. Liége,
Belgique. 23 mai. 16p.

1.3.4 Brevets

10.Co-auteur d'un brevet francais sur l'usage d’apatilans des filtres plantés a
ecoulement horizontal (déposé en 2004 par Irstea).

11.Co-auteur d’'un brevet francais sur le développene¢rtusage d’outils in-situ non
destructif de diagnostic de filtres a sable deskasissement individuel (Déposé en
2009 par Véolia).

1.3.5 Guides techniques nationaux

1. Co-auteur du Guide : Epuration des eaux uséesilgas fplantés de macrophytes :
Recommandations technigues pour la conception etéddisation. 45p. groupe
Macrophytes (2005).

2. Coordinateur du guide : Déphosphatation des eaéasupar filtres plantés garnis de
phosphorites : recommandations pour le développentena filiere. 48p. Molle P.,
Harouiya N., Prost-Boucle S., Morlay C., EsserNdaytin S. Besnault S. (2012)

3. Coordinateur du guide : Systemes extensifs pogedion et le traitement des eaux
urbaines de temps de pluie. 43p. Molle P., FouineMeyer D., Troesh S., Clément
F., Brelot E., Bacot L., Guillermard S., De Brito, Toussaint J.Y., Vareilles S., Ah
Leung S., Lipeme Kouyi G., Chocat B., Esser D. @01

4. Coordinateur du guide : Les LSPR pour le traitende® boues et des matieres de
vidange : Guide de dimensionnement et de gesti@gm. Eolle P., Vincent J., Troesch
S., Malamaire G. (2013)
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1.4 Autres activités liées a la recherche

1.4.1 Co-direction de theses de doctorat

Candidat

Ruiz Herman

Palfy Tamas

Millot Yoann

Daniele
Damasceno

Boram Kim

Duclos Noélle

Arias Luis

Fournel Julien

Morvannou Ania

Vincent Julie

Troesch
Stephane

Rolland
Laurence

Tableau 2 : Théses encadrées ou co-encadrées

Université

Ecole des Mines de
Nantes

INSA Lyon

Gent University,
INSA Lyon
Universidade
Federal de Santa
Catarina, Brasil
INSA (Lyon, France)

IMF (Strasbourg,
France)

INSA (Lyon, France)

University of
Montpellier
Université of
Louvain la neuve
(Belgium)
University of
Montpellier

Université of savoie

University of
Montpellier

Titre

Ecological and economical
optimiasation of constructed
wetladns for nitrogen and
phosphorus removal

Design support model for CSO
treatment by vertical flow
constructed wetlands

Innovative and compact
constructed wetlands systems
Nitrogen removal in unsaturated-
saturated vertical flow constructed
wetlands

Fe-P precipitates mobility into
sludge deposit of constructed
wetlands according to redox
potential

Emergent pollutant degradation in
subsurface flow constructed
wetlands treating stromwater
Domestic and storm water
treatment by vertical flow
constructed wetlands

CSO treatment by vertical flow
constructed wetlands

Dynamic modelling of nitrification in
vertical flow constructed wetlands

Sludge treatment reed beds for
activated sludge and septage:
operating conditions and
performances

Treatment and valorisation of
septage and activated sludge by
sludge treatment reed beds

In situ and non destructive
diagnostics tools to define clogging
in sand filters used for onsite
sanitation

Date de la
soutenance
Prévue en 2017

Prévue 2016

Prévue en 2016

Juin 2015

2014

2014

oct 2013

Dec 2012

Jan 2012

Dec 2011

Feb 2009

Oct 2009

1.4.2 Participation a des jurys de doctoratetdHD R
Jury de doctorat :

1. Emily Payne, Monash University, Australia, 2014 eTihfluence of Plant Species on

Nitrogen Removal within Biofilters.

2. Prigent Stephane, Ecole des Mines de Nantes, 4& 2Qptimisation of nitrogen and

phosphorus treatment by constructed wetlands.

3. Uggetti Enrica, UPC, Barcelona Spain, sept 201lewdge sludge treatment in
constructed wetlands. Technical, economical andremwental aspects applied to

small communities of the Mediterranean Region.

4. Huguenot David, Université de haute Alsace, Jul®20bioaccumulation and phyto-

% de

coordination

33%

80 %

33%

80 %

20%

33%

100 %

100 %

33%

100%

50%

80 %

extraction of metals for surface draining watemaie-growing.

5. Bouteldja Fathé, University of Clemont Ferrand, 2@09: in situ diagnostic of onsite
sanitation systems.

Jury d’'HDR:
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Projet
ECOSTAR

Projet ADEPTE

Projet
INNOPUR

Projet
ATTENTIVE

Société SCIRPE

ENGEES

Agence de l'eau
RMC/safege

Projet
SEGTEUP
Fonds propre

Onema

Agence de l'eau
RMC- SINT-
ADEME

Veolia



1. Adrien Wanko, université de Strasbourg, Avril 20Milieux poreux variablement
saturés et interactions fluide-matiere : Applicatau traitement des effluents urbains.

1.4.3 Activités collectives et responsabilités.

Au niveau international :

Comité |=Membre du comité scientifique du groupe spéciakisgetlands systems for
scientifique | water pollution control » de I''WA depuis 2006.
= Membre du comité scientifique des conférences WHTEh 2013 et 2015
= Membre du comité scientifique de la conférence IBraigen 2011 (Seville

Spain)
Organisation [= Organisation de deux workshops sur le théeme destiemted wetland” en
d’événements | 2011 et 2015 a Lyon.
internationauX |. Co-organisation des 9émes et 6émes conférencesui¥ds « wetlands
systems for water pollution control » et « Pondesys », en Avignon
(France) du 26 septembre &ladttobre 2004.
Relecture |=Relecture d'articles pour les revues Water SciandeTechnology,
Ecological Engineering et Water research. Enviariicles par an.

= Evaluation de projets de recherche (ANR, fondations environ 1 tous lg
deux ans.

Au niveau national :

Initiateur et responsable du groupe national EPNA€Quis sa création en 2008, dédié a
'Evaluation des Procédés Nouveaux d’Assainisserdeatpetites et moyennes Collectivités
(http://epnac.irsteafr Ce groupe produit une dizaine de rapports pauara thématique du
traitement des eaux usées des petites collectivitéslut I'ensemble des acteurs publics de
I'assainissement, tels que les décideurs (ministéréécologie et du développement durable,
Onema, Agences de I'eau), ainsi que les acteuaulode chaque départements (services
techniques des conseils généraux, polices de I'dan$ I'objectif d’organiser le retour de
données au niveau national, mutualiser les donmtedisséminer l'information. Nous
organisons notamment des journées techniques dmugli regroupent autour de 150
personnes.
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2 INTRODUCTION : Les filtres plantés en assainissem ent:
évolution de la recherche et démarche développée
depuis mon doctorat

L'usage des végétaux aquatiques dans les filieedraitement des eaux provient de
'observation du role des zones humides naturalmss la préservation de la qualité des
milieux aquatiques. Si l'utilisation de zones huesichaturelles pour le traitement des eaux
usées remonte a une centaine d'années, cela smpparplus a un déversement pratique,
induisant une dégradation de la zone humide, qusysteme de traitement optimise.
L’amélioration des connaissances liees au foncéorent des zones humides naturelles a
permis, dans les années 50, de s’orienter verséktion de marais artificiels (constructed
wetlands an anglais) pour le traitement des eaégudDr Kathe Seidel, en Allemagne, fut la
premiere a expérimenter ce type de filieres desaheges 60. Les premiéres réalisations ont
révélé un potentiel intéressant pour I'assainissgmdes petites collectivités mais
nécessitaient des études plus pousseées pourdaalidi traitement et la longévité de la filiére.

Si, initialement, les systémes développés conoemhaoit des filtres a écoulement vertical
soit des filtres a écoulement horizontal, les aoeseéd wetlands, et les filtres plantés
spécifiguement (écoulement sous-surfacique), reptést une famille de systémes dont les
conditions hydrauliques et biologiques differenargiement entre eux. Fonder et Headley
(2013) ont proposé une classification (cf. Figurgudi illustre la diversité des systemes.
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Figure 1 : arbre de classification des différentsystemes

En France I'expérience a démarré en 1978 par uakiaion du Cemagref d'un systeme
réalisé par K. Seidel pour un site d’accueil d'emdacomposé de 5 étages de traitement en
série (association de filtres a écoulements vérgtahorizontal). Alimenté en eaux usées
brutes, ce systéme, bien qu’amélioré dans une deqamase, nécessitait d'étre optimisé pour
étre réellement compétitif. Néanmoins, l'intérétlddiliere était certain et elle fut améliorée
lors des expériences suivantes. Pont Rémy (quilanivée du siphon, 1985) puis, Gensac la
Pallue (1987), dimensionnée par le Cemagref, pratdee bases de dimensionnement du
premier étage de la filiere classique actuelle,semti de base de lancement d’'une recherche

encore en évolution.

Depuis les premieres realisations jusqu’au débst alenées 2000 la filiere a été évaluée
principalement par des bilans 24 h a chaque étapeaidement. Si cette méthode considére le
filtre comme une boite noire et ne donne pas aecés quantification des meécanismes
impliqgués au sein du systeme, elle a permis néamsndiapporter des éléments de
performances et de limites et, par conséquent, dserples premieres regles de
dimensionnement. Ces premiéeres regles fixent ery 188utin, 1987) une surface a 2,5
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m%EH. Pendant pres de 15 ans le Cemagref, avesupport des SATESE (Service
d’Assistance Technique a I'Exploitation des StaialEpuration de chaque département), a
réalisé et analysé ce type de données de maniereltiplier les cas de figures (types de
réseau, conception des filtres, conditions climeggj...).

Si l'approche pragmatique a permis de fiabilisedimensionnement et de crédibiliser la
filiere classique, certaines questions restaierdsumpens comme le comportement des filtres
dans des conditions extrémes (limites hydrauliquiesites organiques) et la nécessaire
evolution de la filiere pour 'amélioration des flemances (dénitrification, phosphore ...).
De méme, le succes de la filiere a généré deistarassocier les filtres a d’autres systémes
de traitement (lagunage naturel, lits bactériemsgue biologiques ...) ou de développer la
filiere pour d’autres types d’applications commerktement des boues ou les surverses de
déversoir d’'orage.

Pour illustrer le succés de la filiere en Frangepeut observer la dynamique de réalisation
des filtres plantés alimentés en eaux usées bfotefigure 2). La filiere s’est réellement
développée a partir du début des années 2000 fteurdne en une quinzaine d’années plus
de 3500 installations (2015) en eaux usées donuestides petites collectivités (la plus grosse
station en traitement eau est dimensionnée powW04EH). Cela permet de réaliser non
seulement I'engouement de la profession et desresaitouvrages pour cette filiere, mais
aussi la nécessaire forte activité de la recheapipiquée pour accompagner cette demande et
en permettre les évolutions.
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Figure 2 : Etat du développement de la filiere filtes plantés en France en 2013 (source ministere de
I'écologie)

L’évaluation par bilans 24 h ne permettant passdabes délais et a des codts raisonnables, de
répondre a I'ensemble des cas, I'étude plus fire décanismes était nécessaire afin de
mutualiser les connaissances acquises, lors dwmte éa d’'autres configurations de mise en
ceuvre ou d’application.

Mon activité de recherche a reposé sur l'objectd développer et d’encadrer le
développement des systémes extensifs de traitedesneaux et des boues d’épuration. La
démarche mise en ceuvre associe différents nivéauriveau structurel (comment organiser
la recherche et l'appui technique face a une demamnéls forte) ainsi qu'un niveau
scientifique (quelles méthodologies développer plawer les verrous scientifiques). La
problématique réside dans la forte demande soeiptalr les filieres de type filtres plantés de
roseaux. Les techniques se développent soit paed&ur public soit par le secteur privé,
généralement sans qu’une validation sérieuse &alisée par ces derniers (petite PME en
général avec peu de moyens de recherche). Les dexatéveloppement sont liés soit a
I'amélioration des performances (niveaux de rejas stricts, optimisation de I'emprise au
sol, du co(t ...) soit au développement de nouveanxaihes d’application (eaux urbaines de
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temps pluie, matieres de vidange ...). Le schémaessals représente les objectifs
opérationnels ciblés dans les axes de rechercloedésh

[ Eaux usées domestiques ] [ Boues ] [ Eaux de temps de pluie ]

Figure 3 : Objectifs opérationnels des recherches enées ces derniéres années

La variabilité des sujets a nécessité une réflegigria démarche a adopter. Comment mettre
en place des recherches permettant de mutualsegéseltats entre les différents domaines
d’application étudiés, de quels nouveaux outilsnawvaous besoin ?

La difficulté, a I'instar de tout procédé biologauréside dans le fait que les filtres plantés
sont des écosystemes complexes gu’il n'est pashi@s$étudier par le biais d’'une seule

discipline. L’hydraulique, la chimie, la microbidie, la physiologie végétale, sont autant de
domaines scientifiques qu’il convient de prendreeempte pour comprendre les mécanismes
et équilibres qui gerent ces systémes. L'objedsitéle faire évoluer la recherche d’'une

analyse pragmatique des systémes (de type eseagsgy vers une approche déterministe
pour préciser les mécanismes ainsi qu’une approobeaniste par la création de modéles
dynamiques complexes. Cette voie est apparue raeEs®n seulement pour une meilleure
maitrise des systemes mais aussi pour pouvoisettilies avancées d'un projet a d’autres
applications.

Pour cela, une réflexion sur la démarche expériaterdt développer a été menée. L'étude des
mécanismes nécessite des études fines réalisépates, ou sur des sites spécifiques mais
ne correspond pas a la variabilité des spécifigjtésl’on peut rencontrer sur le terrain. Il était
donc nécessaire d'avoir des outils expérimentawmettant de travailler a différentes
échelles. Il s’agissait donc, dans le temps dereath ceuvre des dispositifs pilotes (de
différentes échelles suivant les objectifs rech&scljue nous pourrions utiliser de maniére
réguliere. De méme, compte tenu de la relativetepedille de I'équipe travaillant sur les
filtres plantés, il apparaissait également nécesshe rechercher a coordonner et mutualiser
les différentes études au niveau national. Cel#,aeé@ plus du role d’appui technique qui fait
partie de nos missions, un des moteurs principauma volonté de créer le groupe national
EPNAC (vww.epnac.irstea.fr La philosophie générale se base donc sur unergignentre

les recherches scientifiques et les études deremanées dans le cadre du groupe EPNAC
(cf. Figure 4).

Multiplicité des
innovations

Appui sur le groupe EPNAC

pour récolte de données a

plus large échelle avec une
méthodologie encadrée

Figure 4 : Synergie des différentes approches d'éties

Etudes fines des procédés en
taille réelle
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L’ensemble de ces approches permet non seulemespdredre a des problématiques terrain
(demandes des acteurs de I'eau) mais aussi d’aexélies connaissances des systemes de
traitement. En conséquence, le transfert des cesenaces se fait a la fois via des publications
scientifiques, mais aussi via des publicationsn@pres nationales, trés souvent sous forme
de guide techniques suivant l'envergure des projatsla demande des partenaires
institutionnels (Agences de I'eau, Onema, Ministere

Je présente ainsi dans ce mémoire mes travauxctierohe suivant deux approches : une
approche liée a la compréhension des phénomenegfpphe Il) et une approche liée aux
développements opérationnels réalisés (paragragheCtte partie du mémoire est précédée
par une synthese de mon parcours, de ma produstiemtifique et de mes activités de
recherche. Le document se termine par une réflestiohes perspectives de recherche, a court
et long termes, vers lesquelles jenvisage d'odentéquipe dans le domaine de
'assainissement des petites et moyennes collegdiyiar filiere extensives.

Je fournis en annexes les copies d’'une sélectiormds publications qui apporte des
compléments a la partie « rapport de recherchece deémoire.
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3 Rapport de recherche

3.1 Vers une meilleure compréhension des mécanismes impliqués
dans le fonctionnement des filtres plantés

L’amélioration des connaissances des mécanismdgjimdp dans les filtres plantés nécessite
une approche pluridisciplinaire étant donné leunctmnnement impliquant différents
processus qui interagissent les uns avec les ggfteSigure 5). Cette complexité est rendue
d’autant plus difficile que les financements paarécherche dans ce domaine se basent sur
des questions opérationnelles auxquelles il faytomdre sur une échelle de temps
relativement courte (2 — 3 ans).
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Figure 5 : Interdépendance des mécanismes impliquéans les filtres plantés et des facteurs extériesir
(Molle, 2012).

Cette réalité nécessite donc une approche padrewisant a mutualiser les connaissances de
chacun des projets afin que I'étude des mécanisgmisée pour une application précise
puisse nourrir d'autres études. De méme, il a éaessaire de développer des expériences a
différentes échelles (laboratoire, pilotes, prabety, taille réelle) dans la mesure ou le savoir-
faire d’Irstea sur des études en taille réelle mevpit apporter 'ensemble des réponses liées a
la compréhension des processus. Le Tableau 3 peésmir les thémes abordés ci-apres,
guelques liens entre apports scientifiques et tipérzels.

Ce chapitre vise a décrire les avanceées realigsedarnieres années pour la compréhension
des processus, en mixant différents contextes distuPar conséquent il s’agit d’'un résumé
gue le lecteur pourra détailler en se référant aricles mentionnés (pour la plupart en
anglais) tout au long du document. Nous présensesoncessivement les différentes parties
présentées dans la Figure 5 a I'exception de l@epaiative au transferts de gaz, peu étudiée
ces derniéres années au sein de I'équipe a past ldartravaux de Forquet et al., (2009),
Rolland et al., (2009) et Petitjean et al., (2012).
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3.1.1 Phénomeénes hydrauliques

L’étude de I'hydrodynamique des filtres a nécessit@troduire de nouveaux outils en
provenance des sciences du sol et de techniquesiqelas du génie des procédés. Certaines
de ces techniques ont été introduites pendant motoiht (Molle, 2003) lors de I'étude des
limites hydrauliques des FPR et ont été développ#sms la suite lors des différents
programmes de recherches de I'équipe.

3.1.1.1 Apport du génie des procédés

L’approche de type « génie des procédes », comgeetantorique du theme de recherche sur
le traitement des eaux d’Irstea, a été développédéapmise en place systématique de mesure
des vitesses d'infiltration des bachées ainsi quealps tracages hydrauliques.

La mesure de vitesse d'infiltration a été mise kg par des sondes ultra son, de maniére a
guantifier I'aptitude du milieu a infiltrer des l&® d’eau. Trés utile d’'un point de vue
opérationnel pour déterminer les limites hydrawdgphysiques des filtres, ces mesures ont
mis en évidence plusieurs phénomenes (Molle eR@06 — cf. annexes article 2) comme le
réle mécanique des roseaux, I'impact du mode d&titation sur l'infiltration ainsi que les

couches hydrauliguement limitantes des ouvragésadement.

Ces mesures ont été poursuivies par la suite déasedts travaux de thése (Troesch, 2009 ;
Vincent, 2011 ; Fournel, 2012 ; Arias, 2013) et dmgnostic pour différents types
d’application. Elles sont devenues une sorte déneyour les approches hydrauligues mais
ne représentent finalement qu'une mesure externgemmettant pas d’avoir accés au
processus internes du milieu poreux.

En paralléle, les techniques de tracage hydrauliguemunément utilisées au sein du théme
de recherche « traitement des eaux résiduaires cesusystéemes intensifs ont été appliquées
aux filtres plantés de roseaux (Molle, 2003). Campénu du mode discontinu des
alimentations (bachées, période d’alimentationsgpone adaptation de la méthodologie et
de lanalyse des données a été nécessaire. Cemgdm@nt fourni des informations
intéressantes non seulement sur les temps de sigdiaffluent au sein des filtres mais aussi
sur les échanges eau gravitaire — eau stagnaméeretariation en fonction des matériaux
utilisés ou des conditions d’opération. Suivantylee de matériau utilisé, sa profondeur, le
taux de matiere organiqgue accumulée en son seinc (dage du systeme) ainsi que la
fréequence et lame d’eau des bachées il a été posEimuantifier la part de I'eau qui s’écoule
rapidement et celle échangée, et les conséquenoeses performances de traitement
notamment pour la nitrification ou I'élimination figermes pathogénes (Torrens et al., 2009 a
et b). A titre d’exemple, la Figure 6 montre latdizution des temps de séjour sur un filtre &
ecoulement vertical librement drainé pour une mérharge hydraulique et différents
fractionnement de bachées (Torrens et al., 2009@rmet de mettre en évidence l'incidence
du mode opératoire sur 'ampleur des passagesrendigs. Ces passages préférentiels
impactant beaucoup la vitesse de récupération @asiéres fractions du traceur, on peut en
évaluer l'impact sur les performances épuratoirastracant le temps nécessaire pour
récupérer 10 % du traceur (cf. Figure 7 pour unrgte sur les coliformes fécaux).
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Figure 6 : Distribution des temps de séjour d'un syteme de FPR vertical type deuxieme étage pour
différents fractionnements de bachées et une charddraulique similaire (Torrens et al., 2009b)
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Figure 7 : Abattement des Coliformes Fécaux en fotion du temps de récupération de 10 % du traceur
(Torrens et al., 2009b)

Si les tracages permettent d’entrevoir les mécagssmydrauliques internes au systéme, ils ne
sont qu’'une visualisation globale de mécanismesauwcet ne peuvent apporter de
renseignements précis sur la dynamique de ces mséws Pour aller plus loin, des outils
issus de la science du sol ont été développés dedravaux de these et dans les travaux qui
ont suivi. Face au potentiel de ces outils, ledlisation a été plus intensive grace au
recrutement d’'un chercheur dans I'équipe pour sifim les travaux de modeélisation et de
métrologie spécifique (Nicolas Forquet — 2009).

3.1.1.2 Apportdes sciences du sol
Une des premiéres techniques, issues des sciencsd,dutilisée a été la tensiométrie pour
mieux comprendre la dynamique de la teneur en @ams ¢ milieu ainsi que le role de
chacune des couches du filtre sur les écoulemBhiee maniére schématique, deux grandes
phases du comportement hydraulique des filtresealiés en eaux usées brutes ont été mises
en évidence (cf. Figure 8):

» Période ou les roseaux sont peu ou pas développeés :
Pendant cette période les écoulements sont régia panductivité hydraulique de la couche
de dépbt et du gradient de pression induit pamladur d’eau et la succion a l'intérieur du
filtre. L'ensemble assure un régime relativemeratblst de linfiltration. Les surcharges
hydrauliques se manifestent principalement par élgeation de la hauteur de submersion.
L’ensemble, couche de dépbt et gradient de pressiesure un frein hydraulique pour la
partie inférieure du filtre.

» Période ou les roseaux sont pleinement développés :
La croissance des roseaux et leur oscillation perlaeformation d'espaces libres a
I’écoulement autour des tiges. La conductivité hutique de la couche de dépbt s’en trouve
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augmentée. En contrepartie, 'humectation des camidnférieures est facilitée lors de
surcharges hydrauliques, et le gradient de pregsibalors plus faible.

Charge totale

k Charge totale
—

Ksl etAH

Ks2 > Ks 1 eAH

Profondeur Profondeur

Figure 8 : représentation schématique des conditiad’écoulement dans les filtres a écoulement verst
du premier étage (Molle, 2003)

In fing, le r6le mécanique des roseaux quant a l'acceptditydraulique a pu étre quantifié
(cf. Figure 9). C’était un parametre majeur pouagdr la filiere aux réseaux unitaires et
accepter les charges de temps de pluie (cf. paphagrda2.1.1).

1.E-03 AFeb-02 aMarch-02 x June-02

* Aug-02 ®Sept02 ©0ct-02
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Figure 9 : vitesses d'infiltration moyennes des bd@es au cours du cycle d'alimentation (Molle et al.
2006)

Ce type de mesure apporte des enseignements quotEssus qui se déroulent a I'intérieur
du filtre mais analyse des phénomeénes locaux. dteséguent, I'hétérogénéité horizontale des
caractéristiques des filtres (taux de matiere acgem hauteur du dépdt, distribution de I'eau
...) rend I'extrapolation de ces mesures a I'enserdbléltre compliquée.

Pour obtenir une vision intégrative des écoulemenise technique de tomographie
(Résistivité électrique) a été mise en ceuvre. &elee été initialement utilisée dans le cadre
de travaux visant a développer des outils de distgn-situ et non destructif des systémes
d’infiltration percolation de I'assainissement nowilectif (thése de L. Rolland, 2009). Outre
I'intérét de pouvoir localiser et déterminer lesndnsions d’'un filtre enterré, la résistivité
électrigue permet également de représenter unierseerticale du filtre et donc de visualiser
les hétérogénéités en terme de teneur en eauceiutBénent ou de colmatage du filtre, et leur
évolution dans le temps (cf. Figure 10).
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Figure 10 : Evolution des profils résistifs d’un fitre au fil du temps en 2006, 2008 et 2009 du haueérs le
bas (Rolland, 2009).

Grace a I'arrivée de Nicolas Forquet dans I'équiip009, cette technique a été approfondie
aussi bien pour I'assainissement non collectif et and French, 2012) que pour les filtres

plantés de roseaux (dans le cadre de la thésealMorvannou, 2012). L’hétérogénéité de la

distribution des eaux a la surface des filtres éaaliservée en analysant les variations de
teneur en eau sur ces sections verticales (cfréitl).
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Figure 11 : changements relatifs de teneur en eamtee le début d’'une période d’alimentation et la fn sur
un filtre contenant 20 cm de dép6t organique (Molle2014)

Ces mesures apportent des informations complémestaux mesures locales mais ne sont
pas encore suffisamment précises (notamment swwedtion verticale) pour représenter
correctement les valeurs de teneurs en eau (FoejuEtench, 2012). En revanche elles
peuvent étre couplées a des mesures localiséeseldr ten eau et, par un traitement du signal
approprié (travaux développés par Nicolas Forqaepprter des informations plus précises.
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Un autre point faible de cette mesure est lié ampge d’acquisition des données (10-15
minutes) du méme ordre de grandeur que le temppadsage d’'une bachée au sein du
systeme. La dynamique des écoulements ne peutadienétudiée par cette méthode.

Il a donc été nécessaire d'utiliser un autre adgilmesure issu des sciences du sol et des
milieux poreux pour analyser plus finement la dyimpra des écoulements : les sondes TDR
(Time domain reflectrometry). Mises en ceuvre itetizent dans le cadre de la these d’Ania
Morvannou (2012), elles ont par la suite été @ds dans I'ensemble des travaux de these
meneés sur ces systemes quel que soit le domaipelidation (Thése de Julien Fournel, de
Luis Arias, de Yoann Millot, de Tamas Gabor Palfieur utilisation peut avoir deux
objectifs différents, soit nourrir les travaux dedglisation, soit étudier I'héterogénéité des
écoulements.

En terme de compréhension des mécanismes, lese@aeEDR ont permis de quantifier les
variations de teneur en eau dans le milieu et teamnsitions lors des cycles d’alimentation et
de repos que ce soit en temps sec ou en tempslige lph Figure 12 permet de visualiser les
variations de teneur en eau a différentes proforsdéepuis la surface du filtre sur un systeme
agé (avec une couche de dépbt de 20 cm) et syistan®e jeune (sans couche de dépbt). Cela
permet de bien évaluer I'ampleur du role de la ématiorganique accumulée dans et sur le
systeme vis-a-vis de la rétention d’eau. Le roléadeouche de dépdt a été confirmé, a la fois
sur la limitation hydraulique de la station ainsieqsur les transferts d’oxygene (voir
paragraphe 3.1.3).
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Figure 12 : Profils d’humidité par mesure TDR dansun filtre du premier étage a) a gauche un filtre

contenant une couche de dép6t (rouge, Moravnnou at., 2013) et b) a droite sans couche de dépét (Asi,
2013).

Un autre apport des mesures TDR sur la compréhensid’hydraulique des filtres est lié a
I'hétérogénéité horizontale du dépot organiquewttase. En mesurant les teneurs en eau sur
des profils verticaux a différentes distances ddamnt d’alimentation, on est en mesure de
quantifier a quelle vitesse I'eau est distribuéesarface. La Figure 13 montre (a gauche)
I'évolution de différents profils de TDR au seinude période d’alimentation sur un filtre
jeune. On observe que les teneurs en eau n‘augmgrae toute a la méme période au sein du
cycle d’alimentation en raison d'une distributioonnhomogene en surface. Le colmatage
partiel de la surface du filtre augmentant en fiamctde l'alimentation on peut, pour
différentes périodes d’alimentation, mettre entre@tala charge hydraulique cumulée sur un
cycle avec la distance de distribution de I'eawautd’'un point d’alimentation (figure de
droite).
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Si on observe que, méme sur un filtre jeune, lesticorrectement distribuée sur la surface en
hiver (matiere organique accumulée — cf. paragrahie3 ; réle mécanique des roseaux
absent) il n’en est pas de méme en été ou plusjeurs peuvent étre nécessaires pour
distribuer correctement I'eau en surface.

La quantification de ces fronts de distribution Keau permet d’apporter des éléments
indispensables a des questions opérationnelles edamiensité des points d’alimentation et
de débits surfaciques d’alimentation des bachégsemhettent de mieux appréhender les
problemes de jaunissement des roseaux observédesustations jeunes a faible taux de
charge en raison d’un stress hydrique. De mémsquerla surface du filtre n’est pas utilisée
dans sa totalité, les charges organiques localesepe étre beaucoup plus fortes et des
passages préféerentiels ont lieu. Cela permet égalerd’expliquer des déficiences de
traitement (notamment sur la nitrification) que n’goit dans une application pour le
traitement des eaux usées domestiques ou des sesvee déversoir d’'orage (Palfy et al.,
2015b).

3.1.2 Phénomeénes chimiques

Les recherches menées sur les mécanismes chimaguesein des filtres plantés ont
principalement concerné deux aspects liés a I'aratlon des performances des systemes
pour le traitement du phosphore et la nitrification

3.1.2.1 Matériaux spécifiques pour la rétention du phosphore

La rétention des phosphates dans les filtres ateéoseaux, et a plus large échelle dans les
zones humides, est la conséquence de plusieursisdes :

* Une assimilation bactérienne ainsi qu’une incorponadans la matiere organique en
formant des complexes organiques faiblement sauble insolubles. Sachant que,
contrairement aux boues activées ou la déphospirataiologique est une voie
intéressante, les boues produites ne peuvent é&taeuées regulierement. En
conségquence, lors de la minéralisation (qui edtemhée pour minimiser le risque
d’engorgement du massif) le P est relargué enisalut

» Les roseaux, comme tous végétaux, utilisent duu? leoir croissance. Le P assimilé,
par ce biais, peut étre partiellement évacué pacaialage de la partie aérienne.
Néanmoins les surfaces mises en jeu comparativermext charges appliquées,
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rendent ce phénoméne négligeable. Leur rble eshnm@ias important car le
phosphore consommé par les végétaux est plus padide que le phosphore
particulaire ou précipité.

* Des mécanismes de rétention par des phénoméneopdn - précipitation sur la
phase solide, permettant des liaisons stables.

C’est sur cette derniére voie que nous avons adkélément nos recherches. Ces recherches
abordent notamment les mécanismes de chimie dafaices (phénomeénes de sorption et de
précipitation de surface). A la suite de mon masdeherche ou une quinzaine de matériaux
ont été testés, une sélection de deux matériaux ei¢afaite (a base de calcium ou de fer).
Les potentialités des matériaux calciques a régrice une dissolution partielle conduisant a
de fortes concentrations de calcium, et favoriganic la sursaturation de la solution, nous ont
ameneé a rechercher d’autres matériaux de ce tygeéiides (Brix et al., 2000) confirmaient
cet intérét. Il nous parut alors indispensable eftet la calcite, puis au fur et & mesure de
notre compréhension des phénomenes mis en jeatitap

S’agissant d’une approche nouvelle dans I'équipefallu développer une méthodologie a la
fois pour évaluer des cinétiques de rétentionsatilie en taille réelle, et pour identifier les
meécanismes mis en jeu.

Pour déterminer les cinétiques, trois types de desront été utilisées, issus respectivement
des suivis de terrain, des tests a flux contindest tests en batch. Ces derniers permettent
dans un premier temps d'évaluer le potentiel dgudhanatériau vis a vis de la sorption, de
maniere simple et relativement rapide. lls ontudtiisés pour réaliser un tri des matériaux.
Cependant, ces conditions de fonctionnement étantdifférentes de celles rencontrées dans
les filtres saturés, des études, en colonnes imgasrguis en pilote alimenté en eaux usées,
ont permis de vérifier les mécanismes mis en jeinteoduire des notions d’échelle incluant
la distribution des fluides dans le systeme. Pasuie, des suivis en taille réelle ont été
réalisés pour d'une part confirmer les résultats,eesuite préciser les conditions de
changement d’échelle entre les tests colonnestailaréelle.

Pour préciser les mécanismes, plusieurs méthodeséantilisées pour d’une part caractériser
les apatites (diffraction des rayons X, fluoreseeic ICP-MS) et d’autre part observer la
surface des matériaux (Scaning electron microsc®ayman spectroscopy). Le choix des
techniques est expliqgué dans Harouiya et al. (2012)

La compréhension des phénomenes mis en jeu dagteldion des orthophosphates sur les
différents matériaux, était une étape importanig poévoir puis contréler leur comportement
dans des filtres plantés. Identifier les mécanisrmegliqués, leur importance et leurs

limitations, a permis de mettre en évidence leséraix qui paraissent les plus a méme
d’étre utilisés dans la filiere. Afin de valider awon l'utilisation de tel ou tel matériau,

plusieurs facteurs étaient a déterminer, commeafscaté de rétention a long terme, les
cinétiques en réacteur continu, les risques de atalge, lies a la précipitation et au

développement de la biomasse, ainsi que la quhlitéjet apres traitement.

Pour les matériaux calcigues, une adsorption paaréges de ligands a lieu en test batch mais
devient un mécanisme négligeable pour une rétestiorie long terme. La précipitation de
surface est le mécanisme de rétention sur leqdi@liilcompter pour retenir durablement les
phosphates dans les filtres. Cette cristallisaiehdépendante de I'état de saturation de la
solution vis-a-vis des précipités,ds factg de la dissolution des carbonates de calcium.

Le béton, par une dissolution rapide de l'oxyde addcium, permet de maintenir des
conditions de pH et de concentration de calciunorf@vles a une précipitation. Néanmoins le
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pH fortement basique n’est pas compatible avecejgt dans un milieu extérieur. De plus,
une fois I'oxyde de calcium accessible dissoubél®n se comporte comme la calcite, c.-a-d.
fortement dépendant de I'équilibre calco-carbonifielle et al., 2003). Les eaux usées étant
proches de I'équilibre, la dissolution du matériaudonc la fourniture en calcium, est faible.
Le respect du seuil de rejet de 2 mgPdst alors difficilement possible pour la calcitdee
béton. Pour ces deux matériaux les précipités wvbsed leurs surfaces se situent entre le
phosphate tricalcique et le phosphate octocaldiylsdie et al., 2003).

Pour l'apatite, en revanche, les résultats obtdarss des premiéeres études (Molle et al.,
2005b) étaient encourageants et permettaient déremeh avant l'intérét d'utiliser des
matériaux proches du précipité que I'on souhaitenér (germe de cristallisation) ; intérét
d’autant plus grand que I'on forme alors de I'hydrapatite (cf. Figure 14), précipité de
phosphate de calcium le plus stable. Le respesedis de rejet bas (inférieurs & 1 mgh.L
est possible et les volumes nécessaires, pourirden phosphates sur le long terme,
paraissaient réalistes.
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Figure 14 : a gauche : Spectres Raman caractéristigs des différentes phases minérales (A : apatite;:
calcite) présentes dans les péloides primaires atdouche secondaire de précipité. A droite, Cartogphie
Raman de la zone encadrée (sur la photo de gauchpesentant les positions des modes Raman principaux
(a: péloides a 966,4 cm—1, b : ciment calcitiquel®85,7 cm-1 et ¢ : couche secondaire apatitiqu®é3,0
cm-1) — Harouiya et al., 2012

bY

Un brevet Francais a été déposé en 2004 (N° 04 7)8dé maniere a encadrer le
développement de la filiere dans la mesure ou tefkeg complémentaires méritaient d’étre
conduites pour définir dans quelles conditionsciegtiques de rétention restaient stables sur
le long terme et pouvaient étre impactées par \eldppement de la biomasse. De méme,
compte tenu du nombre important de types d’apatitess le monde, il était nécessaire de
déterminer quels types d’apatites étaient utilisstdans des filtres. Ces éléments ont été
développés dans le cadre du projet de recherche BXVAR (2006-2009) a différentes
échelles (Harouiya et al;, 201l1la, Harouiya et 2011b) pour aboutir a un guide de
dimensionnement (Molle et al., 2012, dont une ss¢hen anglais dans Molle et al., 2011,
annexe article 9).

Les cinétiques, traduites par la cinétique voluraigu premier ordre kv du modéle k-C*

communément utilisé dans des filtres a écoulematorés, montrent en effet des évolutions
avec la saturation du matériau ainsi que des \@ldiffiérentes suivant la pureté du matériau
apatitique utilisé (cf. Figure 15).
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Figure 15 : Evolution de la cinétique kv en fonctia du niveau de saturation et de la pureté du matéaiu
utilisé (Molle et al., 2011).

La compréhension des mécanismes a permis de propusdiliere extensive déphosphatante
(cf. paragraphe 3.2.1.3) aujourd’hui en développeniene quinzaine d’installations en
fonctionnement en France).

3.1.2.2 Précipitation physico-chimique par ajout de FeCl3

Le codt actuel de I'apatite et de sa transformatmmur atteindre une granulométrie adaptée
aux régimes hydrauliques des filtres plantés, mend pas systématiquement compétitive en
termes d’investissement pour des moyennes collggivll était donc nécessaire d’étudier
également la compatibilité de I'ajout de Fe@ans une filiére filtres plantés. Les quelques
études réalisées sur le sujet (Esser et al., 2Bddicher M 2007) montraient qu’il n’était pas
aisé de garantir un niveau de rejet bas lorsquerBavoie les précipités de phosphates de fer
sur les filtres du premier étage. L'instabilité fdm suivant les conditions d’oxydo-réduction
du milieu induit des relargages possibles. LargliBable consistant en une déphosphatation
physico-chimique finale suivie d’'une étape de dééon dans laquelle on extrait les boues
régulierement peut s’'avérer parfois complexe emésr de gestion. Le probleme de
I'instabilité des phosphates de fer étant ausse@asns le cadre des lits de séchage des boues
issues de station ayant un traitement au £g@l accepté I'invitation de I'INSA de Lyon a
participer a I'encadrement de la thése de B. Kif@l@ sur cette problématique, mais
appligué a un procédé faisant intervenir un littéaen suivi de filtres plantés a écoulement
vertical non saturé/saturé.

Ces travaux ont permis non seulement de préciselingtes et modalités d’opération du
procédé en lui-méme mais, également, d’apporter @éments de compréhension de
I'instabilité du procédé. Un premier travail daeschdre du groupe EPNAC (Prost-Boucle et
Molle, 2013) avait en effet alerté sur la diffi@uld maintenir des niveaux de rejet bas en
raison, d’'une part des problemes de gestion (amvoréactif) mais aussi, de la difficulté de
garantir la stabilité du précipité. Ce constat & létméme sur I'étude d’une station précise
(Kim et al., 2014). Les travaux de thése de Boramm K2014) ont permis de mettre en
évidence :

* Que les performances sur le P étaient sensibleglgafenctionnement des modules
d’ajouts du FeGl(manque de réactif, pompe doseuse qui dysfonajoda maniére
assez réactive et de maniére prolongée méme apnésnise en route du systeme
(Kim et al., 2015b).
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* Qu’'une partie importante des précipités s’accunutians la partie supérieure du
filtre (principalement le dép6t organique) sous fdeses liée au Fe et au Ca.

* Que les conditions de stabilité du précipité Feft sonnes tant que le milieu est en
aérobie mais qu’'un relargage apparait en quelques jors de la mise en place de
conditions anaérobies (Kim et aL, 2015a)

e Qu'une partie des formes du P peut migrer plusrefopdeur et en cas de saturation
d’'une partie de la base du filtre il peut étreidifé de respecter des niveaux de rejet
tres bas (inférieurs a 2 mgP/L, cf. Figure 16) (Ktal., 2015b).
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Figure 16 : rejet en P et Fe dissous en sortie diltfe pour différents niveaux de saturation : non sturé
(zone blanche), saturé de 30 cm au fond (zone griglaire) complétement saturé (zone grise foncée) ifi
et al., 2015a)

Méme si des études complémentaires sont nécessaeavaux permettent notamment de
critiquer la faisabilité de renvoyer des précipigdssurface d’'un premier étage classique ou
les conditions d’anaérobie dans le dép6t organigudurent jamais tres longtemps (temps de
pluie par exemple). En revanche, ils alertent aysrbblématique de garantir la stabilité des
précipités dans des lits de séchage ou les conglititanaérobie dans le dépdbt peuvent durer
plusieurs semaines notamment dans la partie supéiiel dépot (cf. Figure 17).
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Figure 17 : Potentiel d’'oxydo-réduction a différenes profondeurs de la couche de dépét dans un lit de
séchage en période de repos (Troesch et al., 2009a)

3.1.2.3 Matériau spécifique pour I'adsorption de I'azote ammoniacal
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Une autre problématique liée aux réactions chinscue sein des milieux a été abordée plus
récemment pour améliorer les performances de ioétibn dans les filtres a écoulement
vertical. Ce sujet a été étudié au préalable peutrditement des surverses de déversoir
d’orage (these de Julien Fournel, 2012) ou la atitur du filtre, lors des épisodes pluvieux,
empéche toute nitrification directe par manque y@ne. L'idée a été donc de chercher un
matériau spécifique permettant d’adsorber les NAYH," pour les retenir dans le filtre,
allonger leur temps de séjour et les nitrifier partdes périodes de repos. Aprés des tests
basés sur ceux mis au point pour I'étude des naaténpour la rétention du phosphore, la
zéolite naturelle a été sélectionnée et testéedgait pour 'amélioration des filtres dans le
cadre du traitement des eaux usées domestiquaeggtdeé Yoann Millot, 2015 ; Hernan Ruiz,
2016).

Testé dans des pilotes de 20 m2 pour le traitembemnisurverses de déversoir d’'orage (Thése
de Julien Fournel, 2012), le potentiel de la zédditpu étre confirmé pour adsorber 'azote
ammoniacal (cf. Figure 18).
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Figure 18 : charge surfacique d'ammonium retenu effionction de la charge appliquée lors d’'un événement
pluvieux pour différents type de matériaux (J. Founel, 2012)

La limite d’adsorption en condition réelle n'a pas étre atteinte lors de ce travail : elle est
supérieure a 160 mgN/g de zéolite.

Il était important de s’assurer également du leggwdes nitrates formés lors des périodes de
temps sec afin de récupérer le pouvoir adsorbamatériau. Cela a pu étre confirmé par des
bilans masse d'azote sur plusieurs évenements eolgviconsécutifs. Une vitesse de
nitrification de 3,6 g de N par m2 et par jour dpas a été déterminée.

Ces premiéres données prometteuses sur I'adsomhtio-NH," et le lessivage des N-NO
avec la zéolite dépendent cependant de differeatanmetres comme [I'hydraulique, la
compétition avec d'autres cations, le développerdenta biomasse, la température ... et ne
pouvaient pas étre directement transposés direntetnel’autres types d’application. Des
travaux supplémentaires ont donc été initiés dartmadre de la these de Tamas Palfy (2016)
pour le traitement des surverses de déversoir géorgue dans les theses de Yoann Millot
(2015) et d’'Hernan Ruiz (2016) pour le traitemees @aux usées domestiques. lls intégrent
aussi bien des aspects théoriques avec des expé&itinas en colonnes, que des aspects plus
pratigues et extrapolables par des travaux enegilat taille réelle. Ces travaux sont
nécessaires pour faire évoluer les filieres adagellers des systemes plus compacts et
performants (cf. paragraphe 3.2.1.4).
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3.1.3 Phénomenes biologiques

La partie relative aux dégradations biologiquessdas ouvrages de traitement a été abordée
pour deux problématiques que sont d'une part lasfoamation de I'azote et d’autre part la
problématique du colmatage et donc de la transfitomde la matiere organique.

3.1.3.1 Processus liés a la transformation de I’'azote

Les questions relatives a la transformation deotezlans les filtres sont issues de la nécessité
de faire évoluer la filiere traditionnelle frangaisle deux étages de filtres a écoulement
vertical librement drainés. D’une part cette fdiére permet pas d’atteindre des objectifs de
dénitrification, elle produit des nitrates et diaupart il était nécessaire de mettre en ceuvre
deux étages pour atteindre une nitrification quetsite. La performance de nitrification étant
un indicateur pertinent de I'état d’oxydation duieni, son étude paraissait une priorité.

Les premieres études (Molle et al., 2008) avaientr pbjectifs d’observer I'impact de la
hauteur de matériau (60 — 80 cm) des filtres dmpreétage ainsi que la présence d’'un drain
d’aération intermédiaire sur les performances deifioation. L'approche était encore
classique en suivant les performances journal@dsque étage de traitement sur une station
expérimentale de 200 EH. Ces premiéres étudeseomip plusieurs observations :

* Aucune difféerence de nitrification n’est observablavant la mise en place de 60 ou

80 cm de matériaux et suivant la saison (hiver{&féFigure 19 a).
 La mise en place d'une saturation de la base dre fimpacte grandement les

performances de nitrification (cf. Figure 19 b).
(b)
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Figure 19 : performances de nitrification des filtres du premier étage a) librement drainés (60 et &3n de
matériaux) et b) saturés par le fond (Molle et al2008).

La saturation en fond de filtre impactant les tfaris d’'oxygene par le fond, ces observations
ont conduit notamment a la mise en place de ddiaération intermédiaires lors de la mise
en ceuvre de filtre a écoulement vertical non satsaéurés (cf. paragraphes 3.2.1.2 et 3.2.3).
Les relations de charges recues et charges trasiéeset étage librement drainés sont
relativement stables (cf. Figure 19 a) mais neuissaht pas la diversité des cas que I'on
observe sur une gamme de stations large. La baderaiees élaborée (Molle et al., 2005a et
plus recemment Morvannou et al., 2015a, annexel@) montre en effet des performances
plus variables de nitrification sur les filtres pliemier étage (cf. Figure 20).
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Figure 20 : Performance de nitrification des filtres du premier étage (Morvannou et al., 2015a)

Ces variations traduisent les nombreux facteurspguivent impacter les performances de
nitrification comme des paramétres de dimensionmém@rofondeur des matériaux,
granulométrie des matériaux, volume des bachébed,diélimentation, drains de distribution,
drains de drainage ...), des parametres externes dégk station, température, charge
hydraulique, caractéristiques des eaux) ou desmgdras de gestion (alternance des filtres,
jour d’alimentation lors du bilan ...).

Pour aller plus loin dans la compréhension des nigecees des travaux de modélisation ont
été lancés (These d’Ania Morvannou, 2012, cf. paatge 3.1.4). Ces travaux nécessitaient
des outils différents pour mieux appréhender lesgssus biologiques, comprenant :

e La transposition d’'un outils de respirométrie seligour quantifier le taux de
croissance des bactéries autotrophes (Moravnnaili,€2011, annexe article 5). Cet
outil a pu voir le jour grace a la forte implicatide mon collegue Jean-Marc Choubert
dans le cadre de cette these.

« La mise en place de la mesure en ligne aussi l@enlgs sondes uv/visible que, pour
I'azote, des sondes spécifiques nitrates et amnmmniu

En terme de compréhension des processus liésad,az travail a permis notamment :

» de confirmer les valeurs de taux de croissancebdegries autotrophes utilisé dans
les modeéles. Cette vérification était importante leavaleur communément utilisée
provenait du domaine des boues activées, ou I'&gebdues est significativement
différent de celui des filtres plantés.

* De mettre en évidence les phénomenes de stockaly& @t de relargage des nitrates
entre les cycles et de les quantifier par la medabn (Morvannou et al.,, 2014,
annexe article 6).
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Figure 21 : bilan masse de I'azote issu de la modstion pour a) une période d'alimentation et b) urcycle
alimentation +repos (Morvannou et al., 2014).

Ces expérimentations ont mis en évidence les gaarithportantes d’azote adsorbé pendant
les phases d’alimentation (33 %) et la part qui darsysteme sans étre dégrade (22 %). Ces
valeurs peuvent bien évidemment varier en fonctida I'dge du systéme, du
dimensionnement hydraulique et des matériaux @slimais permettait des lors de confirmer
les choix pris au préalable sur la recherche deémaatx adsorbants pour améliorer les
performances de nitrification sur un seul étagetrdgement. Ces travaux ouvraient une
nouvelle voie dans I'équipe, celle de la modélmaties systemes et des apports potentiels en
termes de comprehension des processus.

3.1.3.2 Processus liés a la dynamique de la matiere organique

Les premieres approches pour quantifier la dynaendgula matiere organique ont été meneées
pendant ma these en étudiant des colonnes de ditr@,1 m?2 placées sur des balances de
précision. L'objectif était de suivre I'évolution assique correspondant d’'une part aux

variations de stockage d’eau au sein du systemd-igfire 22 gauche) et, d’autre part, aux

variations de matiere organique (influent avec BMEsS) ou de biomasse (influent dissous

uniquement).

Les mesures réalisées dans le cadre de ma théaa sahantillon de filtre mature (8 ans de
fonctionnement) et alimenté avec des eaux reel@Emrdées, ont permis de calculer des
productions de boues variant de 1,6 a 4,0 g dedssenhumide par g de DCO traitée suivant
le régime des bachées. Ces valeurs restaient aaiter et confirmer. On pouvait en effet

supposer que la biomasse, outre sa demande ctimstitéim eau, peut conduire a retenir de
'eau supplémentaire par capillarité. On suppoaagsi que la minéralisation de la matiere
organique intervienne également sur le phénomene.ddractérisation plus fine impliquerait

alors de déterminer la part de matiere vivanteesiude la matiére organique totale.
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Figure 22 : évolution massique d’'une colonne de fie mature, & gauche lors d'un cycle
alimentation/repos, a droite uniquement lors de Igpériode d’alimentation et sans I'eau gravitaire des
bachées (Molle, 2003).

Le suivi de la décroissance de la masse en pédedepos a été utilisé pour estimer le taux
de déces de la biomasse en faisant I'hypotheséachaisse de la masse de la colonne, en fin
de ressuyage (partie linéaire), est essentiellerdeata la dégradation de la biomasse par
respiration endogéne. Cela correspondait & un wpscifique de décés de 0,07, |
correspondant tout a fait aux ordres de grandeomuanément admis pour une biomasse
hétérotrophe (de 0,05 a 0,15 seld 2000).

Les travaux ont pu étre prolongés et affinés densablre de la thése de Laurence Rolland
(2009) sur la problématique de la prévision du eatige des filtres a sable utilisés en
assainissement individuel. Dans le cadre de ceaitraous avons ajouté des mesures par
fumigation permettant I'estimation de la biomasss dols par mesure de la matiere
extractible totale de biomasse organique, esskamtieht a partir de micro-organismes venant
d'étre tués. La différence entre le carbone orgengpluble entre les échantillons fumigés et
non fumigés donne la quantité de carbone « exilacti d’origine microbienne.

Il était possible par ce biais de mesurer la prioporde matiére organique vivante dans la
matiére organique accumulée au sein des filtres.

Il était alors possible d’observer I'impact pringipment de la granulométrie du support sur la
distribution de la matiére organique dans le fiitde taux de matiere organique vivante. Sur
un sable grossier la répartition étant plus homegawvec la profondeur, avec un taux de
matiere organique vivante de l'ordre de 20 a 40alérs que pour des matériaux fin la
biomasse peut étre tres localisée dans les premielu filtre.

Ces approches visaient a mieux cerner la distohutt I'accumulation de la matiere
organique au sein du filtre, mais ne s’attachagt paétudier le dépbt organique de surface
alors que celui-ci a été décrit comme impactanydraulique des filtres (Molle et al., 2006) et
leurs performances (Chazarenc et Merlin, 2005). dfiet, ce dépbt organique est un
compartiment majeur du fonctionnement du systenfrangais » eta fortiori, des lits de
séchage plantés pour le traitement des bouest Ik éisu de nombreux processus aussi bien
hydraulique, chimique et biologique (Molle, 2014énaxe article 8) tel que résumé dans le
schéma suivant.
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Figure 23 : représentation schématique des processimpliqués dans la couche de dép6t (Molle, 2014).

Cette couche de dépbt organique est un élémermuclpeut favoriser les performances de
traitement ou limiter certains processus. En effette couche :

» ameéliore I'efficacité de filtration et donc I'élimation des matieres solides,

* améliore le temps de rétention d'eau dans le sgs&nainsi les performances de

traitement tant que le milieu reste en aérobie

* réduit la perméabilité du filtre et améliore latdizution de I'eau a la surface du filtre.

Elle permet & I'eau de circuler dans le volume'elegsemble du filtre a une vitesse
inférieure,

» favorise l'adsorption de I'ammoniac sur la matierganique, et donc favorise la

nitrification entre les bachées et pendant lesopés de repos,

» estle lieu d’'une activité biologique importantaegufois son épaisseur significative.
Néanmoins, les charges hydrauligues et organiquesi aque les conditions de
fonctionnement (bachées, l'alternance des fildles)ent étre bien contrdlées pour favoriser la
minéralisation du dép6t. Dans le cas contraireeaaitiche peut limiter les processus par :

* une accumulation excessive a la surface,

» une limitation des transferts d'oxygéne (convecébdiffusion),

* une diminution de la minéralisation de la matiemganique.

Tous ces processus étant interdépendants, quaniinitagion se produit elle provoque une
accélération du colmatage.

Un apercu des études menés au sein de I'équipedéaure le role de ce dépbt est résumé
dans Molle (2014, annexe article 8). Tout ne pérg présenté dans le cadre de ce rapport
mais pour bien comprendre I'enjeu de I'étude dendesu on peut décrire le lien qui existe
entre sa minéralisation et la maitrise des prosehgdrauliqgues d’'une part et biologiques
d’autre part.

Une partie importante de ce travail a été fait ginstant sur la problématique du traitement
des boues par lits de séchage plantés, comptedeefiampleur de I'accumulation des boues
dans ces systemes. Une premiere approche a été rpené bien réaliser I'enjeu de la
minéralisation du dép6t organique sur ses progriBt@rauligues. Pour cela des courbes de
rétention en eau ont été obtenues sur des boukwéme sur des lits recevant différentes
charge organique (de 30 a 70 kg de MS/m?an ; Vinet al., 2012). Des boues bien
minéralisées (faible charge) se drainent plus ep&ht que des boues moins minéralisées (cf.
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Figure 24 b). La minéralisation du dépo6t induit wheicturation physique lui permettant de
mieux drainer I'eau libre. Il est donc important loien gérer le systéme pour que le dépbt
organique puisse rester en condition aérobie aifadoriser sa minéralisation. Hors ce dépot
passe par différentes phases au cours du séchpgis dee phase liquide jusqu’a une phase
solide (ou I'air entre dans le systéme) en pasgsanune phase plastiqgue. Ceci a été mis en
évidence en tracant des courbes hydrotexturalexévit et al., 2012, annexe article 7) aussi
bien pour des lits alimentés par des boues actifgfed-igure 24a) qu’alimentés par des
matieres de vidange de fosses septiques.
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Figure 24 : a) courbe hydrotexturale d’'un dépét deboues (i.e. fraction volumique du solide en fonctiode
la teneur en eau pour différentes charges organigsesn boues activées) ; b) courbe de rétention erueen
fonction de la pression (Vincent et al., 2012).

La compréhension de ces phénoménes et la quatitificdes teneurs en eau a partir de
laquelle I'air entre dans le dép6t (11 % pour deses activées, 18 % pour des matieres de
vidange, Vincent et al., 2012, annexe article T)&é une étape importante pour :
» realiser que la nature des boues initiales (tauxalgere organique des boues) joue un
réle important sur leur comportement physique elraylique,
» apporter des éléments pour faciliter la gestiofialrnance des lits afin de garantir
des siccités importantes lors du curage des barfepdragraphes roseaux, 3.1.4 et
3.2.2).

En effet, ces éléments sont a mettre en relatiat &évolution des conditions d’oxydo-

réduction dans les dépbts organiques mesuréesesulitsl de séchage (These de Stéphane
Troesch, 2009 ; cf. Figure 25).
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Figure 25 : évolution des profils des conditions @xydo-réduction d’un dépbt de 45 cm sur une périodde
repos prolongée de lits de séchage de boues plardésoseaux (Troesch, 2009)

Le temps nécessaire pour retrouver des conditiénsbaes favorables a la minéralisation

dépend de plusieurs facteurs comme la hauteur gt @éganique, la nature des matiéres en
suspension, les conditions climatiques et la chagaiguée. Pour préciser les regles de
gestions des ouvrages il était également nécessare seulement de s’assurer du

recouvrement de conditions propices a la minétadisanais aussi, que le dépot organique ait
le temps de se minéraliser. Les lits de séchagd ¢tas chargés organiquement que des
filtres plantés de roseaux, nous avons utilisétifale respirométrie solide développé dans le
cadre de la these d’Ania Morvannou pour détermdes temps de stabilisation des dépots
lors du traitement des boues. Ceci a été fait tlanadre de la thése de Julie Vincent (2011)
en prélevant des dépots a difféerents temps au adrueriodes de repos afin de mettre en
évidence la part encore biodégradable et donctésse de minéralisation sur site (cf. Figure
26).
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Figure 26 : Stability indicators from solid respirometry (i.e. DRI,4 and cumulative oxygen consumption)
2010 @) and 2011 B) campaigns. Stars (*) in figureA relate dysfunctions occurred during respirometric
essays that under estimate the oxygen consumptioviificent, 2011).

Ces mesures, réalisées a une période critique desgstemes (le printemps, apres
I'accumulation hivernale de la matiere organiquejsiont permis de réaliser, suivant le type
de boue (boues activées ou matieres de vidangbsess septiques) de préciser le temps de
repos nécessaire pour stabiliser la matieére organigf donc garantir un comportement
hydraulique du dépdét optimum pour drainer correeteintes eaux. Ces résultats ont permis de
préciser les regles d’alimentation et de repos &renen ceuvre dans les lits de séchage
plantés de roseaux, suivant le type de boues .trifstéont été synthétisés dans le guide
francais sur le dimensionnement et la gestion ileslé séchage plantés réalisé en 2013 (cf.
Tableau 4, Molle et al., 2013).
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Tableau 4 : Evolution de la fréquence d'alimentatio (c.-a-d. ratio entre le nombre de jours d’alimenation
et de repos) en fonction de la phase de fonctionnent des LSPR (Molle et al., 2013).

Traitement des boues activées (4 a 8 lits)

Phase de fonctionnement Années de service Jours d’alimentation Jours de repos
Démarrage 1 1-3 3-21

2 2-4 6 —28
Nominal 3 3-5 9-35

4 4-6 12 — 42

8 8 — 10* 56 — 70
Traitement des matieres de vidange (4 a 6 lits
Phase de fonctionnement Années de service Jours d’alimentation Jours de repos
Démarrage 1 1-2 3-10

2 2-3 6—15
Nominal 3 3-4 9-20

4 4-5 12 — 25**

* Ne pas dépassérjours d’alimentation en hiver pour les boues activéassgue de colmatage
** Ne pas dépasse&lb jours de repos en ét@our les matiéres de vidanges@ue de stress hydrique

3.1.4 Compartiment végétal

Les études réalisées sur le compartiment végétaemtvpour objectifs d’'une part de mieux
comprendre leur role par rapport a I'eau dans lkemilcomme le réle mécanique vu au
paragraphe 3.1.1) et d’autre part de recherchevégstaux alternatifs lorsque les filtres sont
mis en ceuvre dans des zones géographiesghrdgmitesaustralisne peut étre utilisé.

3.1.4.1 Quantification de I'’évapotranspiration

L’évapotranspiration étant un phénomene esserdies tes lits de séchage plantés de roseaux
pour atteindre des taux de matiére seche importantss avons mis en ceuvre des mesures
visant non seulement a quantifier I'évolution dweféicient cultural (Kc) duPhragmites
australis mais également du coefficient de stress hydriureplus de la minéralisation du
dépdt, la dynamique de séchage de ce dernierugtggarametre important a déterminer pour
préciser les regles de gestion des alimentatiorepes (cf. Tableau 4). Ceci a été réalisé dans
le cadre de la thése de Julie Vincent (2011). leanpgre étape, par le suivi d'un lysimétre de
0,38 m2 a été de suivre la perte en eau d'un mdssifltre mature ne comportant pas de
stress. Réalisé sur trois années consécutivesavous pu encadrer I'évolution du coefficient
cultural au cours de I'année (cf. Figure 27)
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Figure 27 : Evolution du coefficient cultural (Kc) au cours de I'année (Vincent, 2011)
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Pour bien déterminer les pertes en eau dans let dégénique il a fallu également mesurer
I’évolution du séchage des dépbts sur différeritstgs de 2 m2 et, par modélisation inverse,
caler le coefficient de stress du végétal (cf. FegB).
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Figure 28 : Evolution du coeeficient de stress hyitjue en fonction de I'humidité du milieu (Vincent,2011)

La détermination de ces coefficients permet deigpeédes régles de gestion des ouvrages,
pour différents climats, afin d’assurer I'entréaid’'dans le dépét organique (temps minimum
de repos pour assurer des conditions aérobies;igiire 24) et éviter le flétrissement des

roseaux (temps maximum de repos). La Figure 29 manmt exemple des informations que

I'on peut tirer de ces mesures en termes de gedésmmuvrages de traitement.
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Figure 29 : temps de repos minimum et maximum en faction de la hauteur de dép6t organique (A) et du
taux de matieére séche a la fin du drainage pour uneouche de dépdt de 20 cm (B) (Vincent, 2011)

3.1.4.2 Recherche de végétaux alternatifs
L'utilisation du Phragmites australipeut, dans certains contextes, étre impossiblestde
cas soit :

— De zones ou ils ne poussent pas naturellement gtlinon favorable, zones
géographiques isolées ...)

— De zones ou il est considéré comme une espéeceiinya&® qui est le cas dans de
nombreuses zones tropicales dont les DOM (Guade]oMgrtinique, La Réunion,
Guyane, Mayotte).

Dans le cadre d’'un projet de recherche sur I'admptales filieres filtres plantés de roseaux
au contexte des DOM (2008-2018), nous avons da@ittaw sur la problématique végétale.
Dans le ces contextes particuliers, il convientsalte travailler avec des espéces locales dont
les conditions de développement sont compatibles &wur utilisation dans les filieres de
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traitement. Si le choix des végétaux pour lesellta écoulement horizontal est plus large, le
réle mécanique des végétaux (cf. paragraphe 3darig les filieres a écoulement vertical est a
privilégier pour la pérennité des ouvrages dednaént.

Les travaux, encore en cours, sur ce sujet en nieErg®s spécialités, a nécessité de mettre au
point une méthodologie et des partenariats de mearRigpourvoir sélectionner et tester des
espéeces compatibles avec les conditions rencorda¥esles systémes de traitement. Un des
objectifs était de mettre en place des protocodetest simples de maniere a pouvoir les faire
réaliser dans les différents DOM par des techngciun domaine du traitement des eaux. Le
travail a été réalisé en trois étapes :

e Une premiere étape de définition des criteres tkctién (cf. Tableau 5) que nous
avons confrontés a différentes espéces, soit issbibliographie soit de botanistes
locaux spécialistes des plantes tropicales.

* Une seconde étape de test en batch afin de détersiifes plantes sélectionnées a la
premiere étape sont résistantes ou non aux consliBovironnementales drastiques
qui peuvent étre rencontrées dans les ouvragesraitenment. Le stress a des
conditions d’oxydo-réduction anoxiques et des comag de stress hydrique était
particulierement important. Pour cela un protocdlétude a été spécifiqguement
élaboré (cf. Figure 30 gauche).

* Une derniére étape de tesissitu avec observation réguliére de I'état d’adaptatian
végétal. Cette derniére étape est en cours deagtivellement.
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Tableau 5 : critéres de sélections des plantes &ter en batch et en taille réelle (Lombard —Latunet al.
(2014)
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Figure 30 : protocole de test batch (gauche) et exple de résultats sur certaines espéces dans le mad
d’'un stress anoxique (Lombart-Latune et al., 2014)

Cette étude a permis de faire émerger des esp@testipllement intéressantes pour des
applications sur des systemes mettant en ceuvreauthe de dépobt organique. Un herbier
des plantes testées a été élaboré (cf. Figuret3iBseests en conditions réelles sont en cours
pour validation.
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Figure 31 : herbier des plantes intéressantes et pmetteuses parmi les plantes testées

3.1.5 Modélisation

L’approche déterministe, depuis le début des an2@@8, a permis d’optimiser les filieres de
traitement en termes de dimensionnement et deogedfin revanche, elle ne répond pas
toujours a la demande sociétale lorsqu’il s'agifalee évoluer les filieres vers des domaines
d’application (climat, traitement des eaux pluvsaleesaux industrielles, traitement des
polluants émergents...) ou des conceptions (rechedeheompacité) trés différents et ne
permet pas de fournir a la profession des outidédd’ au dimensionnement ou a la gestion.
L’approche modélisation a donc été développée mpondre a deux objectifs différents :

* Améliorer la compréhension des processus et leutegaictions pour mieux faire

évoluer les filieres de traitement.
* Fournir a la profession des outils d’aide a I'inigéie des systémes de traitement.

Ces approches dynamiques sont nécessaires comptalgéela complexité des interactions
entre les différents processus impliqués dans liégel de ces systemes (cf. Figure 5).

3.1.5.1 Outils d’aide a I'ingénierie

Historiquement, le dimensionnement des filtres f@arde roseaux en France est réalisé en
mettant en ceuvre une surface de filtre donnée gaivaent habitant. Ces regles ont été
proposées des les premieres expérimentations (BdlAB7) alors qu’'un nombre limité de
stations avait été étudié. Les performances etltdon du systeme dans le temps (le
colmatage par exemple) dépendant des conditionsiide en ceuvre et des conditions de
fonctionnement, il était délicat de généraliser oagles a I'ensemble des types de filtres
plantés a écoulement vertical. Pour affiner cetesegine analyse de 150 bilans 24 h sur 70
stations a été réalisée (Molle et al., 2005a). bbe de données a été élaborée permettant de
centraliser les données collectées soit par Irstipar les SATESE (Services d’Assistance
Technique aux Exploitants des Station d’Epuratiercdaque département) dans le cadre de
l'autosurveillance. L’objectif était de pourvoir dmir des abaques permettant de mieux
dimensionner les filtres a écoulement verticaldibent drainés.

Ce travail a permis de publier en 2004 (valorisaaaglaise en 2005, Molle et al. 2005a) des
courbes représentant les charges traitées par ehétage de traitement en fonction des
charges recgues (cf. Figure 32).
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Figure 32 : Charges traitées par un premier étagealtype « Frangais » en fonction de la charge recser
le filtre en fonctionnement pour la DCO et les MESgauche, Molle et al., 2005a) et le NK (droite, Mtd et
al., 2008).

Cela a permis préciser les régles de dimensionnememmontrer la robustesse des systemes
de traitement et les voies d’optimisation en temeedimensionnement pour fiabiliser les
niveaux de rejet. La nitrification étant un indmat pertinent de la « santé » du systeme, et
face aux variations des performances observées0@8, 2in travail plus spécifique a été
engagé pour mieux comprendre les facteurs impastamtefficacité. Les mesures réalisées
sur la station expérimentale d’Evieu (cf. Figure 8éite) ont permis de préciser que sur un
dimensionnement précis, avec un type d’eau stidgerformances étaient reproductibles et
non dépendantes de la température (Molle et 20820

La base de données de I'époque ne permettait pasidune analyse plus précise de I'impact
des parametres de dimensionnement, de gestiontetnes (type d'eau, climat ...) sur les
performances du systeme. Méme augmentée au fiamgsles performances de nitrification
montrent toujours une dispersion des résultats itapte (cf. Figure 20, Morvannou et al.,
2015).

La création d’'une base de données plus completam@ &té initiée, en incluant les paramétres
les plus précis de dimensionnement et caracté@sesigles filtres. Ce travail en cours de
finalisation a plusieurs objectifs aussi bien stifijues que d’appui des politiques publiques.
Cette base permet :
* une analyse plus fine des facteurs influencantpledormances des ouvrages de
traitement
* d’inclure toutes les nouvelles configurations diees plantés développés en France
* de fournir aux membres du groupe national EPNACTEB8E, Polices de l'eau,
Agences de I'eau, Onema, ministere de I'écologiduetiéveloppement durable) un
outil permettant de juger du fonctionnement defBhts types de filtres plantés.

L'intérét est par ailleurs de mutualiser les forcess la mesure ou les SATESE pourront
directement renseigner la base de données dessfite leur territoire. Cette richesse
d’information, en perpétuelle enrichissement esiellement utile pour comparer la réalité du
terrain a la réponse de modele mécaniste a diti&seconditions de fonctionnement et de
dimensionnement. Ce travail de comparaison, déji itMorvannou et al., 2015b), devrait
permettre une critique plus riche des modeles et des regles de dimensionnement a mettre
en ceuvre.

Fournir des abaques permettant de dimensionneytémes de traitement est une démarche
utile lorsque les conditions de charges sont raaient stables dans le temps. lls peuvent
également étre intégré dans des outils d’aide @étasion a l'instar de ce que nous avons
effectué pour le traitement des effluents issusadunage (Turon et al., 2008). En revanche
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lorsque les charges varient de maniére stochastampmeme c’'est le cas pour des épisodes
pluvieux, les abaques n'apparaissent plus adaptas.cette raison nous avons développé des
actions visant a fournir des outils permettant diavune approche dynamique du
dimensionnement. Les modéles mécanistes étant eetiagy complexes pour I'ingénierie,
nous nous sommes dirigé vers le développent de lewdanplifiés. Nous présenterons ici
deux exemples liés aux temps de pluie pour leetranht des eaux usées en réseau unitaire
(these de Luis Arias, 2012) et le traitement degesges de déversoir d'orage (these de Julien
Fournel, 2012 et de Tamas Palfy prévue en 2016hsDansemble des cas la démarche
consiste a définir des régles simples a partir alendes expérimentales et de vérifier leur
cohérence en les comparant a des modéles mécanistes

* Cas du traitement des eaux usées domestiqueseau nésitaire.
Suite a mes travaux de these de premiéeres reglendmsionnement avait été proposees
pour traiter également les eaux de temps de plureles stations de filtres plantés
communales (Molle et al., 2006). Cependant, ellegpgsaient des charges hydrauliques
journaliéres acceptables et, par conséquent, neiprd pas en compte la dynamique des
episodes pluvieux (intensité, durée, fréquencajtilisation d’'un modele simplifié est donc
apparue importante pour une meilleure optimisadies dimensionnement.

Le choix a été de développer un modele hydraullopse sur des bilans masse de chaque
compartiment (Arias et al., 2014, annexe articld_8y travaux antérieurs (Molle, 2003) ayant
montré que la couche limitante hydrauliquementtdeadépbt organique, le systeme est régi
hydrauliguement par cette couche par le biais dlan@'infiltration.

Initialement le choix de la loi d’infiltration a &tinspiré de la loi de Gardner reliant la
conductivité hydraulique en fonction de la succ{®aats, 2001, cf. Equation 1). Cette loi
permet d’apprécier le réle du gradient de pressorde la conductivité hydraulique a
saturation sur la conductivité hydraulique effeetie mesurant pas la conductivité effective
mais la vitesse d'infiltration, nous avons calé uggle, sur des données expérimentales,
représentant une vitesse d'infiltration en fonctittndeux parametres a et b et la hauteur h de
flaquage sur le filtre (Molle et al., 2006 — annextcle 2; cf. Equation 2).

K = K¢ expa(h-h) Equation 1
Vi=aexpp.h) Equation 2
Vi = Kci.h Equation 3

Le calage des paramétres a et b n’ayant malheunemsepas pu étre adapté de maniere
simple pour différents filtres a écoulement veitiregevant des eaux usées brutes, nous avons
décidé d'utiliser une loi d'infiltration simplifieenspiré de I'équation de Darcy ou la
conductivité hydrauliqueK() de la loi de Darcy est remplacée par un paramepmetsentant la
capacité d'infiltrationkci) proportionnelle a la vitesse d'infiltrationteest la hauteur d’eau a

la surface du filtre (charge hydraulique) (Ariasiet 2014, cf. Equation 3).

Ce modele a pu étre calé sur des stations de 280& 200 EH contenant respectivement 2
cm et 20 cm de dépdt organique en comparant lanséploydraulique de ce modeéle simplifié
a un modeéle mécaniste, aussi bien sur la réponsgsiéme (débit de sortie) qu’a I'intérieur
du filtre (teneur en eau) (Arias et al., 2014).

Ce travail a permis de décrire I'évolution du pagtre Kci au cours de I'année et pour un
filtre jeune ou vieux (cf. Figure 33)
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Figure 33 : Evolution du paramétre Kci (noté ICP) ai cours de I'année et pour différents type de filtes
(Arias et al., 2014)

Ce modele trés simple permet de représenter le mdempent hydraulique d’'un filtre de

maniere dynamique. Couplé a des temps de flaquag@maux a respecter pour s’assurer du
maintien des conditions aérobies dans le filtremoeléle a permis de définir de nouvelles
regles de dimensionnement pour I'acceptation des dle temps de pluie (cf. paragraphe

3.2.1.2).
» Cas du traitement des surverses de déversoir @orag

Le développement d’outils dynamiques d’aide au disiennement pour le traitement des
surverses de déversoir d’orage a consisté a colipyeiraulique du filtre aux performances
épuratoires de maniere a pouvoir dimensionner $egye non seulement pour son réle de
tampon hydrauligue mais aussi pour garantir degsanix de rejet ciblés. Ce travail a été
réalisé dans le cadre de la these de Julien Fo{(20&R) et celle en cours de Tamas Palfy.

Au niveau de I'hydraulique, le systéme étant ddférd'un filtre planté utilisé pour le
traitement des eaux usées domestiques (cf. Fighrié 8fallu adapter le modele pour :
— Prendre en compte I'hétérogénéité de la distrilbutims de faibles débits d’entrée
(passages préférentiels),
— Prendre en compte le mélange des concentratiorssla@anne de flaquage,
— Prendre en compte l'alimentation différentiée (emrité et en qualité) des deux
filtres en parallele pour des événements pluvieyoirtants.
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Figure 34 : Représentation schématique du systeme draitement (gauche) et d’'une coupe d'un filtre
(droite) (Meyer et al., 2013)
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La Figure 35 représente le concept du modéle hiidueu Chaque compartiment du modéle
est supposé parfaitement mélangé et la coucheltda (irilter 1 et Filter 2) est la seule
responsable de la dégradation et de la transfasmédgs polluants.
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Figure 35 : représentation schématique du modele kyaulique (Palfy et al., 2015a)

Pour cela la surface du filtre utilisée (et donwddume de matériau) est calculé en fonction
de la perméabilité du milieu pour chaque pas dgsemisqu’a ce que le niveau de saturation
de fond de filtre atteigne une hauteur (he) jugémmoe suffisante pour que l'effet des
passages preférentiels sur les performances spigeable (cf. Figure 36).

..................................... e h_e

Figure 36 : représentation schématique de la prisen compte des passages préférentiels pour le caldui
volume de matériau utilisé pour I'adsorption de I'&zote ammoniacale (Palfy et al., 2015).
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Sur la base des travaux de Julien Fournel (20E&péct qualitatif du modéle, pour les

paramétres DCO (dissoute et particulaire) et MEBraprésenté par une corrélation en trois
étapes permettant de prendre en compte une coaientseuil basse et des performances
stables différentiées suivant la gamme des corat#nis d’entrée (cf. Figure 37 gauche).
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Figure 37 : corrélation en 3 étapes pour le calcules performances sur la DCO (dissoute et particules) et
les MES (gauche) et isotherme d’adsorption en 2 gias de I'azote ammoniacal (droite) (Palfy et al.,15)

Pour I'azote ammoniacal, le traitement se faitgusorption (isotherme en deux étapes, cf.
Figure 37 droite) et une nitrification pendantpésiodes de temps sec. Cette nitrification
dépend de la masse adsorbée du temps et de larédunpécf. Equation 4).

tg—20 - .
M, = M, ¥ p—dixe 1443 Equation 4

Ce modele (hommé ORAGE et développé dans le cddresft gratuit) est en cours de
calage sur des données expérimentales du projePABHEhttp://www.adepte-pluvial.oryket
permet une simulation dynamique du filtre pour mjder les matériaux a mettre en ceuvre
(type de sable, Zéolite) et leur profondeur, Ideae du filtre et la hauteur de flaquage. Il sera
d’'une grande aide aux bureaux d’études voulant mkimaner ce type de systemes pour le
traitement des rejets urbains de temps de pluie.

3.1.5.2 Modélisation mécaniste

La modélisation mécaniste, pour I'hydraulique déses a écoulement vertical non sature, a
éte etudiée de maniere exploratoire dans le cadreadthese (2003) et a été approfondie dans
le cadre de la these d’Ania Morvannou (2011). Césgebbppements ont été permis par
l'intégration fin 2009 de Nicolas Forquet en charde développement des modeles
mécanistes. Je ne discuterai donc pas ici desusedes développements mathématiques des
modeles mais de leurs utilités et limites pour &net la compréhension des processus.

Les modeles mécanistes étant, a I'heure actuetlp, domplexes pour étre transférés vers
I'ingénierie I'objectif premier était de mieux comgmdre les processus en jeu et leurs
interdépendances. Méme si nous avons collaboréadie @aux travaux de these reéalisés a
'ENGEES (thése de Nicolas Forquet 2009, théseaifAPetit Jean 2012) sur la modélisation
diphasique des écoulements (Forquet et al., 20®8&)anque de compétence en interne nous a
amené a l'origine a se focaliser sur un modéle taxis Hydrus/CW2D. Nous l'avons
appligué aux filtres plantés de type « francai®urpe traitement des eaux usées domestiques

ainsi qu'aux filtres pour le traitement des suresrde déversoir d’orage.
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e Hydraulique

La premiére démarche a été de mettre au point usthoaologie de maniére a définir
correctement les propriétés hydrodynamiques dé&reliftes couches d’un filtre a écoulement
vertical. Ce travail (Morvannou et al., 2013) arpir de définir une méthodologie basée sur
des optimisations successives. En effet, I'optitiosabasée sur des caractérisations de
laboratoire uniguement ou par modélisation invelseonnées terrain uniquement ne permet
pas d’obtenir un calage satisfaisant. L’'optimisatigar la recherche de solutions locales
d’'Hydruss rend les étapes d'initialisation des puartmes hydrauliques cruciales,
particulierement pour la couche de dép6t organifjuBne, la méthodologie priorisée se base
sur une modélisation inverse de données expéritesnitasitu (profils TDR, débits) sur la
base de parameétres d'initialisation réalisés pas dwthodes directes et indirectes de
laboratoire (Morvannou et al., 2013a). Pour rédigneombre possible de solutions de calage,
I'optimisation est réalisée en priorisant les pates ayant un poids important sur le
comportement hydraulique du filtre.

Sur cette base il a été possible de représentezctement I'évolution de la teneur en eau
dans chacune des couches d’un filtre & écouleneatital a I'aide d’Hydruss 1-D (cf. Figure
38)

Measured values
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: £~ 31cm
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0.1
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Figure 38 : Mesures et simulation des teneurs en @aes différentes couches d'un filtre a écoulement
vertical au cours d’'un cycle alimentation/repos (Movannou et al., 2013a)

Cette méthode a été adaptée pour optimiser le eddggraulique de filtres dans le cadre de
surverses de déversoir d’'orage (cf. Fournel e8Il 3, annexe article 4). Cependant, dans le
cadre de cette filiere, la limitation du débit dete nécessitait I'introduction d’'une couche
virtuelle dans le modéle avec une permeéabiliténiefi Cette étude a permis de montrer
I'importance de la perméabilité de la couche viteueeprésentant la régulation du débit de
fuite lorsque le systéme est saturé. En conditiom saturée ce sont les caractéristiques du
matériau de filtration qui gouvernent les écouletsetdne des limites observées pour utiliser
cette conceptualisation en terme de prédictioni@sta la nécessité d’adapter le calage de la
perméabilité de la couche virtuelle en fonctiontghe d’évenement pluvieux (Fournel et al.,
2013). En effet, I'hypothése réalisée pour repriesde débit de fuite (loi de Darcy) suppose
une linéarité entre la pression de I'eau (hauteusaturation) et le débit de sortie alors gu’en
réalité le débit devrait évoluer en fonction derd&ine carrée de la pression d'eau. Cela
nécessiterait I'introduction de nouvelles condii@ux limites dans le logiciel Hydrus.
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Une autre limitation d’Hydrus est la nécessité itisgr un modele hydraulique uniforme si
'on désire utiliser CW2D pour la partie biologiquen effet, si I'on obtient une bonne
représentation de la dynamique des teneurs en easeia des couches d'un filtre a
écoulement vertical de type « francais » (Morvanebal., 2013a), I'introduction d’un traceur
non réactif dans le modele n’est pas représentéeatement. Pour cela il est nécessaire de
s’orienter vers des modeéles pouvant représenteécmiements préférentiels. C’'est ce que
nous avons montré (Morvannou et al., 2013b, cfufei@9) avec un modele double porositée.

0.35¢

—NMeasured
—Simulated

Tracer concentration (mg/L)
o o

o L o gy ©

= o N [, w

o
=3
&

0 L d a8 )
0 1000 2000 3000 4000 5000 6000

Time (min)
Figure 39 : Retour du traceur simulé avec un modéldouble porosité (Morvannou et al., 2013 WETPOL)

Si ce modéle hydraulique est capable de représenissi bien les teneurs en eau des
différentes couches et la réponse a un tracageréumiif, il n’est en revanche pas encore
possible de le coupler au modele CW2D dans Hyd@aka est donc un frein non négligeable
gui nécessite de bien choisir le modéle que I'disaten fonction des objectifs recherchés.

* Biologie

En ce qui concerne la partie biologique, nous remmmes particulierement intéressés a la
problématique de la modélisation de I'azote vianitification, processus indicateur de la
santé d’'un systéme a écoulement vertical non sa@igéi a été realisé dans le cadre de la
these d’Ania Morvannou (2012) a I'aide de CW2D.

Un des premiers travaux realisés a été de quantfems des conditions proches de la réalité
des filtres (milieu non saturé) le taux de croisgamaximal des bactéries nitrifiantes ainsi
gue les concentrations en bactéries des différammeshes d’un filtre. Via la mise en ceuvre
de l'outil spécifiqgue de respirométrie solide digcwau paragraphe 3.1.3.1, nous avons pu
guantifier ces valeurs et observé leur cohérenee lvlittérature (Morvannou et al., 2011, cf.
Tableau 6).
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Table 3 — Maximum nitrification rate (Ry max), cOncentration (Cx,), fraction released by treated effluent and maximum

growth rate (s max) for the autotrophic biomass.

Layers p” [g DM/ Rymax [g N/ Cxa in reactor [mg Cxa in treated effluent  pa max [1/h]
Lsa.mpf.n] Lsampie/h] CODbiDrrmssfllLsalllpIe] {mg CODbinmass"L] {Ud }
(Fraction of the mass
contained in reactor)

Overall VECW 143 195 123" 0.04 (0.2 %) 0.037 (0.88)
1st layer 187 163 103°
(hy = 20 cm sludge)
2nd layer 114 217 137
(h: =30cm
colonized gravels)
3rd layer negligible negligible negligible
(hs =30 cm

clean gravels)

Dashed line when no value was determined.

a Wet density of pure submerged biofilm is 1 kg/L (i.e. density of water) (Vigne et al., 2010). p includes the biofilm concentration in each layer,
that is to say the concentration of dry matter once it was get 1id off of dead leaves, roots, gravels.

b Calculated according to 2.3.3 with mass balance.

¢ Calculated with the value of us me. and the individual values (each layer) of Ry max (Eq. (4)).

Tableau 6 : Taux de croissance maximum de nitritfiation et concentration en bactérie de chaque couche
d’un filtre planté de type « francais » (Morvannouet al., 2011)

Cette premiére étape était nécessaire pour poyavila suite modeéliser les performances
d’'un filtre. Par des mesures en continu des paranéissous (DCO, N-NH4, N-NO3) et au
regard des contraintes de modélisation de la phstirauligue déja décrite dans la partie
précédente, une modélisation de I'’évolution desentrations en sortie du premier étage de
filtre a pu étre réalisée sur la base de conceémtiainoyennes par bachées (cf. Morvannou et
al., 2014, annexe article 6). En effet, I'nypothé&sécoulement uniforme étant erronée la
représentation des concentrations au pas de teefs minute n’est pas possible (Annexe
article 6).

Si ce travail a pu montrer I'importance des phénmesed’adsorption (cf. Figure 21) de
I'azote ammoniacal sur les performances du fillien point de vue de la modélisation, cela a
pu montrer également les processus sur lesquelsfftets doivent étre entrepris pour une
meilleure représentation des phénomeénes. Si naussaléja discuté de la partie hydraulique,
la simulation des teneurs en oxygéne dans la phiasdu filtre apparaissent assez loin de
celles mesurées, limitant parfois la nitrificatiodn travail sera certainement a réaliser
également sur cet aspect, une fois I'hydrauliquirisée.

Un autre aspect important a prendre en compteldansdélisation des filtres plantés, surtout
lorsqu’alimentés en eaux useées brutes, est lagrailque de colmatage inéluctable de ces
systemes de traitement. La dynamique de la matgganique (rétention des MES, leur
minéralisation, croissance et lyse bactériennentayam impact important sur d’'une part
I'hydraulique des filtres et les transferts de @dzd’autre part, sur les performances des
systemes. Dans le cadre d’'une collaboration al#feC de Barcelone, nous avons initié cette
thématique sur la problématique du colmatage biglagdes filtres a écoulement horizontal
(Samso et al., 2015). Pour illustrer Iimportance kh prise en compte du colmatage
biologique sur I'hydraulique des filtres on peupné&senter I'évolution de la distribution
spatiale des bactéries hétérotrophes dans undilé®ulement horizontal (cf. Figure 40). On
réalise I'importance du colmatage pour mieux regméey I'hétérogénéité de la distribution
des bactéries et de I'hydraulique des systemesaiderhent.
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Figure 40 : Concentration des bactéries hétérotropds dans un filtre a écoulement horizontal sans pesen
compte du colmatage biologique (gauche) et avec (ite). In Samso et al., (2015).

La prise en compte du colmatage (physique et higle] sur les différents processus
impliqués dans les filtres plantés est un enjeuearai poursuivre dans le futur pour mieux
comprendre les interactions entre les processua.apgortera de riches enseignements sur le
vieillissement des ouvrages et par conséquent démensionnement pour allonger leur
espérance de vie et garantir les performancedand) terme.

3.1.6 Dispositifs expérimentaux

Pour répondre de maniere couplée aussi bien awctdbjde compréhension des processus
gue de réponses aux problématiques opérationnilietallu travailler a différentes échelles.
Si historiquement Irstea est connu pour des travaw@chelle réelle, il était nécessaire de
développer au fil du temps des outils adaptés ppondre a des questions plus pointues liées
aux mecanismes. Pour cela une attention a étéprmitemettre en oeuvre des outils pérennes
sur lesquels des expérimentations différentes pmntr étre réalisées. Regroupées
aujourd’hui dans la plateforme REFLET (PlateforneeRécherche et veloppement sur les
Filtres pLantés de Egétaux pour l&raitement des eaux et des bdyemus avons développé
différents outils. Sur différents sites géograpkigle la métropole Lyonnaise, la plateforme
propose différentes échelles d’études :
» Laboratoire de caractérisation physique et hydradygue des milieux poreux
(Centre Irstea Lyon- Villeurbanne, Photo 1)
» Un banc de respirométrie solide pour mesurer laftiues biologique (Centre Irstea
Lyon- Villeurbanne, photo 2)
* 4 Colonnes de laboratoire (0,1 m?2) pour I'étude files mécanismes en conditions
controlées (Hall de la Feyssine, photos 4)
* 4 Pilotes de 2 m2 pour I'étude des processus editiams réelles (Hall de la Feyssine,
Photo 3)
* 9 Prototypes de taille semi-industrielle (20 m2uplétude des systéemes en
conditions proches du réel (Craponne, Photo 5)

! http://www.irstea.fr/la-recherche/unites-de-rechefmaly/plateforme-filtres-plantes-traitements-ehoxes
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Photo 1

Photo 3 Photo 4
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Photo 5

Figure 41 : Photos des différents outils mis en cetevpour répondre aux problématiques de recherche su
les filtres plantés.

Ces dispositifs permettent, a différentes échetlashtenir des informations précises sur les
mécanismes impliqués dans ces ouvrages. Méme giltdes de 20 m2 sont proches d’'un
systeme en taille réelle, 'ensemble de ces ountlgpermettent pas facilement d’aborder la
problématique du facteur d’échelle, et surtoutpeemettent pas d’appréhender les inhérentes
variations de conditions (climat, caractéristigukss eaux, variations des conditions ...)
rencontrées sur le terrain. Aussi, les études ila téelle restent nécessaires. Ces derniéres
étant gourmandes en temps nous avons réalisé seedbadonnées de maniere a capitaliser
'ensemble des mesures réalisées par les SATESEI¢S& d’'assistance techniques a
I'exploitation des stations d’épuration, préserasgichaque département) en leur permettant
de rentrer automatiqguement leurs données. Ceteedmdonnées permet un retour rapide, sur
des protocoles communs, que nous organisons dansadee du groupe EPNAC
(www.epnac.irstea.jr

62



3.2 Des mécanismes a l'optimisation des procédés e tleur
adaptation a de nouvelles applications

Dans la mesure ou les actions de recherche mengstsaont pour finalité de répondre a des
enjeux opérationnels, nous allons présenter itaices des actions menées dont I'objectif
était de faire évoluer la filiére filtre planté général vers une maitrise des dimensionnements,
des performances ou l'ouverture a de nouveaux chatigpplication. Nous présenterons au
préalable les questions opérationnelles qui onp@sées.

3.2.1 Traitement des eaux usées domestiques

Si de nombreuses actions ont été menées sur deefitilassique (deux étages de filtres a
écoulement vertical non saturés) pour préciserdgkes de dimensionnement (Molle et al.,

2005a ; Morvannou et al., 2015), nous présentedams ce chapitre, dédié aux eaux usées
domestiques, des questions soulevées vers des poimimaitrisés au début des années 2000.

3.2.1.1 Limites hydrauliques

Les stations d’épuration d'eaux usées des petitemygennes collectivités contiennent d’'une
part des portions de réseau unitaire (lié a I'migtee du développement des réseaux
d’assainissement) et d’autre part des réseaux faifganent séparatifs et des nappes qui
s'infiltrent dans les réseaux. Les stations sootsasouvent caractérisées par des surcharges
hydrauligues et des sous-charges organiques, qgpligegnt en grande partie le
dysfonctionnement périodique ou chronique de cesapes. En effet, les hypothéses de base,
guant aux volumes a traiter supposent, souventtaune faible fraction d’eaux parasites
claires et une bonne séparativité des réseauxaitéssement. Le choix de gestion des eaux
doit se faire alors entre une réduction des eawasfias, un surdimensionnement de la station
ou le choix d'une filiere de traitement adaptéer@seau existant. La mise en séparatif ne
résout pas forcément les problemes, colte chéélietination des eaux claires a également
un codt. Les systémes a filtres plantés de roseanstituent une voie intéressante en matiere
de traitement des surcharges hydrauliques ou desphaviales. Si on observait que la filiere
classique développée en France acceptait sanslérgpntrainte, on n’en connaissait pas les
limites. En effet, si les régles de dimensionnenstrt’'exploitation des filtres verticaux pour
un fonctionnement par temps sec étaient bien ésldn manquait d’éléments objectifs pour
adapter ces ouvrages aux conditions d'alimentgt@mndes réseaux drainant et/ou unitaire.
Dans I'hypothése ou les filtres absorberaient aberaent ces surcharges hydrauliques tout en
maintenant de bons niveaux de rejets, on peut aergoser la question de lintérét
economique de la séparation du réseau pluvial etedbque (doublement du réseau),
induisant également la réalisation d’'ouvrages $iggeis de traitements des eaux pluviales.
En effet, I'adaptation de la filiere aux variatiods charges hydrauliques pourrait étre une
solution avantageuse pour certaines collectiviéétait sur ce raisonnement que I'agence de
'eau Rhéne Méditerranée Corse a initié un tragatude des 2000. Cela a été une partie de
mon travail de thése puis celui de la thése de Atiss.

La premiére étape du travail a donc été de quantdis charges hydrauliques que pouvaient
recevoir la filiere de traitement, suivant son @gex d’accumulation de matiére organique),
et l'incidence de ces surcharges et de leur frégpisnr les performances épuratoires. Cela a
été réalisé sur trois stations d’age différentr{igu7 ans, 20 ans), en mesurant les vitesses
d’infiltration des bachées, en réalisant des tragag en évaluant les performances épuratoires
de systémes a taille réelle soumis a des surchdrgghmuliques réelles et ponctuelles ou
simulées (ajout d’eau de riviere) et permanenteslli@yl 2003). Outre les avancées sur la
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compréhension des processus hydrauliques (voigmphe 3.1.1), cette étude a permis de
définir de premiéres régles de dimensionnemenéis de I'acceptation des temps de pluie
(cf. Tableau 7; Molle et al., 2006) inscrite de®02 dans le premier guide de
dimensionnement francais des filtres plantés (Geddpcrophytes, 2005).

Ces limites ont été établies a partir des résutiatesnus par Molle (2003, cf. Figure 42), en
s'attachant a préserver des périodes de ressuyaghitoes suffisantes pour permettre la ré-
oxygénation du massif. Une différenciation a éitefauivant la hauteur de la couche du dépot
organique du premier étage, compte tenu de soncingoa les vitesses d'infiltration et donc
les transferts d’oxygéne.

Hydraulic assessment Performances evaluation

Infiltration rates according to

* Seasons Focus on nitrification
* Age ¢ Seasons
* Hydraulic loads * Age
Tracer tests * Hydraulic loads
L Hydraulic limits J
Based on

¢ Infiltration rate of the limiting season
(March)

* Infiltration rates according to sludge
deposit height

* Ensure non ponding conditions at least
12h/days

Figure 42 : méthodologie pour la définition des liriies hydraulique

Tableau 7 : limites hydrauliques proposées en 20@Bolle et al., 2006)

Deposit 0-10cm 10-25cm
layer (cm)

Hydraulic Once a Once a Once a Once a
overload week month week month
mday~? 1.80 3.50 0.90 1.80
mh™ 0.25 0.11

Bien qu’ayant testé des charges hydrauliques denfj,8ur le filtre en fonctionnement (5 fois
le débit de temps sec) en continu pendant 6 mais gae cela ne pose de probleme, il
semblait évident que des surcharges continues giesgr a terme, des problemes de
minéralisation des dépbts et de dégradation deoladsse au sein du massif. Il a donc été
introduit une notion de charge acceptable différentivant la fréquence des temps de pluie
ainsi qu’'une notion de charge horaire maximale pduter des périodes de flaquage trop
longues. Ces limites étaient sécuritaires par rdpgax conditions testées mais apportaient
déja une souplesse importante en terme de dimerasizant dans la mesure ou I'on autorisait
des surcharges jusqu’a 10 fois le débit de tempsdaas certaines conditions. Ces limites
hydrauliques ont été accompagnées de recommansl&tiotermes de conception de la station
et de gestion des épisodes pluvieux

Si ces recommandations étaient déja une avancée ldgplication de la filiere, elles
souffraient de certaines lacunes :
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« Compte tenu du caractere stochastique des épigpdeigux, le dimensionnement
statique proposé était parfois non optimisé, eplepositions d’acceptation de temps
pluie suivant une fréquence d’occurrence difficirappréhendable.

* La contrainte de débit horaire et de débit jourtadidmissible posait des problemes de
gestion lorsque les stations fonctionnaient saastritité.

Pour ces raisons, un second travail a été réadisg k& cadre de la thése de Luis Arias (2012)
afin de préciser les regles de dimensionnement gjedtion par la réalisation d’'un modele
simplifié permettant un dimensionnement en dynamidtintérét était de pouvoir prendre en
compte a la fois le climat local et I'impact desazéristiques du réseau d’assainissement sur
le régime des débits arrivant a la station d’épomatPour ce faire nous avons dimensionné
une station de 2000 EH spécifiguement concue poeeper les temps de pluie et permettre
un suivi expérimental pousse.

La démarche a consisté a caler un modele hydrauBgquplifié (cf. paragraphe 3.1.5.1) sur
des stations d’ages différents (impact de la couddedépot organique) afin de pouvoir
représenter correctement les temps de flaquage $itre. Pour ne pas s’arréter a une limite
hydraulique du systeme, nous avons cherché a fiderdi partir de quels temps de flaquage
(flaquage consécutif ou flaquage cumulé sur lanéey les performances de nitrification
étaient affectées. L’objectif était de pouvoir détimer des alertes sur les temps de flaguage a
partir desquelles la nitrification pouvait étreeaffée et donc, in fine, I'équilibre biologique du
systeme atteint (cf. Figure 43).

(End of pipe flow fluctuation according N
to

Combined sewer
modelling (CANOE)

Climatic conditions (rains)

Imperviousness coefficient
*  Slope

k- CSO structure J

VFCW hydraulic model
J 1

-I

Ponding time and
nitrification dysfunctions
(lack of oxygen)

!

Hydraulic acceptance according to
design
*  Surface per p.e.
Maximum ponding height
*  Deposit layer
-

Ponding time alerts for
biological performances

Design adaptations

Figure 43 : approche méthodologique pour I'optimiséon du dimensionnement en réseau unitaire.

Le suivi des performances en continu sur les paras@zotés notamment, a permis de
définir des temps acceptables. Aprés validatioonddéle hydraulique, il a été possible non
seulement de proposer un modele simple pour déterraichaque contexte comment adapter
le dimensionnement, mais aussi de déterminer le@dares impactant (caractéristiques du
bassin versant, dimensionnement du filtre) I'acatpb des temps de pluie. Ceci pour deux
types de pluie différents ; de type orageux (rédihrdne Alpes) et de type régulier (région
Bretonne). Cette analyse a fait ressortir les g@otvants (Arias, 2013) :
 La pente du bassin versant (lorsque faible) etdefficient d'imperméabilisation
(lorsque important) sont les principaux parametraBectant les capacités
d’acceptation des eaux de temps de pluie a lastati
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* Lorsque dimensionnés a 1,5 m2/EH, les filtres denyer étage peuvent accepter la
qguasi intégralité des temps de pluie sans affeldsr niveaux de rejet et les
performances du systeme.

* Une hauteur de revanche de 70 cm pour le stockegesaux de temps de pluie est
suffisante pour traiter les temps de pluie.

——(BP] BPH 0.5m - Young ——(BP)BPH 0.3m (05) - Mature
#—(BP) BPH 0.7m - Young —a— (BPYEPH 0.5m (0.7 - Mature
- - - (CA)BPH 0.5m-Young - -4 - (CAYBPH 0.3m (0.5) - Mature
(CA)BPH 0.7m - Young - -k - (CAYBPH 05m (0.7) - Mature
50 4= Limit of days with CS0O discharge - "Problematic” cumulative ponding time alerts 50
* 72
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Figure 44 : Cumulative ponding time alerts and daysvith bypass discharges according to first-stagelfer
surface and bypass height, for young vs old VFCW,nder a Bretage climate *with (BP) = bypass
discharge, (CA)= cumulativee ponding time alerts,@d BPH = bypass height

Dans un contexte reglementaire ou les rejet urb@itemps de pluie prennent de plus en plus
d’'importance pour l'atteinte du respect du bon é@dlogique des cours d’eau, on réalise
l'incidence de ces résultats qui montrent que K pas besoin de refaire les réseaux mais
seulement adapter le dimensionnement des filtraac{palement en terme de hauteur de
flaquage) pour traiter également les eaux pluviales

3.2.1.2 Traitement de I'azote

L’amélioration des performances sur I'azote, conpoar la partie phosphore, est liée a la
problématique d’eutrophisation des milieux. Higjaement la filiere classique a deux étages
permettait une nitrification quasi-totale mais s$aif de deux problématiques principales :

» La nitrification, nécessitait deux étages de tra@at (colt, emprise au sol) et aucune
adaptation du dimensionnement n’était réaliséeasiiles conditions climatiques. La
délicate maitrise de la nitrification (cf. Figur@)2pouvait éventuellement s’expliquer
par une sensibilité a la température.

* Les performances sur l'azote total étaient négbg=a (de l'ordre de 20 %,
principalement lié au stockage des boues) et natrigadle. Il était donc nécessaire
de travailler sur des filieres permettant de déiatr
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— La nitrification
L’approche de la maitrise de la nitrification a etBordée pour analyser I'impact de la
configuration du filtre (hauteur de matériau, Madteal., 2008), de I'effet température (Molle
et al., 2015, Prost-Boucle et al., 2015) et pleemément lors de la these de Julien Fournel,
pour le traitement des surverses de DO, par la enseeuvre de matériaux spécifiques (la
zéolite) pour adsorber I'azote ammoniacal. Ce @erpbint faisait écho aux observations
faites lors des travaux de modélisation de la figétion (Morvannou et al. 2014) et
limportance de l'adsorption de I'azote ammoniacalr les performances de traitement.
L'usage de la zéolite est actuellement étudié ptuprofondeur pour une application en eaux
usées domestiques dans le cadre des theses de ¥okdoin(2016) et Hernan Ruiz (en
collaboration avec I'école des Mines de Nantesyywéen 2017). D’un point de vue
opérationnel ces recherches ont permis différemtancées.
En premier lieu elles ont permis de confirmer,laurase de I'étude de notre base de données,
le dimensionnement des filtres pour une meilleusstnnse de la nitrification (Molle et al.,
2005a). En effet, les rendements diminuants avehdage appliquée (cf. Figure 32) en raison
des passages préférentiels, de la limitation désdigption et de la chute d’oxygéne, nous
avons montré que la surface mise en jeu était uanpstre clefs dans l'obtention de
performances honorables sur la nitrification. Geleermis de confirmer le dimensionnement
de la filiere classique francaise, par étage, pme surface totale de filtre entre 2 et 2,5
m2/EH. En deca, les rejets en azote ammoniacal engmt et au-dela les gains ne sont pas
justifiés par rapport aux investissements. Pounilfs&er encore la nitrification sur la base du
dimensionnement des travaux ont été menés pouieétleffet matériaux (taille, hauteur),
travaux qui restent encore a finaliser car les desnactuelles ne sont pas encore assez
précises pour apporter des réponses claires (Mooaet al., 2015).

L'impact de la température a été abordé dans leeadel deux problématiques opérationnelles
distinctes qui nous ont été demandées par les noeda décisionnelles publiques.

L’adaptabilité des filtres du systeme francais enezde montagne (problématique froid) et
'adaptation des filtres plantés en milieu tropigalur I'application dans les Départements
d’Outre-Mer (DOM) Frangais.

Concernant la problématique froid, nous avons suii stations existantes situées en zone de
montagne pendant 2 ans, par le biais de mesuresnginu (débits, NH4, NO3), de bilans 24

h et le suivi des températures extérieures etnatenux filtres. L'objectif était de mettre en
evidence l'impact des températures sur la nitrificaainsi que du réle du dépo6t organique et
de la couverture de neige sur l'isolation du filfreost-Boucle et al., 2015, annexe article 10).
Les suivis ont permis de montrer I'importance dedache de dépdt, de la chaleur des eaux
usées et de la neige sur le maintien de tempésapositives a l'intérieur du filtre et la
dynamique de refroidissement (Prost-Boucle et24l15, annexe article 10). Il a donc été
possible de valider la filiere en climat froid (¢exte montagneux francais) en apportant des
recommandations en terme de conception.

En ce qui concerne la nitrification en saison feoidous avons observé que seule la
nitrification du deuxiéme étage (pas d’isolatiore ebuche de dépo6t) pouvait étre affectée
pour des températures inférieures a 5 °C. Le preétage, de par son inertie thermique et
importance des phénomeénes d’adsorption sur le®peances de nitrification, se comporte

de maniére similaire en été et en hiver en termpetformances (Prost-Boucle et al., 2015,
annexe article 10).
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L'impact des températures élevées sur les perfaresgade nitrification est étudiée dans le
cadre de deux projets (DOM et ATTENTIVE) financé& p@®NEMA (Office National de
'Eau et des Milieux Aquatiques) qui nous sont éémfpour développer I'assainissement des
petites et moyennes collectivités des DOM. Le peerétage classique est I'un des systemes
étudié dans le cadre de ces projets. Le suivi @lilagions en conditions réelles réalisé sur
plusieurs années montre qu’en milieu tropical lesfqggmances de nitrification sont
significativement supérieures a celles observéesoatexte européen (Molle et al., 2015, cf.
Figure 45). Un filtre de 30 cm de gravier 2-6 eilieu tropical nitrifie de maniere similaire a
un filtre en climat métropolitain comportant 60 & cm de gravier. Un filtre comprenant 80
cm de gravier en milieu tropical nitrifie de mami&imilaire a deux étages de filtre en climat
métropolitain.

TKN

45 ® 30cm 100%

® 80cm

90%

35 laterite 80%
——60- 80 cm (Molle et al. 2008) *

30

Load treated (g/m2d)
B
o

0 10 20 30 40
Load applied (g/m2'd)
Figure 45 : Performances d’élimination du NK en mileu tropical (Molle et al., 2015)

En plus de valider une filiere a un seul étage cemgnt uniquement deux filtres en paralléle
pour le contexte des DOM, cette étude permet datijiea I'impact de la température sur les
performances de nitrification.

Les suivis des performances de nitrification aédéhts climats posent des questions sur la
dépendance a la température de l'activité bactéeieBn effet, le fait de ne pas observer de
différence significative de performances de nitéafion dans le contexte métropolitain que ce
soit en période hivernale ou estivale alors que €a observe une en climat tropical pose la
guestion de la dynamique des populations bacté&gerette question reste a creuser mais les
études menées lors de la thése de Daniele Danwag2emh5), dans laquelle nous avons
démarré la réflexion par des outils de microbicdogioléculaire, laissent a croire que les
dynamiques et les populations des bactéries aittiis varient suivant le climat et les rythmes
de gestion. Ceci pourrait permettre de mieux congre les processus impactant la
nitrification.

— Le traitement de I'azote global
Cette thématique a initialement été abordée pdud& de la juxtaposition de filtres a
écoulement vertical et de filtre a écoulement hanial (Molle et al., 2008). Afin de pouvoir
travailler en gravitaire et avec un nombre minintéétage I'enchainement vertical —
horizontal semblait une priorité d’étude. Notammemtraison qu’il était mis en ceuvre sur le
terrain sans que I'on ait de retour et de regleipeede dimensionnement. Nous avons donc
suivi une station expérimentale en taille réelleseanen ceuvre dans le cadre d'un projet
financé par I'agence de I'eau Rhone Méditerranées& aafin d’établir les performances de
chaque étage et déterminer les performances atdamd’une telle configuration suivant la
température de I'eau (cf. Figure 46).
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Figure 46 : Nitrogen outlet concentrations with a \FCW (1.2mz2/p.e.) +HFCW (1.5mz?/p.e.)

L’atteinte de niveaux bas (15 mg Ntot/L) en tousedsons n’'est pas possible par cette
configuration en raison d’'un manque de nitrifioaten dehors de la saison estivale. Face a ce
constat certains constructeurs mettaient en oglegestations a trois étages en ajoutant un
filtre & écoulement horizontal aprés deux filtre6caulement vertical. Craignant un manque
de carbone pour la dénitrification, nous avonsétesttte configuration sur la station
expérimentale de maniére a encadrer le dimensioamede cette filiere. De par une chute de
la dénitrification pour des ratios de DCO/N-NO3énéur a trois (cf. Figure 47) la filiere a
deux étage vertical suivi d'un étage a écoulemenzbntal ne pouvait prétendre d’atteindre
de bas niveaux de rejet en azote total.
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Figure 47 : performances de dénitrification d’'un fitre a écoulement horizontal (temps de séjour 1,7
suivant le ratio DCO/N-NO3 (données non publiées)

La configuration alors recommandée depuis I'ann882pour atteindre 15 mg Ntot/L

nécessitait de mettre en ceuvre une filiere a étaiges (Vertical + Horizontal +Vertical) avec
une recirculation de la sortie finale vers I'entei® I'étage horizontal. Cette configuration
nécessitant une source d’énergie et une surfaativieshent importante (3,5 — 4 m2/EH) nous
avions des 2006 travaillé sur des filtres a écoaldgmvertical avec un fond saturé (cf.
paragraphe 3.2.1.4). L'objectif était de pouvoitimser 'emprise au sol d’'une filiere traitant

I'azote global.

3.2.1.3 Traitement du phosphore

Face a la problématique d’eutrophisation, les getitgglomérations se trouvaient confrontées
a des problemes technico-économiques pour faieedates contraintes de rejet en phosphore
fréguemment autour de 2 voire 1 mg/L en zone shassih 'eutrophisation. Parmi les
procédés d'épuration extensifs, seul le lagunageeigpermet d'atteindre des abattements en
P de l'ordre de 60%, ce qui reste insuffisant vigisades exigences réglementaires. De
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surcroit, sachant que ces performances sont edtmment liées a la précipitation par
élévation du pH des eaux et a l'absorption par Hgtgplancton dont la croissance est
maximale en été, on réalise lI'ampleur de la taaber pnettre au point des filieres de
traitement fiables et efficaces en toutes circorcsa.

Face a ce constat, la problématique de rétentisnodbophosphates par filtres plantés de
roseaux a été abordée initialement dans le cadneadthese (Molle et al., 2003 ; 2005b) pour
aboutir a l'utilisation d’apatite (cf. paragraphel.2.1). L'utilisation d’apatite comporte un
inconveénient lié a I'accélération de l'utilisati@® matiére premiére dont la pénurie pourrait
arriver d’ici une centaine d’années. Cependangstl & noter d’'une part que I'utilisation
d’apatite pour la déphosphatation des eaux uséEssiée une quantité de matiere premiere
sans commune mesure avec celle utilisée pour laupton d‘acide phosphorique et
d’engrais. D’autre part, Il nous semblait intéressat facile a mettre en ceuvre une filiere de
valorisation du P des eaux usées dans la mesurenoenrichi un matériau que I'on peut in
fine, renvoyer dans la filiere industrielle de pmotion d’acide phosphorique. Une ACV
comparative a permis de réaliser qu’'un traitemdmtipo-chimique classique était plus
impactant principalement en raison du transporuliég de réactif sur 'age de vie de la
station d’épuration (Molle et al., 2012).

Les recherches ont été développées par la suite aahelle de pilotes et de taille réelle grace
a un projet financé dans le cadre du programme &tasxddu pdle de compétitivité Axelera
de la région Rhone Alpes. Ce projet visait notantmaeiournir a la profession d’une part une
méthodologie pour évaluer simplement le potentiehdnatériau d’apatite a déphosphater
ainsi que les régles de dimensionnement a mettiwre. Ces regles ont fait I'objet d’'un
guide (Molle et al., 2012) dont une version conéensn anglais est disponible dans Molle et
al. (2011, annexe article 9).

Les travaux menés fournissent des valeurs de paeseermettant de dimensionner un filtre
déphosphatant sur la base du modéle K-C* suivaritosi souhaite travailler en phase
d’adsorption ou de précipitation et suivant la géale I'apatite sélectionnée (cf. Tableau 8).
Il intéegre le facteur d’échelle observé dans lereade I'étude et prend en compte des
cinétiques observées a un état de saturation avdle® criteres nous semblaient plus
sécuritaires compte tenu de la difficulté a faireillr prématurément un matériau dans le
cadre d’'un programme de recherche.

Tableau 8 : paramétres cinétiques pour le dimensigrement du volume d’'apatite (Molle et al., 2012)

40 — 60 % d’apatite > 90 % d’apatite

Ky (W) C*(mg.l') Ky () C*(mg.l"
Phase d’adsorption 0,29 0,8 1 0,1
Phase de 0,08 0,8 0,3 0,1

précipitation

Cette étude a permis de faire ressortir les pesgentiels permettant de définir :
* les criteres de sélection des matériaux et de rdétation des parameétres clés de
dimensionnement
* les regles de dimensionnement d’une filiere déphaismte
» les contraintes de gestion de la filiere
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A la suite de la publication du guide, le brevepat® en 2004 a été ouvert et libre de droit, et
la filiere a pu se développer. Actuellement au redib réalisations ont été effectuées dont la
plus conséquente traite 4 500 EH. La question dintiea des performances dans le temps
étant une des questions clefs de la filiere, umi ségulier de certaines d’entre elles est en
cours.

3.2.1.4 Nouvelles filiéres

Recherches de compacité

Dans l'objectif de réduire les emprises foncieréeweles colts de construction, plusieurs

procédeés a écoulement vertical sont apparus cagedes années. Outre la mise en place de la
recirculation sur le premier étage de filtre ddiliare classique, plusieurs variantes peuvent

étre notées. Chacune de ces filieres ont fait ¢bdjune étude de maniere a encadrer leur
développement.

- Lefiltre a écoulement vertical a un étage avedroedation
Si l'usage de la recirculation était également ié&wd niveau international, ces expeériences
ne permettaient pas de faire une transpositionctdira la filiere francaise. En effet, la
spécificité d’alimentation des filtres en eaux sséeutes ne se retrouve dans aucune des
autres expeériences. La couche de dépét qui enteésupactant fortement les processus
(notamment en termes de limite hydraulique et desfiert d’'oxygéne) nécessitait une étude
ciblée sur la filiére francaise.
Sur la base de suivis de type bilans 24 h metigaiegent en ceuvre des mesures en continu
de vitesses d'infiltration et de concentrations fiemes azotées dissoutes (hypothése que la
nitrification est un bon indicateur de I'équilibde filtre) nous avons pu observer que le filtre
garde les méme performances que lorsque utilisé szgirculation jusqu’a une certaine
charge hydraulique (taux de recirculation) : lengan rendement au niveau de la station se
fait principalement par la dilution des eaux d’éetinduite par la recirculation. Nous avons
calé un modéle simple (équation du premier ordrp)dsentant I'évolution des concentrations
en N-NH, de sortie en fonction de celles d’entrée (ProsidBo et Molle, 2012) afin de
discuter de I'optimum de dimensionnement et du @eixecirculation (cf. Figure 48).
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Figure 48 : Evolution of the theoretical outlet NH4N concentrations according to different design
and recirculation flow ratio (RFR) conditions (Prog-Boucle et Molle, 2012).
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Compte tenu de la chute de nitrification en péribtkernale pour des charges hydrauliques
supérieures a 0,7 m/j sur le filtre en fonctionnethnenous avons recommandé de
dimensionner le premier étage pour une surfaceslen¥EH en trois filtres avec un taux de
recirculation a 100 % : regles établies depuidesterrain.

— Superposition des deux étages de filtres a écoulevestical

Proposés par différents constructeurs, la supiiqnosies deux étages de filtres de la filiere
classique avait pour objectif de diminuer 'emprisaciere de la filiere. Une des contraintes
de la filiere nous apparaissaient étre le risqueamatage du sable de la partie enterrée
(deuxiéme étage sous-jacent) compte tenu de I'emveément confiné (pas d’air libre) et de
'absence du réle mécanique des roseaux en cadrdatage.

Nous avons donc conduit une étude sur le proceddajipe alors par Epur Nature des 2008
gui nous ont permis de préciser la granulométrisahle sous-jacent a utiliser pour éviter les
risques de colmatage (Molle et Prost-Boucle, 20113. modification en terme de
dimensionnement a été de passer d’'un sable commyirenal10 compris entre 0,25 et 0,4 mm
a un d10 supérieur a 0,5 mm. Par la suite une &udan nombre plus large de systemes a
permis de préciser les performances atteignables tigpe de filiere (Troesch et al., 2010). Si
cette filiere permet une réduction de I'emprisal®tpar rapport a la filiere classique, elle
n'autorise pas cependant une nitrification complete

— Filtre a écoulement vertical non saturé/saturé

La filiere a écoulement vertical non saturé — satuepose sur le principe du traitement des
eaux par un seul étage de filtre planté de ros@aégoulement vertical composé de deux «
réacteurs » superposés : une partie non saturgehigéen surface et une partie saturée,
anoxique, en fond de procede.

Zone
non saturée : L
AEROBIE & (=] Nitrification e
= NH, +0, PNO; » .
= o

o (4]0 @)
o

Zone B T 1 RCE  Denitrification

saturée ¥ . B
ANOXIQUE ¥0y CW—’-

@ Roseaux @ Couche de filtration

@ Rizosphére . Couche de transition

@ Entrée des eaux brutes a traiter @ Couche de drainage

@ Drains d'aération @ Drains de collecte des eaux épurées

@ Filtration, épuration @Regard de mise en charge avec bouchon de vidange
@Géomembrane @Smiedes eaux épurées

Les premiers travaux réalisés, au niveau natioswal,la mise en place d’'une couche
saturée en fond d'un filtre a écoulement verticatl été réalisés en 2006 (Molle et al.,
2008) dans un objectif d’'amélioration des niveaaxalet en azote global. Réalisés sur un

12



e

premier étage classique dans lequel le fond a &t&és ils ont permis d’apporter de
premiers éléments (cf. Tableau 9). On retrouve motant une mise en ceuvre similaire
dans les filtres du procédé AZOE lorsque des oifgestir I'azote global sont recherchés
(Prost-Boucle S., Molle P., 2013).

Tableau 9 : Enseignements tirés des premiéeres expgmces (Molle et al. 2006, 2008)

Hauteur Hauteur Conclusions

non saturée (cm) | Saturée (cm)

25 55 La couche aérobie est trop faible pour
nitrifier correctement

50 30 La nitrification n’est pas aussi compléte

guavec 60cm sans saturation —
nécessité de drains d’'aération
intermédiaire

Les tests réalisés en 2006 pour le traitement d’'ea@es brutes domestiques ont permis
de mettre en évidence la nécessité de mettre ep pladrain d’aération au-dessus de la
couche saturée ainsi que I'ampleur de la dénidtifbn dans la partie saturée.

Par la suite, dans le cadre d’'un programme de relchesur le traitement des surverses de
déversoir d’'orage (projet SEGTEUP — ANR 2008 — 2042 paragraphe 3.2.3), une
version plus élaborée a été mise en ceuvre en imcleadrain d’aération intermédiaire
(Molle et al. 2010). Dans ce projet différents miaiéx et profondeurs ont été testés ainsi
gue l'usage de zéolite pour I'amélioration de Mification. L’application aux eaux usées
domestiques a démarré en 2011 et aujourd’hui 3éliasons sont en fonctionnement sur
le territoire national. La mise au point de ceggiaé s’est poursuivie par différents projets
de recherche a linitiative de difféerents consteucts (Société Jean Voisin — projet
ECOSTAR, Epur Nature — projet INNOPUR) ou par las(projet ATTENTIVE) auquel
nous participons. Ces travaux ont déja permis deigagr aussi bien la hauteur minimale
de la couche saturée pour garantir une bonne @tedés MES (Silveira Damasceno et
al., 2015) que des temps de séjour a mettre eneodaws la partie saturée pour avoir une
dénitrification optimum (Troesch et al., 2014). Gumtenu de I'intérét de cette filiere, la
demande d’appui technique était forte et nécetsjta I'on s’intéresse a ce systeme. Les
travaux en cours (théses de Yoann Millot et de HerRuiz, projet ATTENTIVE)
permettront d’apporter rapidement des élémentsigprde dimensionnement et de
performances garantissables.

Associations de procédés

Outre I'évolution des filieres de filtres plantés doseaux, leur association avec d'autres
procédés a été, et reste encore, un enjeu imp@aantieux objectifs majeurs :
* la réhabilitation d’'un parc vieillissant de lagueagaturel (de I'ordre de 2 500 lagunes
en France),
 la recherche de compacité de la filiere en assoniatbvec des procédés
conventionnels tels que les lits bactériens edliegues biologiques.

— Association avec le lagunage naturel
Les études menées sur les associations avec lealgguaturel avaient originellement deux
objectifs :
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* l'accroissement de la capacité de traitement déaligon,
» I'amélioration des niveaux de rejet (DBODCO, MES, nitrification).

L’étude de I'accroissement de la capacité s’esiluéspar la mise en place d’'un premier étage
de FPR a écoulement vertical en amont des laguaesof{ssement d'un facteur 2 en

métropole). En revanche, 'amélioration des nivedaxejet, par la mise en place d'un étage
de filtre en sortie de lagune, nécessitait une etpllis fine compte tenu du caractére
colmatant des algues. Ceci a été realisé dansdie cBun programme Life par la mise en

ceuvre d'une station de démonstration (cf. Figude 49
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Figure 49 : Schéma de principe de la station de dé@mstration d’Aurignac

L’étude de I'impact des algues, du choix des matgri(sables roulés, concassés ; Torrens et
al., 2006a et b) et de la gestion sur le colmatagerens et al 2009a) sur les performances
des filtres (y compris la question des germes pgthes (Torrens et al., 2009b) ont permis de
fixer les regles de dimensionnement de la filigBmsutin et al., 2007). Sur la base de charges
hydraulique et organiques limites sur le filtrefenctionnement (cf. Tableau 10), 3 filtres en
parallele composés de sable sont mis en ceuvreépdar le colmatage. Deux configurations
(cf. Figure 50) permettant de filtrer les alguefiret la nitrification ont été validées.

Tableau 10 : Charges et concentrations validées de I'étude sur le traitement des eaux de lagunear
filtres plantés de roseaux.
Charges sur filtre en fonctionnement Concentrationg.I")

Hydraulique 80 cmj
DCO 170 g.rif.j™* <220
MeS 80 g.rif.j* < 100
NK 25 g.m%j* <30
L
6 m2/EqH Lagune Décanteur
facultative 2
. 6 m?Eq Lagune facultative
2,5 m¥EqH Lagune de
maturation
Filtres plantés -
2 -
1 m?/EqH Iil B e . Filtres plantés '
h=40 cm (ou 25cm) 1m?/Eq roulés ou concasses
h=40cm

Figure 50 : Représentation schématique des filierasalidées (Molle 2006, layman’s report)
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L’intérét de conserver tout ou partie des lagueagermes de réhabilitation, réside également
dans leur rble épuratoire sur les germes pathogén@hosphore et I'azote global ainsi que
leur potentielle utilisation pour amortir des a-psinydrauliques des temps de pluie.

- Association avec des procédés conventionnels
Depuis le début des années 2000, quelques aseasiant été réalisées avec des procédés
conventionnels (Disques biologiques — Lits bacté&)eles objectifs visent a la fois & mettre
en ceuvre des filieres plus compactes que la fitEassique de FPR, ainsi qu’'a diminuer les
contraintes de gestion des boues des filieres cmiovmelles. Plusieurs constructeurs ont
proposé des applications différentes. Dans I'enseids mises en ceuvre, le filtre joue le réle
de rétention et de stockage des boues permettasitde ne pas intégrer de clarificateur. En
revanche, seuls certains procédés (AZOE de latsoSEIRPE et Combipur de la société
Epur Nature) sont dimensionnés pour jouer un rakela pollution dissoute. Les procéedeés
Rhizopur (Suez Environnement) et Biodimack (MSEyewherchent pas de traitement sur les
filtres : nous parlons dans ce cas de Lits defedation/séchage plantés de roseaux (LcSPR).
Face au développement de la filiere, nous avongesedans le cadre du groupe EPNAC des
évaluations des procédés Rhizopur (Lits bactérienLcSPR), Biodimack (Disques
Biologiques — LcSPR) et AZOE (Lit bactérien — FPR)res deux ans de mesures sur chacun
des procédés, ces études ont conduit a la rédatridrois rapports d’évaluation visibles sur
le site EPNAC www.epnac.irstea.frProst-Boucle et Molle, 2013a et b et Gervasi ell®/]
2013).
Ces études nous ont permis de bien préciser lestigs de traitement de chacune des filieres
tout en critiquant les dimensionnements. Certaimedsionnements initiaux ont été modifiés
par la suite par les constructeurs pour fiabiliadiliere.

3.2.2 Traitement des boues et MV

La technique des lits de séchage de boues plaatéssdaux (LSPR) est pratiquée en France
depuis le début des années 90. Les retours d'exqum&s obtenus sur 120 stations traitant des
boues activées (Lesavre et Iwema, 2002) révélagstématiquement des performances
moindres par rapport a celles attendues. Une desesgprincipales de ce constat était un
mangue de connaissance du fonctionnement du prat®de part des constructeurs et des
gestionnaires, aussi bien sur les mécanismes iogdiet leurs interactions, qu’en termes
d’exploitation. Cette meéconnaissance du procédéeaéna de nombreuses dérives (non-
respect des régles de dimensionnement, mauvaisergestc.) nuisibles aux performances
des LSPR. Aussi, nous avons démarré en 2005 deelhesivecherches (Thése de Stéphane
Troesch puis thése de Julie Vincent) pour amélieeregles de conception et de gestion des
LSPR pour le traitement des boues activées etsfrr I'application au traitement des
matiéres de vidange des fosses septiques. Enafat,la mise en place des SPANC (Service
Public d’Assainissement Non Collectif), le traitemhede ces derniéres suscite un intérét
croissant. Ces travaux ont été valorisés par te siains un guide sur le dimensionnement et la
gestion des ouvrages (Molle et al., 2013a).

D’un point de vue opérationnel, les recherches meigrs des deux théses se sont attachées a
décrire une méthodologie pour déterminer la falgébies régles de dimensionnement (cf.
Figure 51) ainsi que les régles de gestion et dér@e des lits pour garantir des niveaux de
traitement satisfaisant.
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Figure 51 : Gauche : différents points a considéreen amont du dimensionnement et lors du
dimensionnement de LSPR (Légende : BA = Boues Acées, MV = Matiéres de vidange,

BA/MV = mélange boues activées et matieres de vidge, STEU = Station d’épuration) ; Droite : stratéges
de traitment des matieres de vidange. (Molle et al2013a)

L’ensemble a été synthétisé dans un guide (Molld.eR013a) dont I'objectif était de fournir

a la profession les clefs de compréhension du fmmoément des lits (séchage, I'hydraulique,
minéralisation), les stratégies de traitementrégdes de dimensionnement, de conception, de
mise en route, de gestion, jusqu’a la valorisasigricole des boues. Il n'est bien entendu pas
possible de détailler ces apports dans le cadoe d®cument mais ils peuvent étre consultés
sur le site du groupe EPNA@\w.epnac.irstea.fr Dans ce document seuls quelques aspects
sont présentes.

3.2.2.1 Optimisation du traitement des boues activées

Au regard des performances meédiocres obtenuesagcdsril était nécessaire de préciser les
regles de dimensionnement, tout particulieremeghtix en termes de charges appliquées et
du nombre de lits. Des 2008, les premiéres étudepaymis de corriger les premieres régles
en fixant a 6 le nombre minimal de lits en pareall@liénard et al., 2008a et b). La recherche
des limites des lits, lors de la thése de Juliec¥ft, nous a amené a préciser encore plus la
relation entre charge appliqguée et nombre de titg garantir une siccité minimale de 25 %
(cf. Tableau 11)

Tableau 11 : Choix de la charge surfacique de dimsionnement et du nombre de lits a mettre en place
pour le traitement des boues activées en fonctioreda capacité de la STEU sur laquelle sont instaides
LSPR

Charge surfacique de dimensionnement (en kg MS:fran)
Mode constructif *

Capacité de la STEU 30 40 50

(EH) CB ou DR CB ou DR DR

<2000 4 lits 6 lits 8 lit¢faible intérét économique)
2 000 - 10 000 Peu adapté 6 lits (gestion délicate) 8 lits

10 000 — 20 000 Peu adapté Peu adapté 8 lits

> 20 000 Peu adapté Peu adapté > 10 lits

* CB = Casier Béton, DR = Déblai-Remblai
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D’une maniére générale, 'augmentation de la chawmgtacique ou de la capacité nécessite un
nombre de lits plus important pour avoir une maikesouplesse de gestion et garantir des
niveaux de siccités corrects. Certaines configomatin’apparaissent pas adaptees :

e Un dimensionnement a 30 kg pour des capacités tamtes nécessite de grandes
surfaces dont l'intérét économique est limité.

e Un dimensionnement a 50 kg a 8 lits pour des statile moins de 2000 EH
engendre un surcout économique (compartimentatisdits) dont I'intérét n’est pas
évident.

* Dans le cas de stations de capacités de traitecoemprises entre 2 000 et 10 000
EH, il faut privilégier les LSPR constitués det8 lila solution & 6 lits dimensionnés
a 40 kg MS.rif.an* fait I'objet de réserves concernant la gestion

Préalablement aux phases de curage, la mise as dqpo lit abouti a surcharger les autres
lits. Cette charges maximales lors de la phaseudige a été fixée a 60 kg de MS/m?/an au
regard des faibles siccités obtenues en hiverguerses lits étaient chargés a 70 kg lors de
nos tests. En effet on ne pouvait pas garantirsic@té suffisante pour avoir I'entrée d’air
dans le dép6t organique (cf. paragraphe 413.1F8)8re 24 a).

Un des nouveaux apports réalisés est lié a I'inqmad du développement des roseaux sur les
performances de traitement. Aussi nous avons @rédes regles de montée en charge des
installations en fonction de la période de plaotaticf. Tableau 13). Cela permet de mieux
guider les opérateurs sur cette période délicate.
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Tableau 12 : Evolution de la charge surfacique a ggiquer lors du traitement des boues activées
(exprinz*lée en kg MS.rf.an™) jusqu’a atteindre la charge surfacique de dimensinnement (c.-a-d. 50 kg
MS.m?2.an?)

Mois de plantation Année N

Année Débutalimentation Janv. Fév. Mars Avr. Mai Juin Juil. Aolt Sept. Odfiov. Déc.

Janv
Fév.
Mars
Avr.
Mai
Juir
Juil.
Ao(t
Sept.
Oct.
Nov.
Déc

Janv.
Fév
Mars
Auvril
Mai
Juir
Juil.
Aot
Sept
Oct.
Nov.
Déc

N+1

Janv.
Fév.
Mars
Auvril
Mai
Juin
Juil.
Aot

N+2

Légende Surface GrisdVertdBlew/OrangelOrange?Rougecorrespondent auiemps d’'attente avant les
premiéres alimentatiofscclimatation1 10 kg MS.fhan'/Acclimatation2 15 kg MS.fhari’/Charge de
démarrage 25 kg MS frar*/Transition 35 kg MS.f.an*/Charge de dimensionnement 50 kg M3.an*

3.2.2.2 Développement du systeme pour les matieres de vidange

Le traitement des matiéres de vidange issues dssgdoutes eaux — plus concentrées (~ 30 g
MES.LY) et moins organiques que des boues activées —ssitaie d'adapter le
dimensionnement établi pour le traitement des bawtisées. Cette adaptation concerne la
charge surfacique de dimensionnement, d’'une paet mdmbre de lits, d’autre part (Troesch
et al., 2009b ; Vincent et al., 2011).

Dans le cas des matiéres de vidange, I'étude de deractéristiques nous a amené a
préconiser d’utiliser la concentration en MES plujge celle des MS pour le calcul de la
charge surfacique de dimensionnement des LSPRffEén la part non négligeable de sels
dissous est évacuée avec le percolat et ne ramtiehs en compte dans la charge appliquée.

Compte tenu des importantes performances de déghtidon (Figure 52) enregistrées sur les
pilotes traitant les matieres de vidange, la ahatg dimensionnement a été fixée a 50 kg
MES.m?.an’. Cette derniére pourra étre augmentée jusqu’aharge équivalente de 70 kg
de MES.nf.an" en été uniquement.
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Figure 52 : Evolution de la siccité mesurée sur lgslotes de 2 m? alimentés par des matiéres de viage
(MV) & différentes charges (c.-a-d. 30, 50 et 70 RJES.m?2an™), & Andancette (Drome, 26)

Compte tenu des faibles charges hydrauliques rguareles lits, des installations comportant
entre 4 et 6 lits semblent plus appropriées pauitér le stress hydrique des roseaux induit
par les importantes performances de déshydrataiorpériode estivale (cf. paragraphe
3.1.4.1). En conséquence de quoi, nous avons reaod#ra mise en place de 6 lits chargés a
50 kg MES.nf.an*. Toutefois, deux précisions peuvent étre mentieané
« Compte tenu des conditions climatiques rencontréess les DOM, un
dimensionnement & 70 kg MES?man’ y est possible.
+ Dans le cas ou lanalyse des matieres de vidangetrenales concentrations
largement inférieures a 30 g/l, un nombre de liis pmportant sera mis en place.

Tableau 13 : Choix de la charge et du nombre de §ta mettre en place en fonction du volume de matiér
de vidange a traiter

Charge surfacique de dimensionnement (en kg ME&ni)

Nb de fosse t MES traitées 40 50 70
toutes eaux Cas particulier des
DOM
<220 <20 4 lits 6 lits(intérét économique 6 lits (intérét économique
limité) limité)
220-1100 20-100 Peu adapté 6 lits 6 lits
=1 100 =100 Peu adapté > 6 lits 26 lits

Tout comme dans le cas du traitement des bouegastiun tableau de mise en charge des
lits spécifique pour les matieres de vidange aé#dbsé.

3.2.3 Traitement des suverses de déversoir d’'orage

En France, de nombreux déversoirs d'orage somllgsisur le systéme d'assainissement afin
de permettre le rejet direct d’'une partie des effts au milieu naturel lorsque le débit a

'amont dépasse une certaine valeur. Les déverdarage sont généralement installés sur
les réseaux unitaires dans le but de limiter lggep au réseau aval et en particulier dans la
station d’épuration en cas de pluie. Il s'agit dats de contréle importants pour réguler les

deébits et diminuer les risques de mise en chargeeskeau et de surcharge de la station de
traitement des eaux usées présente en aval.
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Aujourd’hui, les déversements s’effectuent soitsvdes bassins d’orage ou de dépollution,
soit directement vers le milieu naturel (cours d'est plans d’eau). Ce dernier cas reste
cependant le cas le plus fréquent actuellementrance. Face a la prise en compte de
l'importance de la mise en place d’ouvrage deemant, afin de rejeter des eaux moins
chargées en polluants et donc permettre une meligestion des rejets et une réduction des
impacts sur les milieux, nous avons monté un progra de recherche (Agence Nationale de
la Recherche - 2008) sur la mise en place de dilplantés a écoulement vertical pour le
traitement des rejets urbains de temps de pluigor@gramme a éteé initié suite a la demande
de la communauté urbaine de Lyon de les appuyaresie problématique.

Inspiré par I'expérience Allemande en ce domainpagticulierement les travaux de Uhl et
Dittmer (2005) , nous avons voulu faire évoluemptecédé sur différents points (Meyer et
al.,2013) pour d'une part pallier aux problématgwgs’ils rencontraient et, d'autre part,
faciliter la gestion de la pollution particulaire éraitant & la fois les boues sur le filtre
(alimentation en eaux usées brutes). Le passagstatut de prototype a un dispositif
opérationnel nécessitait cependant une validatienprojet SEGTEUP visait a développer,
optimiser et valider un procédé extensif de tragetnll a été suivi du projet ADEPTE
(financé par TONEMA et les Agences de I'eau) enrsoencore actuellement. De méme nous
avons collaboré avec 'TENGEES dans le cadre d’'twesed (Duclos, 2014) sur le traitement
des eaux pluviales strictes par filtres plantés awefocus sur les micropolluants (Schmitt et
al., 2015).

Le systéme mis en place, a l'instar de ceux dépés@n Allemagne, se compose d'un filtre

a écoulement vertical a débit de drainage régutéddfissurer une régulation hydraulique de

I'épisode pluvieux et la filtration des particulés particularité du systéme développé dans le
projet consiste a alimenter le filtre sans décamigbréalable ainsi qu’'a mettre en place une
partie saturée en fond de filtre pour éviter legsst hydriques en périodes de temps sec
prolongées. Pour cette raison, et pour assurebanee aération du milieu en temps sec afin
de minéraliser le dépdt organique, un drain d’@@maet mis en place au-dessus de la partie
saturée (cf. Figure 53).

Sy -
/ /_I ﬁé::n
/

/_1 By-pass

Lignedesurface

Jégrilleur

weemeni Mamage

Galets de Ir
dizsipation

Couche de filtration iy /
= AT - e !
J0em '-‘I s

L
Drainage régulé /
|
Réserve hydrique

A
Couche de transition .-—"";f
A
1

~20cm ®

Géomembrane I_/

Couche de drainage
~-30/40cm

e

Figure 53 : Coupe schématique du filtre & écouleménertical variablement saturé mis en ceuvre pour le
traitement des eaux urbaines de temps de pluie (Melet al., 2013b).
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Ces modifications nécessitaient de mettre en caunaegranulométrie de sable plus grossiere
que celle utilisée dans le systeme Allemand. Novossdonc testé sur 9 pilotes de 20 m2 (cf.
Figure 41), différentes mises en ceuvre (type deupanétrie, hauteur de matériaux de
filtration et type de matériaux, Molle et al., 201®our améliorer les performances de
nitrification, de la zéolite a été mise en ceuvre ®ertains pilotes pour adsorber l'azote
ammoniacal pendant les épisodes pluvieux (filtteréq et nitrifier en temps sec (filtre non
saturé). Le suivi realisé pendant le travail des¢héle Julien Fournel (2012) a permis
d’évaluer les performances épuratoires des systetras déterminer les relations nécessaires
a leur détermination (cf. Figure 37 : corrélation 2 étapes pour le calcul des performances
sur la DCO (dissoute et particulaire) et les ME&u@he) et isotherme d’adsorption en 2
étapes de I'azote ammoniacal (droite) (Palfy et28l15)Figure 37). Sur cette base nous avons
pu dimensionner un site en taille réelle actuell@m& I'étude dans le cadre du projet
ADEPTE et de la these de Tamas Palfy (2016).

Cette premiere étude a permis de fournir a la peid@ des regles de dimensionnement,
statiques, synthétisées dans le cadre d'un guid#léMt al. 2013b). Elles se résument en
trois étapes :

» simulations hydrologique et hydrauligue du bassiersant et du réseau en
fonctionnement

» Catégorisation des pluies a traiter a l'issue d'analyse fréquentielle des événements
pluvieux (dans le cas d’'un traitement des eauxuteesse : ayant provoqué un ou
plusieurs déversements) — construction d’'une pligedimensionnement (pluie de
projet)

* Dimensionnement du filtre a partir de la pluie dejgt définie a I'issue de I'étape
précédente. Ce dimensionnement se réalise actwritede maniére statique par
sécurité, mais le projet ADEPTE permettra de l'mjger par un dimensionnement
dynamique.

Les figures ci-dessous illustrent la démarche deedsionnement. La premiere étape (cf.
Figure 54) détermine si la solution technigue aisable ou non pour traiter les rejets urbains
de temps de pluie. Elle repose principalement @womparaison du drainage en 24 h (voire
en 30 h pour les cas extrémes) du débit a traiterc de débit de fuite autorisé
reglementairement.
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Figure 54 : Synoptique de la démarche pour la détemination de la faisabilité technique (Molle et al.,
2013b)
Le dimensionnement se réalise en deux étapes.i&mad dimensionnement hydraulique de
I'ouvrage (cf. Figure 55 gauche) qui permettra égaant de garantir des performances sur les
parametres DCO, MES et DBO5, et une autre liéepauformances relatives a la nitrification

de I'azote ammoniacal (cf. Figure 55 droite).

5 événements pluvieux
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L ¥ I mesuré
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Velume de stockags Flux max de NK

Frequence de flaquage
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Hauteur de surverse

Durée max de temps sec
estivale A

Surface de filtre

Hauteur saturée

Figure 55 : Synoptique de la démarche de dimensioement hydraulique (gauche) et pour des objectifs de
nitrification (droite) de I'ouvrage.

Pour chaque étape des synoptiques, les regledale eala méthodologie ont été explicitées
sur la base du retour du projet SEGTEUP de mardegider les opérateurs dans la

réalisation de systemes de traitement.
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4 Perspectives de recherche sur les filtres plantés

Convaincu de la nécessité pour une équipe telle lguedtre de conduire des travaux
répondant a de réels besoins opérationnels, dest et angle que je définis et présente ici
mes perspectives de recherche. Les demandes opésdles peuvent provenir des maitres
d’'ouvrage eux-mémes, c’est-a-dire de leurs besemassainissement, aussi bien que des
enjeux environnementaux (protection de la qualigs dnilieux aquatiques) voire de
considérations plus globales d’ordre sociétal. Ensens, les thématiques de recherche a
aborder ne s’appréhendent pas a la méme échetbenghs ni d’espace.

L’application opérationnelle des recherches firg@sque nous développons exige cependant
pour étre pertinente de se construire sur la conemsion fine des mécanismes mis en jeu et
de leurs parametres déterminants. Cette partiepgésentée par la suite, en ayant a I'esprit
gue chaque étude opérationnelle peut apporteralaisagjes sur les mécanismes qui peuvent
étre utiles pour 'ensemble des applications.

4.1 Recherches opérationnelles

Ce chapitre traite des pistes et perspectives adeerehes opérationnelles principales qui me

semblent stratégiques pour 'amélioration des sysgede traitement et leur développement.

Ces thémes ne sont toutefois pas exclusifs congete tles nombreuses potentialités des

systemes extensifs en termes de traitement daseeff. Pour reprendre la structure des

domaines d’application du theme de recherche ddrsiédié au traitement des eaux useées, la
présentation est axée sur les trois domaines sgudds nous travaillons : les eaux usées

domestiques, le traitement des boues et des sasvdesdéversoir d’orage (cf. Figure 56).
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Figure 56 : Pistes et perspectives de recherche daes trois domaines d’application majeurs.

Ces pistes sont présentées ci-apres en se focaisamemier sur les actions a court et moyen
terme avant d’aborder celles a plus long terme.

4.1.1 Eaux usées domestiques

Les collectivités rurales (moins de 2000 EH) orgédde de systemes de traitement fiables,
robustes (résilients) pour accepter les variatimgsharges inhérentes a ce type de capacité.
De méme cette gamme de capacité induit inéluctadsieome maintenance légere et de faible
technicité. En ce sens la filiere « francaise s>ssitgue répond tout a fait a cette demande
« terrain ». Elle connaitra par conséquent un efigor encore notable bien que le parc
francais de stations d’épuration soit déja bienetdhpé. Néanmoins, des développements
seront encore nécessaires pour d’'une part travalie la problématigue des matériaux
spécifiques, soit pour améliorer les performaneaste, phosphore) soit pour faire face a la
difficulté de trouver localement des matériaux aélapDe méme, compte tenu du nombre
important de petites stations d’épuration en Fra8€e% des stations ont des capacités de
moins de 1000 EH), il y aura toujours un renouvedat important du parc a réaliser. Le parc
vieillissant étant composé de stations mettant emeades types de traitement différents des
filtres plantés, il conviendra de déterminer dege® d’associations des filieres afin de garder
les infrastructures encore utilisables et ainsinéauiser les deniers publics. Enfin, une
nouvelle génération de filtres plantés, mettanbarvre de I'aération forcée, nécessite d'étre
étudiée afin d’encadrer son développement. Cette&rgéon pourrait trouver de nouveaux
domaines d’applications la ou les filieres class&ggont moins compétitives (grande capacité,
variations de charges, traitement poussé de I'aglotsal, décontamination).
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e La problématique des matériaux
Sur les filieres actuelles, que je nommerais dssa@es, certaines problématiques non assez
fouillées demandent un effort pour répondre a uemahde terrain de plus en plus forte a
I'échelle mondiale. C’est le cas de la probléematigaes matériaux.
Les matériaux sont parfois difficiles a trouverdtsment et leur transport colteux. Ce travalil
est déja en cours avec I'étude des filieres neameftas en ceuvre de sable mais pourrait étre
élargi par la recherche de matériaux alternatifiineds ou artificiels, résistant, Iégers, poreux
... qui permettrait des applications dans des zogegrgphiques particuliéres (Département
d’outre-mer, pays en voie de développement) ouirdpmentations de systemes dans des
configurations particuliéres (zone non accessillevéhicule, intégration des systemes de
traitement dans les batiments, par exemple). Aarteges connaissances actuelles sur les
matériaux et leurs propriétés recherchées, deauxagourraient étre menés pour diversifier
I'offre des possibilités et accroitre la soupleg&daptation de ces systémes aux contextes
locaux. Cela permettrait également de diminuerpact environnemental des filieres et ainsi
leur rendre un avantage compétitif supplémentali@vanir.

L’'usage de matériaux spécifiques est égalementesgant pour la rétention des nutriments.
On l'a vu, l'usage de zéolite est déja a I'étuderpéamélioration de la nitrification. Il sera
nécessaire de continuer a travailler sur cettel@nodtique a I'avenir pour fiabiliser la filiere.
De méme, des matériaux spécifigues sont déja adilpour le traitement du phosphore
(apatite et laitiers, dans une moindre mesure)seita donc nécessaire de suivre les
installations en taille réelle afin de bien évalles procédés et corriger, si nécessaire, les
regles de dimensionnement et de gestion.

» Le renouvellement des stations d’épuration
En France d’apres la base de données du minisdiéodlogie et du développement durable,
en 2013 nous comptons 18183 stations d’épuratibectives de moins de 5000 EH (16 433
de moins de 2000 EH). Sur la base d'une espéramogedde trente ans cela nécessite la
refonte de I'ordre de 600 stations par an sur wamerge de capacité ou les systemes de filtres
plantés peuvent étre envisagés. Compte tenu deplaarité de ces derniers actuellement, il
est fort probable gu’ils continueront a se dévedpge maniere soutenue dans les années a
venir. Cependant cela nécessite deux conditioneures :
En premier lieu, le parc de filtres plantés étaobglement assez jeune (si la plus vielle
station en fonctionnement a trente ans, la fil@reellement démarré au début des années
2000), il conviendra de s’assurer que la filiereeamix usées brutes vieillisse correctement.
Pour cela, il est nécessaire a court terme d’étleleconditions de vieillissement de la filiere
afin de déterminer les regles de conception eted#ian qui garantissent un non colmatage
des ouvrages.
Ensuite, il est a noter que sur les 18183 statamsnoins de 5000 EH seules 19 % des
stations sont de type filtres plantés. Dans unatibjde réduction des codts d’investissement,
le renouvellement des stations d’épuration néaesbévaluer les associations de procédés
dans le détail de maniére a garder les ouvragesewpérationnels s’ils peuvent apporter un
intérét éeconomique et/ou technique. Ceci a déjalétéde lors des études d’association des
filieres filtres plantés avec le lagunage natumrejs sera également a réaliser avec les autres
types de procédés (lits bactérien, disques biolegigboues activées, filtres a sable ....) qui
composent le parc frangais. La faculté d’adaptaties systemes extensifs de traitement est
un atout majeur pour leur développement dans le.fut
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* L'’intensification des filiéres : I'aération forcée.
L’intensification des filieres de traitement a fadn entrée il y a quelques années au niveau
international (Nivala et al., 2007). Ces filieregppliquées initialement au traitement
d’effluents non domestiques, ont montré leur irit@ur rendre les systemes plus efficients
tout en maitrisant la consommation d’énergie. Agdies maintenant pour des eaux usées
domestiques (Nivala et al., 2013 ; Van Oirschotl40 elles ont un réel attrait dans des
contextes de variations de charges ou de fonciicild. Elles pourraient notamment
permettre d’accéder a des capacités de traitemgydrisures a celles des filtres plantés
actuellement. S’il n’existe encore aucune référamcé&rance, elles sont déja proposées sur le
marché et devraient voir le jour trés prochainemiestiea, compte tenu de ses missions, devra
nécessairement accompagner le développement digde. fCependant, il semble nécessaire
des a présent d'engager des travaux de recherchenaggére a mieux maitriser les
performances des ouvrages. Que ce soit des fiftl@stés a écoulement vertical saturé,
horizontal, ou des «rock filters », 'implémentatide I'aération forcée est trés récente et
nécessite, a l'instar des boues activées, des ndw® poussées pour bien comprendre les
facteurs impactant les transferts d’'oxygéne dassocgrages ainsi que les conséquences sur
'hydraulique. Le fait qu’lrstea, par le travail gees collegues travaillant sur les procédés
intensifs, comporte une grande expertise de l'aégratans les systemes intensifs, offre une
réelle opportunité d’accélérer les connaissancesipa&ravail collaboratif et structurant sur la
problématique de I'aération. Les objectifs de énmiént visés étant aussi bien le traitement de
l'azote global que des germes pathogenes, cetierefilverra sans aucun doute un
développement pertinent dans le futur.

4.1.2 Traitement des boues

Depuis la publication du guide sur le traitemens @eues par lits de séchage plantés de
roseaux les pratiques évoluent aussi bien en tedmedmensionnement que de gestion. D’un
point de vue opérationnel, la nouvelle applicatantraitement des matiéres de vidange des
fosses septiques nécessite d’étre suivie finentemteffet les premiéres recherches ont été
réalisées a I'échelle pilote (2m?) et une statiortaglle réelle est actuellement suivie. Elle a
été dimensionnée suivant les regles établies @amsidle sur le traitement des boues (Molle et
al., 2013). Cependant, compte tenu des extréméetivas de qualité des matieres de vidange
et de la jeunesse de I'application, il sera nédesstans le futur d’organiser des suivis sur
plusieurs installations de maniere a consolider E®naissances et modifier les
recommandations, le cas échéant. De méme, le eérams ces techniques en milieu tropical
pour les départements d'outre-mer pose de nomlweupeestions aussi bien de
dimensionnement (dont le type de plante a utilispre de gestion. Ces actions seront
primordiales pour assurer un développement optirdeara filiere dans le futur.

4.1.3 Traitement des surverses de déversoir d'orage

A linstar du traitement des matiéres de vidangefiliere de traitement des surverses de
déversoir d’orage est récente. Si un premier ghat® sur un dimensionnement statique des
ouvrages a été réalisé, il est important de défide nouvelles regles pour un
dimensionnement en régime dynamique. Ce travagresburs et sera terminé prochainement
(these de Tamas..). Cependant, il conviendra pasuiee, non seulement de suivre les
nouvelles réalisations qui vont étre mises en ogpwue accompagner la filiere, mais aussi de
s’assurer de I'adéquation de l'outil d’aide au disiennement en cours de développement
avec la réalité terrain.
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4.1.4 Outil d’aide au dimensionnement et a la gesti  on des installations

Le choix des techniques de traitement des eauxseédeur dimensionnement est une étape
complexe influencée par de nombreux facteurs (ténatiques des eaux usées, niveaux de
rejet requis, usages, contexte environnementalpaiwimue et social). D’'une maniére
générale, quelle que soit I'application, le choixle dimensionnement d’'une technologie
nécessite plusieurs étapes d’'analyses pouvant rétativement longues. De par mon
expérience d’appui aux collectivitts ou d'expertiskans les choix des projets
d’assainissement des petites et moyennes collEesyij'ai pu réaliser combien les maitres
d’ceuvre (qui choisissent et dimensionnent les @esade traitement) ont une vision
relativement focalisée sur un nombre limité deé&@ysts. Cela traduit, a la fois un manque de
formation (ou de transfert de connaissances deatades experts) ainsi qu’un manque de
temps pour réaliser une étude adaptée a chaquext@nAussi, le développement d’outils
d’aide non seulement au choix des systemes d’assament mais de leur dimensionnement,
serait d’une utilité cruciale a la fois pour legémieurs des projets d’assainissement et les
collectivités. Au sein de I'équipe, des modelespdifiés sont développés a I'échelle de la
technique de traitement. S'’il sera nécessaire deinuer cette approche dans le futur, il
conviendra également, en intégrant différents asteliélaborer des outils prenant en compte
les aspects économiques, environnementaux, d'at@mptsociale (importante dans des
contextes de cultures différents du modeéle frapcais

De méme, certains systemes de traitement, lorsgfdihctionnent dans des conditions
proches de leurs limites (lits de séchage plardé&x.) ou dans des contextes de variations de
charges, nécessitent un suivi plus rigoureux palapter la gestion afin d’éviter des
dysfonctionnements et garantir un niveau de tratgndonné. Cependant, les systemes
extensifs de traitement comportent généralementdeemétrologie et de moyen d’observer
les dérives temporaires. On note une demande égguli’'outils permettant de faciliter la
gestion des ouvrages, qui devront répondre a dbjectifs. En premier lieu, développer une
métrologie spécifique pour ces systemes de traitenten effet, si de nombreux outils de
meétrologie sont communs quelles que soient lesntgaks de traitement mises en ceuvre
(sondes ioniques spécifiques, sondes spectrophtigoes ...) elles permettent
principalement de faire des mesures en entrée sbrtie des filtres plantés. Par rapport a la
problématique récurrente de la maitrise du colneathes filtres plantés, il serait intéressant de
développer des outils simplesietsitu de contrdle des ouvrages de traitement. Si certaih
été développés pour I'assainissement non coll¢Btiéul et al., 2013), il reste des pistes
innovantes pour obtenir des données internes ebr@imu des ouvrages.

Deuxiemement, I'utilisation de capteurs pour ladwgte des installations nécessite également
le développement d’outils d’aide a la gestion quiegrent les informations issues de la
métrologie mise en ceuvre. Les applications évidetéecette approche concernent a la fois le
traitement des boues mais aussi toutes les appfisatjui voient des variations de charges
importantes et pour lesquels un dimensionnementhprodes limites du systéme est
nécessaire. Cela permettra d’adapter les réglagis spient hydrauliques (recirculation), ou
liés a des apports externes (aération, réactif ...).

4.1.5 Application dans les pays du sud

L’assainissement des pays en voie de développam&etun enjeu majeur pour améliorer les
conditions de santé. L'implémentation de I'assa@imsent est généralement lent et parfois les
investissements sont réalisés sur des infrastesfoeu ou pas utilisées car mal adaptées a la
demande locale (Okurut et al., 2015). Il est estime de I'ordre de 30 a 60 % des techniques
réalisées ne sont pas utilisées (Bouabid et LEOES). L'intérét des techniques extensives de
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traitement dans ce contexte est évident. Elleseplesg une forte souplesse d’adaptation, sont
simples de gestion et nécessitent une main d’ostvdes matériaux principalement locaux
permettant une meilleure acceptation par un jeatella local.

L’expérience acquise en France, ainsi que la prnoatigue de transfert et d’adaptation d’'une
technologie acquise pour l'adaptation dans milisapital des départements d’outre-mer
francais, nous permettent d’étre & méme de menrerétieles déportées dans des pays et
contextes différents. En plus de lintérét lié anjeux de I'assainissement dans ces zones
géographiques et de la pertinence de la techniguilittes plantés, cette thématique nous
permettrait d’'un point de vue scientifique d’acaédedes données issues de contextes
différents de ceux rencontrés en France métropmditdPar conséquent, cela nous permettrait
également d’accroitre nos connaissances sur le adement de ces systemes de traitement
face a des conditions particulieres (de tempéraplugiométrie...)

4.1.6 Adaptation face aux évolutions sociétales

Les sociétés vont étre, et sont déja pour certpays, confrontées a des problématiques
environnementales fortes, notamment liées au clmaagieclimatique et a 'augmentation de
la population, qui vont demander des adaptatioes. @oblématiques se traduisent par une
raréfaction de I'eau de qualité, particulieremanpériode de sécheresse, alors que les usages
et les besoins augmentent. L’évolution de la gasdi®’eau au cours du temps (cf. Figure 57)
a évolué depuis une vision de santé a une visiosédarité (hygiéne, inondation). De nos
jours, la gestion se base sur la protection devzifennement et depuis peu vers une meilleure
gestion des ressources et la réintégration de Weans 'organisation sociétale. Le terme de
« water sensitive cities » émerge de plus en pllukésigne I'objectif de créer des villes qui
interagissent avec le cycle urbain de I'eau de erana sécuriser les usages des difféerentes
ressources en eau, améliorer et protéger les mileantroler les inondations et créer dans la
ville des espaces qui permettent de récolter lex,das nettoyer et les reutiliser. Si I'on
réalise aisément 'intérét pour la gestion et &tément des eaux urbaines de temps de pluie,
cela se traduit également par une gestion etisaitdn locale des eaux usées. Cette évolution
devrait a moyen/long terme ouvrir aux techniqueseresives de nouveaux territoires
d’application, d’abord en milieu rural ou péri-umanais pourquoi pas dans des centres,
permettant de rendre a la société des espacesalig@getrécréatifs tout en favorisant une
gestion locale des eaux. Cela nécessitera de lteavsiur différentes problématiques, aussi
bien techniques (quels matériaux, quelle interedifie, comment sécuriser la santé humaine
...) gu’'urbanistique et d’acceptation sociale. llasdonc intéressant de construire des projets
de recherche en intégrant d’autres acteurs que deuraitement des eaux, notamment des
urbanistes et architectes.
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Cumulative Socio-Political Drivers
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Figure 57 : évolution des principes de gestion d&hu au fil du temps (Brown et al., 2008)

Parmi les différents besoins auxquels il faudra pbablement faire face, deux thématiques
peuvent se différencier par le contexte d’'urbaiesamonde rural, ville) ainsi que I'échelle
de temps (besoin a court/moyen terme et a moyantieme), en se focalisant sur la place
des filiéres extensives dans ces contextes.

La premiére adaptation concerne une accélératida geoblématique de la réutilisation des
eaux useées traitées (REUSE) et de ses nutrimeet®e @roblématique est déja d'importance
dans les pays du sud, mais tres peu développémeroeralors que les problemes de ressource
en eau se font sentir régulierement notamment ee meéditerranéenne. Si dans des villes
trés urbanisées les choix se tournent vers degrmagst de traitement centralisés avec des
techniques intensives, en contexte décentraliséecbgiques ne sont pas adaptées. Il est dans
ce cas pertinent de mettre en ceuvre des systéntesitdeent extensifs, décentralisés pour
organiser une réutilisation locale. Il faudra d@nkavenir proposer des filieres de traitement
fiables, de gestion simple, pouvant répondre &uifits niveaux de rejet suivant les usages
requis. Une des problématiques que lI'on peut aiséribler est celle liee aux germes
pathogénes. Cette thématique nécessitera de cafabwec des partenaires de différents
domaines scientifiques, notamment ceux liés auknigoaes d’irrigation (colmatage des
systémes d'irrigation) ou au monde agricole (trarisfde polluants dans les plantes, dans le
sol ...). La problématique du REUSE a été abordées darprojet sur le traitement des
matieres de vidange de fosses septique ou le pertcailté est utilisé en irrigation de culture
d’arbres pour produire du bois de chauffe. Celaalgar la suite étre généralisé a différents
types de réutilisation pour guider les opératearssdeur choix de gestion globale des eaux.

L’autre évolution, liée a la réutilisation, concerhinsertion des systemes de traitement en
milieu urbanisé pour une gestion locale des eaersfives cities). Si I'on voit dans de
nombreuses villes le succes de la réintroductiotiedel (espaces récréatifs aménages) dans
les villes, travailler avec des eaux usées oum@sede pluie nécessite plusieurs adaptations :
* En premier lieu la question des pathogenes serartangie afin de garantir la sécurité
des personnes. Garantir la sécurité des persor@uessite de pouvoir contréler le
traitement et réagir rapidement en cas de dysfomoément. Surtout si 'on développe
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des systémes intensifs, il sera vraisemblablem@atassant de mettre en place une
meétrologie en ligne capable d’interagir avec leglages de la station. Ce point de
contrble métrologique des installations est plualiste en milieu urbanisé ou la
technicité des opérateurs peut étre mobiliséediaaht et rapidement, qu’en milieu
rural ou les stations sont éloignées les unesutessa

* L’introduction de filieres de traitement dans dedradstructures urbaines peut
nécessiter de travailler sur des systéemes plusddpeir ne pas fragiliser les structures
architecturales. Cela rejoint la nécessité de iitavasur les types de matériaux a
mettre en place.

« Compte tenu de la problématique du foncier, listBoation des filieres, par
I'aération forcée par exemple, pourra étre nécessai

Ces actions, non exhaustives, sont des pistesfldgiod pour s’adapter a I'évolution future
des besoins de notre société.

4.2 Verrous scientifiques associés

4.2.1 Colmatage

La problématique du colmatage des filtres planségiéntérét depuis de nombreuses années,
au niveau international, mais n’a pas pu aboutin@ description fine de la dynamique des
processus. Une avancée a été réalisée dans laaxrdg Samso et al., (2015) sur la partie de
la modélisation du colmatage biologique dans l#sesi a écoulement horizontal. Or le
systeme francais, avec une alimentation en eawesus#ites, de fortes charges appliquées et
l'alternance de période d’alimentation et de repest, particulier. Compte tenu du nombre
importants de filtres en fonctionnement en Fraiicest de plus en plus urgent d’étudier la
dynamique du colmatage de ces systemes afin dauséaigde la mise en ceuvre des conditions
de fonctionnement et de gestion des ouvrages pemet’ éviter des colmatages précoces.
Non seulement le colmatage biologique sera a atudiés également le colmatage physique
(capture des MES) ainsi que la dynamique de miisétadn de la matiére organique
accumulée. Il y a, sur cette thématique, des lierts a construire avec le laboratoire LGCIE
de I'INSA de Lyon.

4.2.2 Modélisation

La modélisation mécaniste est un outil qui permigité&hrer 'ensemble des connaissances
acquises sur les processus de traitement. Faceanlplexité des phénoménes mis en jeu
dans les filtres plantés, continuer de travaillerla modélisation mécaniste est une nécessité
afin de lier 'ensemble des expérimentations réaks Cette tache, prise en charge pour
I'équipe par mon collegue Nicolas Forquet, devra poursuivie et approfondie.

En premier lieu, au regard des différents travaéalisés au niveau international sur la
modélisation des filtres plantés (Meyer et al. d015semble nécessaire de mutualiser les
forces des quelques équipes internationales tlamtisur la modélisation mécaniste. Ce
travail a déja éte initié entre I'Université Polgtmique de Catalogne et Irstea et doit I'étre a
plus grande échelle. Ceci nécessite une coordmalés travaux ainsi que le maintien d’'une
dynamique difficilement réalisable par des expeaies modélisation sous des contrats
temporaires. Compte tenu des travaux que nous axeaisés dans ce domaine ces 6
dernieres années, et grace a l'intégration pérdendicolas Forquet dans I'équipe fin 2009,
et ses compétences dans le domaine, il me semtilaem qu’lrstea prenne en charge ce
travail dans les années a venir.
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Au niveau international, les travaux de modélisatge sont accrus en utilisant ou développant
des modeles différents. Une des contraintes dainsrtnodeles, notamment Hydrus CW2D
qui est largement utilisé dans le domaine, estedpauvoir avoir acces au code et donc de le
faire évoluer. Or, nous avons montré les limites gaut avoir son utilisation pour simuler les
processus impliqués dans les filtres plantés. &f&tt de mutualiser les forces se trouverait
renforcé si la communauté scientifique s’attachaittravailler sur un modeéle ouvert
comportant différents modules suivant les mécarssmee les utilisateurs voudront
représenter. Cela permettrait de faire évoluer dEngemps un méme modéle sans
recommencer des travaux déja réalisés. Le logit@MSOL est une solution pour avancer
dans cette direction mais comporte l'inconvéniemtng pas étre libre. Des questions et des
choix sont donc a réaliser dans un futur proche.

L’ensemble des travaux nécessaires pour optimesembdeles sont nombreux. On I'a montré
pour le systéme francais, ils concernent aussi hieae meilleure prise en compte de
'hydraulique hétérogéene, du transport solide, deptoblématique de colmatage, qu’une
validation des processus biologiques (issus depéarnce des boues activées, ASM) et de
'aération. De nombreux travaux ont déja été réalimais généralement les modeéles sont
calés pour des expérimentations de court termerssysteme bien précis. L'élargissement a
des contextes différents (type de granulométrieofopdeur des matériaux, charges
appliguées, conditions climatiques ...) est génératgndélicat (Morvannou et al., 2015b).
Cela montre I'étendue des travaux qu’il reste digéa Il faudra pour cela définir des
méthodes robustes de calage et de validation delelesainsi que développer des outils
expérimentaux spécifiques pour une meilleure cohggion des processus. L'arrivée des
outils de microbiologie moléculaire en font pammais d’'autres sont également nécessaires
notamment pour mieux caractériser la dynamiqueotfeatage des ouvrages.

De méme un nouveau domaine sera a développer égdletans les années futures, lié a
l'arrivé des systemes d’aération forcée. Si noumawau sein de I'équipe des spécialistes de
la modélisation de I'aération des boues activées;hamp est nouveau dans le domaine des
filtres plantés. Il conviendra donc d’intégrer lewompétences de maniére a bien représenter
les transferts d’oxygene dans les filtres, I'impaat I'hydraulique et définir des regles de
dimensionnement de contréle de I'aération pouiratte des objectifs ciblés.

La modélisation mécaniste est, certainement poelgges années encore, délicate de prise en
main pour l'ingénierie. Méme si cela reste un ofifex long terme, il faudra continuer le
travail parallele de développement de modéles #idgpld'aide a I'ingénierie. Cela concerne
aussi bien des modeles d’aide au dimensionnememtdas systemes ou contextes (temps de
pluie par exemple) précis, que des modeles d’'aidehaix des systémes d’assainissement. En
effet, aussi bien les bureaux d’études que lesayestires ont besoin d’analyses globales
pour déterminer quels sont les meilleurs choixtétligues (réseaux d’assainissement -
stations d’épuration - usage) et techniques (qusiéemes de traitement) a realiser. Cette
approche devra étre couplée avec des travauxanalyse du cycle de vie avec nos collegues
d’Irstea de Montpellier spécialistes des ACV. Cemvdux serviront non seulement au
contexte frangais mais pourront étre étendus dabgettif de transférer ces connaissances
aux pays du sud ou les problématiques d’assainessesont criantes et ou les capacités
financieres sont faibles.
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4.2.3 Nouveaux outils pour 'amélioration des conna  issances

De nombreux outils expérimentaux peuvent étre qitég détailler le comportement du coeur
des systemes. Ce qui concerne I'hydraulique a é&adiscuté (cf. paragraphe 3.1.1.2) et
I'effort doit étre poursuivi. De nouvelles sondeblysgico-chimiques sont apparues ces
dernieres années comme les sondes redox et oxygesiku. Ces mesures, comme les
mesures en ligne des polluants (sondes spécifigddld4/NO3 ou sondes
spectrophotométriques) ont permis des avancées ldaosmpréhension des mécanismes.
Elles devront encore étre utilisées de maniéreésyatique et associées a des études
métrologiques spécifiques pour fiabiliser I'infortizé que nous pouvons en tirer. Cependant,
elles ne permettent pas d’avoir acces a des infosnsaliées a la biologie ni a la dynamique
de la matiére organique accumulée au sein des gaesir&our cela on peut citer deux pistes
qui ont fait leur apparition ces derniéres annees.

Les outils de microbiologie moléculaire se songdsment généralisés dans les sciences de
'environnement, et utilisés depuis peu dans le alom des filtres plantés. Ils permettent
d’étudier aussi bien l'activité que la diversitésdeommunautés microbiennes. Certaines
techniques permettent de quantifier les biomadsegénéralisant 'usage de ces techniques
nous pourrons avoir des données internes aux sgstgrour évaluer la dynamique et
'hétérogénéité de la distribution des communadtgstériennes en fonction de différents
dimensionnements d’ouvrages de traitement, des ittmm&l de fonctionnement et des
contextes environnementaux. Nous avons initié cgifgroche dans le cadre de la thése de
Daniele Damasceno-Silveira (2015, en cours de igaltion), afin de, a échelle pilote et taille
réelle, de quantifier les variations spatialestéises a un point d’alimentation, profondeur)
et temporelles (cycle alimentation/repos, saiségs, des filtre) des populations bactériennes
par difféerents types d'analyses (PCR, DGGE, qPCRségfuencage). Ce travail est une
premiére phase qu’il faudra poursuivre. Cela seva Beulement un moyen de mieux
comprendre les processus mais aussi de pouvolrtdisgu réalisme des modeles mécanistes
par des mesures internes des communautés bacesidnnsage de ces outils et de leur
interprétation nécessite une connaissance appriefal®dce domaine que nous ne pouvons
développer au sein de I'équipe. Il sera donc néiressle construire des collaborations de
long terme avec des équipes de microbiologistes.

Un autre domaine en émergence est lié a I'actéigetrochimique des micro-organismes.
Plusieurs recherches sont réalisées dans le dordainitement des eaux usées pour soit
produire de I'électricité, soit améliorer les penfances de traitement. Dans le domaine des
filtres plantés les recherches sont moins nombseuka encore cela nécessite un fort
investissement que I'équipe ne peut entreprendreeizanche, en lien avec les activités de
'équipe, il pourrait étre intéressant d’exploreactivité électrochimique des micro-
organismes pour étudier la dynamique du colmatageodvrages et pourquoi pas a terme le
contrbler. Les liens tissés avec I'UPC (UniversRélytechniqgue de Catalogne) sur la
modélisation pourraient s’étendre a ce domaine tengnu de leurs connaissances avancées.
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Treatment performances of French constructed wetlands:
results from a database collected over the last 30 years
A. Morvannou, N. Forquet, S. Michel, S. Troesch and P. Molle

ABSTRACT

Approximately 3,500 constructed wetlands (CWs) provide raw wastewater treatment in France for
small communities (<5,000 people equivalent). Built during the past 30 years, most consist of two
vertical flow constructed wetlands (VFCWSs) in series (stages). Many configurations exist, with
systems associated with horizontal flow filters or waste stabilization ponds, vertical flow with
recirculation, partially saturated systems, etc. A database analyzed 10 years earlier on the classical
French system summarized the global performances data. This paper provides a similar analysis of
performance data from 415 full-scale two-stage VFCWs from an improved database expanded by
monitoring data available from Irstea and the French technical department. Trends presented in the
first study are confirmed, exhibiting high chemical oxygen demand (COD), total suspended solids
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(TSS) and total Kjeldahl nitrogen (TKN) removal rates (87%, 93% and 84%, respectively). Typical France
concentrations at the second-stage outlet are 74 mgCOD L™, 17 mgTSS L~" and 11 mgTKN L~".

Pollutant removal performances are summarized in relation to the loads applied at the first treatment

stage. While COD and TSS removal rates remain stable over the range of applied loads, the spreading

of TKN removal rates increases as applied loads increase.

Key words | database, French system, treatment performances, vertical flow constructed wetland

INTRODUCTION

Constructed wetlands (CWs) have been proven to be effec-
tive and offer an attractive and sustainable alternative for
wastewater treatment technology for small communities
(<5,000 people equivalent, p.e.). The simplicity of operation,
maintenance and the low-operating costs are suited to the
limited resources that small communities are able to dedi-
cate to wastewater treatment. Moreover, CWs have a high
capacity for buffering hydraulic and organic load fluctu-
ations as well as high resilience.

After 30 years of development of CWs treating domestic
wastewater for small communities in France, about 3,500
plants are currently in operation. Most of them are composed
of two stages of vertical flow constructed wetlands (VFCWs) in
series, but many configurations exist (association with hori-
zontal flow, pond systems or conventional treatment
systems, one stage of vertical flow with recirculation, partially
saturated systems, etc.) (Aguilera Soriano et al. 2011; Prost-
Boucle & Molle 2012; Kim et al. 2014). Current practice usually
involves two treatment stages, with three units in parallel in the
first stage and two for the second, with successive periods of

doi: 10.2166/wst.2015.089

feeding (3.5 days), and rest periods (7 days at the first stage
and 3.5 at the second stage) to maintain permeability, oxygen
content and to control biomass growth (Liénard et al.
1990a, b). VFCWs are appropriate when the nitrogen forms
contained in wastewater have to be nitrified. A previous data-
base analysis was carried out 10 years ago on the classical
French system (two stages of VFCW in series), allowing the
global performances to be observed (Molle et al. 2005). Regard-
ing the French regulation for plants with a capacity between
200 and 2,000 p.e. (minimum chemical oxygen demand
(COD), biochemical oxygen demand (BODs) and total sus-
pended solids (TSS) removal efficiencies of 60%, 60% and
50%, respectively, or maximum effluent concentration of 35
mgBODs L™}, are allowed), this system achieves very good
pollutant removal efficiencies; it has an overall filtration
surface for both stages of 2 m?p.e.”!: >90% for COD, 95%
for TSS and 85% for total Kjeldahl nitrogen removal (TKIN),
in spite of fluctuations in organic and hydraulic loads, and
60 mgCOD L', 15 mgTSS L' and 8 mgTKN L~! as average
concentrations at the outlet of the system.
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If we focus on the first stage of VFCW, its design is based
on an acceptable organic load, often expressed as a filter sur-
face unit per p.e. Generally, the organic designed load applied
to the filter in operation is 300 gCOD m 2d !, 150 gTSS
m2d~! and 25-30 gTKN m 2d!; the hydraulic load is
0.37 md '. The originality of this stage lies mainly in the
fact thatitis fed with raw wastewater (and therefore the devel-
opment of a sludge layer over the years) as well as being filled
with a coarse granular media. Molle ef al. (2005) pointed out
that with a first-stage surface of 1.2 m?p.e.”!, it achieves a
COD and TSS removal of 79% and 86%, respectively, while
nitrification is incomplete at 50-60% of inlet TKN.

This study provides an assessment of the overall
reliability of the French system, particularly the first stage
of VECW, in order to make a more extensive database
than the one used by Molle et al. (2005). We collected and
summarized information about the design and operating
parameters of some of the two stages of VFCW currently
in operation. This paper gives an overview of the number
of plants, their design and their efficiency.

MATERIALS AND METHODS
Data collection

Currently, around 3,500 CW plants are in operation in
France. The data collection aimed to gather all possible infor-
mation on existing CWs in France: the type of filters, the
altitude of the CWs, the commissioning date, feeding and
drainage systems, and also filters’ characteristics (e.g., the
number of filters in operation, filter dimensions, particle
sizes, etc.). The database achieved consisted of about
700 CW plants with different configurations (association
between VFCW and HFCW or waste stabilization pond sys-
tems, VFCW with recirculation, partially saturated systems,
etc.). Among them, 67% are two stages of VFCW in series
and 6% have only one stage of VFCW. Thus, a sample of
415 VECW plants was selected to assess treatment perform-
ances with 24 h-flow proportional composite samples taken
from the inlet and the outlet of the CWs (carried out by the

Table 1 | Domestic wastewater characteristics in French rural areas (Mercoiret et al. 2010)

French technical department (SATESE) and Irstea). These
24 h-flow proportional composite samples included mea-
surements of COD, BODs, TSS, TKN, ammonia-nitrogen
(NH4N), nitrites (NO,N), nitrates (NO5sN), phosphate phos-
phorus (PO4P), total phosphate (TP), pH and conductivity,
when they were measured, according to APHA (2012).

In this study, we focused on the classic French system:
two stages of VFCW. Once the design characteristics and
the 24 h-flow proportional composite samples related to this
configuration were compiled in the database, a validation
step for these composite samples from the inlet of the first
stage of VFCW was performed. This approach was intended
to remove 24 h-flow proportional composite samples with
inconsistent results or that were considered outliers. Consist-
ency was verified by calculating the following ratios between
the different inlet pollutant concentrations as COD/BODs,
TKN/COD, TP/COD, TSS/COD,BODs/TKN, BODs/TKN
and NH4N/TKN and comparing them to domestic waste-
water values (Table 1) defined from a previous study about
domestic wastewater characteristics in French rural areas
(<2,000 p.e.) (Mercoiret ef al. 2010).

The removal efficiencies of the whole system and of
each stage were calculated in %, while applied and treated
loads of pollutants were expressed in terms of gm >d .

RESULTS
General description of the database

Among the information collected for the 415 VFCW plants
selected in the database we note the following:

e Among the two-stage VFCW plants with available data, the

average dimensions of the whole system is 2m?p.e. !,

divided between the first stage (mean: 1.2m°p.e.”;
min: 0.2 m?p.e.”; max: 3.8 m?p.e.”!; number of values:
136), and the second stage (mean: 0.8 m?p.e.”!; min:
0.1 m?p.e.”*; max: 2.7 m? p.e.”*; number of values: 133).

e The filtering material average depth of the first stage is
53 cm (SD: 14 cm; N=73).

COD/BODs TKN/COD TP/COD TSS/COD BODs/TKN BODs/TP NH,N/TKN
Mean 2.62 0.12 0.02 0.46 3.88 28.53 0.74
Range of variations Upper bound 3.93 0.18 0.03 0.79 6.50 47.01 0.97
Lower bound 1.83 0.06 0.01 0.23 1.90 12.60 0.50
Number of values 10,275 9,416 9,184 10,256 9,416 9,184 4,244
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The filtration layer of the second stage is composed of
sand and fine gravel stacked layers. The average depths
are 44 cm (SD: 20 cm; N=106) for sand and 26 cm
(SD: 10 cm; N =64) for fine gravel.

The average plant capacity is 469 p.e. (median 330 p.e.),
and 43% of the 415 VFCW plants have a nominal
capacity of less than 250 p.e. (see Figure 1, left).

The age of the plants ranges from 2 years for the most
recent VECW plant and 31 years for the oldest (mean
and median: 10 years and 9 years, respectively). Fifty-
five percent of the plants are between 7 and 11 years
old (see Figure 1, right).

Seventy-seven percent of the VFCW plants only treat
domestic wastewater and 78% of the VFCW are con-
nected to a separate sewer system.

The feeding system is mostly gravity-type (when the infor-
mation was available, we observed that 72 and 88% of the
first and the second stage of VFECW, respectively, were fed
without energy supply).
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Currently, the database contains 964 24 h-flow pro-
portional composite samples from all available configurations
listed in the database. Among these 24 h-flow proportional
composite samples, 535 correspond to the two-stage VFCW
configuration and 259 correspond to the output of the first
VECW stage.

Figure 2 presents the dispersion of COD, BODs5, TSS
(left) and TKN (right) concentrations measured in the raw
wastewater.

Mean and median concentration values are close for all
parameters (COD, BODs, TSS and TKN). In this sample,
90% of COD, BODs, TSS and TKN concentrations are below
1,036 mgL~!, 484 mgL ', 508mgL ' and 110mgL’,
respectively. The calculated values for this sample of two-
stage VFCW plants are similar to those obtained by Mercoiret
et al. (2010) (COD: mean=646 mg L' SD=395mgL%;
BODs5: mean=265mgL !, SD=171 mg L !; TSS: mean =

288mgL !, SD=226mgL'; TKN: mean=67mgL
SD=35mgL™ 1.
W Two-stage systems []Composite samples

LTI —

6 7 8 39 1011121314151517131920+
Plant age (years)

5

Figure 1 | Distribution of the number of two-stage systems according to nominal plant capacity (left). Distribution of the number of composite samples and the number of two-stage

systems according to plant age (right).

ﬁ 3 9.
i “ =N ‘
do !
50 | : % .
Elﬂ & EB*
el i ° =ty —r
1] ! = [} i
{:o I R c I
281 : : : 29 1
o 1 |
g2 : i 8o |
= e c
c
§ = !
00 ! ' co
CO- ' L o
8LO | O T
-
e i e 0 |
8 : £ !
Eo, —_t Ph— —— o’
T T
CcOD BODS5 78S TKN
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TSS and TKN, respectively. N: the number of values.
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The two-stage VFCW

Among all the plants identified in the database, the two-stage
VFCWs represent 380 plants. Moreover, 422 composite
samples are available from 119 different two-stage plants.
Generally, the plants feature hydraulic and organic loads of
about 94% and 54%, respectively, with large variations on
the first stage in operation (hydraulic load: mean =0.37 m
d™!, SD=0.39md !, min-max=0.05-2.20 m d"!; organic
load: mean=161 mgCODm 2d"!, SD =104 mgCOD
m 2d~!, min-max = 12-557 mgCOD m 2d"%).

Figure 3 presents the cumulative percentages for the
COD, BODs, TSS and TKN concentrations measured in the
wastewater in both the first-stage and second-stage outlets.

While the wastewater concentrations are spread over a
wide range of values, the concentration distributions at the
second-stage outlet are much denser and concentrations
are low. This densification of the outlet concentrations is
less apparent for TKN with a greater spread of values
(min-max: 1-93mgL~!). For the four parameters rep-
resented in Figure 3, the 90% of COD, BODs, TSS and
TKN concentrations are below 95mgL~! 22mgL~",
25mg L~! and 26 mg L™, respectively.
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Table 2 presents the average outlet concentrations and
removal efficiencies for COD, TSS and TKN calculated for
the global system. Removal efficiencies are 87%, 93% and
84% for COD, TSS and TKN, respectively. These values
are consistent with those calculated by Molle ef al. (2005)
(91%, 95% and 85% for COD, TSS and TKN, respectively)
even if the plants are older on average (55% of the plants
are between 7 and 11 years old, whereas most of the
plants were 4-6 years old in Molle et al. (2005)) and the
number of values is larger. The scatter of the outlet concen-
trations is greater than for the removal efficiencies, even if
the classic outlet requirements are respected (125 mgCOD
L%, 35 mgTSS L ! and 25 mgBOD5 L) even for pollutant
loads up to 2-5 times the nominal load. These concen-
trations depend on characteristics relating to design (filter
surface, height of filter material) and operating (hydraulic
loads). Therefore, the classical French system is still an effi-
cient and robust method for treating wastewater from small
communities.

Nevertheless, the overall efficiencies do not fully reflect
the efficiency of each stage. Indeed, if one of the two stages
fails to treat the pollutants, the other can compensate for
this dysfunction and smooth the removal efficiencies. It is

— Wastewater — First stage outlet Second stage outlet

200 400 600 800 1000

0
BOD; concentrations (mg/L)
— Wastewater — First stage outlet Second stage outlet
0 50 100 150 200

TKN concentrations (mg/L)

Figure 3 | COD (top left), BODs (top right), TSS (bottom left) and TKN (bottom right) concentrations for the wastewater (N =394, N = 386, N = 397, N = 325 for COD, BODs, TSS and TKN,
respectively), the first-stage outlet (N =250, N =243, N = 252, N = 228 for COD, BODs, TSS and TKN, respectively) and the second-stage outlet (N =395, N =388, N =397, N =

344 for COD, BODs, TSS and TKN, respectively).
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Table 2 | Effluent pollutant concentrations and removal efficiencies from the two-stage VFCW system

cobp TSS TKN
Outlet concentration Removal Outlet concentration Removal Outlet concentration Removal
(mgL ") efficiency (%) (mgL ") efficiency (%) (mgL ") efficiency (%)

Mean + X (N) 74 + 16 (417) 168 87 +2(409) 14 17 +6 (418) 64
SD

Molle et al. 66 + 13 (49) 46 91+3(49)46 14+5 (49) 18
(2005)

93+1(411)9  11+2(357) 13 84 +2 (329) 17

95+2(49) 18 13 +5 (49) 18 85+ 5 (49) 17

SD: standard deviation; N: the number of values; + X = 1.96*(SD/4/N): 95% confidence interval.

often the first stage that faces some difficulties in treating
TKN and the second stage that compensates for low TKN
removal efficiencies. That is why we focus on the treatment
effectiveness of the first stage.

Focus on the first stage of VFCW

Among all the plants identified in the database, the data
(including measurement at the outlet of the first stage) con-
cern 51 plants for a total of 252 composite samples.

As for the second stage, the concentration distributions at
the first-stage outlet (see Figure 3) are also denser compared to
the wastewater concentration distributions for COD, BODs,
TSS and TKN (but less dense than the distributions at the
second stage). In addition, TKN concentrations present a
larger range of values, from 1 mgL ™' to 105 mgL?, than
COD, BOD5 and TSS; 90% of COD, BODs, TSS and TKN con-
centrations are below 230 mg L™*, 80 mg L, 67 mg L' and
55mg L}, respectively.

Table 3 presents the average outlet concentrations and
removal efficiencies for COD, TSS and TKN calculated for
the first stage of treatment. These values confirm that the
main roles of this treatment stage are TSS retention
(removal efficiency of 83%) as well as degradation of part
of the COD (removal efficiency of 77%), as found in Molle
et al. (2005). The stability of COD and TSS removal efficien-
cies is clear in Figure 4 (left). Figure 4 displays the removal

Table 3 | Effluent pollutant concentrations from the first stage of VFCW

efficiencies for COD, TSS and TKN relating to their respect-
ive loads applied at the first stage (the dashed line represents
100% removal). Despite the high loads applied at the first
stage (up to 2 and 6 times the nominal load for COD and
TSS, respectively), the removal efficiencies for COD and
TSS are satisfactory with removal efficiencies greater than
80% and 91%, respectively. It highlights the robustness of
the system, i.e., how it can accept occasional overloads with-
out affecting removal rates.

For this treatment stage, TKIN removal efficiency is less
important (60%, 58% in Molle et al. (2005)) than that of
COD and TSS. As expected, treatment performances
decrease while the load increases. This has already been
observed by previous studies (Molle ef al. 2005, 2008) and
reflects the limits the filter can reach in terms of oxygen
renewal, hydraulic shortcuts and ammonium adsorption.

Nevertheless, Figure 4 (right) shows a wide dispersion of
the values even for loads under the designed load (25-
30 gTKN m 2d'). The fitting curve from Molle et al
(2008) (Figure 4, left) was obtained with a filter of 80 cm
made of gravel with intermediate aeration and good distri-
bution of effluent on the filter. It can be considered as a
reference curve since no dispersion on the nitrification
rate was measured, whatever the season and temperature.
In comparison with TKN loads from Molle et al. (2008),
the values from this study are widely scattered around the
curve. This highlights the greater sensitivity of the

cobp TSS TKN
Outlet concentration Removal Outlet concentration Removal Outlet concentration Removal
(mg/L) efficiency (%) (mg/L) efficiency (%) (mg/L) efficiency (%)
Mean + X (N) 126 + 11 (250) 90 77 £2 (250) 14 38 + 4 (252) 33 83+2(252)15 27 +2(228) 19 59 + 3 (223) 21
SD

Molle et al.
(2005)

131 + 20 (54) 71 79 + 3 (54) 10

33+ 6 (54) 19

86 =3 (54) 19 31+5(54) 17 58 +5 (54) 17
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loads.

nitrification process to design and operating conditions.
Many parameters can impact the nitrification rate, such as
design parameters (depth of material, particle size of the
media, batch feeding system, including distribution pipes,
and drainage pipes), as well as external factors (age of the
filter, temperature, hydraulic load (storm event and clear
water intrusion)), and operating parameters (alternation of
filters and day of feeding) (Taniguchi ef al. 2009; Stefanakis
& Tsihrintzis 2012). This graphical representation is not suf-
ficient for involving one or more specific design and/or
operation characteristics to explain the dispersions observed
around the general trend shown in Figure 4 (right). They cer-
tainly result from one of, or the combination of, several
parameters.

This database currently lacks precise design information
considering depth and particle size of the filtering media, as
well as in terms of maintenance quality. Thus, it has not
been possible to point out the main parameters that
impact on the nitrification process. Neither the hydraulic
load alone, nor the age of the filter (Figure 5) explain this
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Figure 5 | Treated TKN loads according to the TKN loads applied to the first stage of old
VFCW plants (aged from 13 to 20 years) according to the age of the plants
when the composite samples were made. N = 131.

dispersion. Whatever the age of the plants at which the
24 h-flow proportional composite samples is carried out,
the treated TKN load is satisfactory. This does not mean
that nitrification varies in unpredictable ways, but that the
database needs to be more informed on design parameters.
Indeed, when Molle et al. (2008) worked on one single
filter, they measured no dispersion on nitrification rate,
whatever the season and temperature. This stability might
be linked to the depth of the filters used (60 and 80 cm fil-
tration layer) and the particle size of 2-4 mm. Indeed, it is
in accordance with trend towards modifying the French
guidelines to narrow the particle size distribution from 4-8
to 2-6 mm and even 2-4 mm. In addition, when nitrification
requirements are stringent, using 60 cm of gravel is rec-
ommended for a single VFCW plant.

CONCLUSION

This study reviewed the performance of the two-stage
VFECW in series and the first stage of VFCWs alone, all of
them fed with raw wastewater. It was confirmed that the
two-stage configuration is robust and suitable for the treat-
ment of raw sewage. Moreover, we state the following:

e Performances observed in this study are consistent with
previous data sets. Over a wide range of plants aged
from 2 to 31 years (mean of 10 years), concentrations
measured at the outlet of the second stage and removal
efficiencies are substantially close to the previous study
conducted 10 years earlier on the same configuration:
74mgCOD L™ (COD removal efficiency of 87%),
17 mgTSS L' (TSS removal efficiency of 93%) and
11 mgTKN L~ (TKN removal efficiency of 84%).
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e Robust performances for TSS and COD for the first stage.
Values confirm that the main roles of the first treatment
stage are TSS retention (removal efficiency of 83%) as
well as degradation of part of the COD (removal effi-
ciency of 77%).

e Good but variable performance for TKN for the first
stage. There is a large dispersion of the treated TKN
load values according to the TKN load applied. Owing
to the lack of information relating to the design par-
ameters or operating conditions of the plants, no
characteristics have been highlighted for demonstrating
effects on the nitrification process.

A statistical study is currently underway, which aims to
explain the variations in TKN removal efficiencies observed
in the first stage. This effort entails filling in the missing data
in the database, and resampling values to avoid bias and to
better decompose the variance.
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Vertical flow constructed wetlands (VFCWs) have been very successful in France over the
last 5 years. The sizing of VFCWs is still roughly based on organic load acceptance with
slight clear water intrusion into the sewerage system which is often wrong in the context of
small communities. To specify the hydraulic limits would be of great help to Water
Authorities in deciding at what point is it preferable to build separate sewers rather than
adapt the wastewater treatment plant. The study of the hydraulic limits of reed beds, based
on the knowledge of hydrodynamics in unsaturated porous media, shows the ability of the
system to accept flow overloads. Measuring different parameters (flow, pollutant removal,
infiltration rate (IR), pressure head profiles) in pilot and full-scale studies, we explain the
hydraulic behaviour of the filter, and the role of reeds and batch frequency on the IRs.
Consequently, new hydraulic limits with accompanying sizing rules and operational
recommendations according to the level of deposit on the filter surface are suggested. The
study shows the robustness of reed beds systems as designed in France to accept hydraulic
overloads. Overloads up to ten times the dry weather flow are possible whilst still
complying with the European standards.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

wastewater on the first stage filters leading to easier sludge
management. If we add the low operation costs, it is easy to

Vertical flow constructed wetlands (VFCWs) have been very
successful in France over the last 5 years. The French
configuration deals with a two-stage systems with a first
stage treating directly raw wastewater on three filters in
parallel with alternating phases of feed and rest (see Molle et
al., 2005). Their success (more than 400 plants in operation
and 100 constructions per year actually in France) is due to
aspects such as the good performances obtained for SS, COD
and nitrification (Molle et al., 2005) and the acceptance of raw

*Corresponding author. Tel.: +334722087 06; fax: +33478477875.

E-mail address: pascal.molle@cemagref.fr (P. Molle).

0043-1354/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.watres.2005.11.026

understand this choice by communities of less than 2000p.e.
The sizing of VFCWs is still on roughly based organic load
acceptance (in terms of active area per people equivalent)
with slight clear water intrusion into the sewerage system as
indicated by Molle et al. (2005) where a recent overview of the
design and performances of this system in France is
presented. Nevertheless these assumptions are often wrong
in the context of small French communities where infiltration
or storm water can considerably increase the hydraulic load
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(About 71% of the plants are fed with separated networks, 10%
with partially separated sewers and 19% receive wastewater
from combined sewers). The biological activity can then be
altered trough a reduction of oxygenation capacity through-
out the media as it will be explained later on. In order to
secure durable filter operation it is important to estimate the
exact limits of hydraulic overloads. Regarding different
designs and utilisations of VFCWs, it is difficult to find any
consensus about hydraulic limits in the literature (see Cooper,
2003, for a review). To specify the hydraulic limits would be of
great help to Water Authorities in deciding at what point is it
preferable to upgrade the existing combined sewerage net-
work and to build separate sewers rather than to adapt the
type and the design of the wastewater treatment plant. This
provides also the opportunity of gaining greater insight into
the process within vertical flow systems.

Clogging of the filter is by far the biggest operational
problem of such systems and the acceptance of hydraulic
overload on VFCWs is also a risk for faster clogging of the
filter. Consequently, balancing correctly the organic load and
oxygenation renewal within the media is of great importance
(Platzer and Mauch, 1997; Kayser and Kunst, 2005). Indeed,
the key processes to secure a durable filter operation is to
optimise media aeration to ensure aerobic condition, control
the growth of the attached biomass and mineralise the
organic deposit resulting from the SS retention onto the top
of the filters.

Oxygen transfer into the media can be achieved by different
ways as (i) diluted oxygen present in wastewater (maximum
about 10mgl™?), (ii) convection due to batch loading and (iii)
diffusion processes. If dissolved oxygen present in waste-
water can be neglected compared to the oxygen need for
oxidation, it is not the case for oxygen supplied by convection
and diffusion processes, both mechanisms being dependant
of the feeding operation. Hydraulic overload affect these
phenomena trough the number and the volume of batches
and the duration of surface and filter dewatering. Schwager
and Boller (1997) and Kayser and Kunst (2005) showed that
diffusion processes are of great importance on oxygen supply.
Consequently, for a long-term functioning of the filters,
hydraulic overload obliges to optimise the volume of each
batch and the associated batch frequency, in order to promote
dewatering of the filter between batches, and thus promote
oxygenation. For identical hydraulic load (HL), favouring high
volume of batch feeding is positive to oxygen diffusion but
negative for hydraulic residence time of water and outlet
peaks of non oxidised pollutants are effective (Boller et al,,
1993). In contrary, favouring high frequency of batch feeding
is positive to hydraulic retention time but negative to system
oxygenation and control of wet deposit accumulation inside
or on the top of the media.

Water infiltration is brought about by forces of gravity and
capillarity. These forces are dependant of the soil character-
istics (grain size distribution, porosity, organic matter, struc-
tural and textural characteristics, water content...) which
evolve with time. But global behaviour of filters is not clear
because water content and flow mechanisms in unsaturated
media vary in a complex manner. The main problem is that
moisture content, matric potential and hydraulic conductivity
are sensitively interrelated.

As the current design of French VFCW gives good perfor-
mances for nominal loads (Molle et al., 2005), the aim of this
paper is to examine and explain the influence of different
parameters on the hydraulic behaviour of the filters and
consequently to determine the hydraulic overload accep-
tance. We only focus the study on the question: how the
hydraulic acceptance varies with the filter evolution (plant
growth, effect of age) and how the feeding operation can
modify water infiltration and performances? By this way,
batch feeding frequency and reed growth are studied in
relation to:

e The hydraulic conductivity (K). The effective hydraulic
conductivity of the filters is affected by (i) a non homo-
geneous biomass development throughout the media
depth, (ii) the presence of a deposit layer of organic matter
(up to 20cm in relation to the filter’s age) due to the raw
water filtration at the surface of the filters. These
successive layers present different conductivities also
affected by rhizomes development and stems growth.

e Pressure head profile. In optimal condition, the media is
not saturated just before each feeding period and leads to
obtain a negative pressure head within the filter. When
batch feeding occurs, the spontaneous change of water
amount on the filter surface induces a positive pressure
profile favourable to the water infiltration. These pressure
head profiles are also affected by reeds activity (evapo-
transpiration and conductivity) and media wetting during
the feeding. Of course feeding volume and batch frequency
affect the pressure head profile.

To evaluate the impact of hydraulic fluxes on the filter
performances, experiments were carried out using pilot-scale
and full-scale systems. A 200p.e. plant (Colomieu, France), in
operation since 1994, was studied over 2 years. Knowing that
filters are accumulative systems, different wastewater treat-
ment plants were monitored to observe the impact of the age
of the plant (and thus biomass and deposit accumulation
levels) on hydraulic capacity and removal efficiency under
hydraulic overload conditions.

2. Material and methods

Pilot-scale experiments were carried out to be able to work in
perfectly defined systems. Full-scale studies were used to
define the role of deposit layer, biomass development and
reeds on hydraulic capacities. Intermittent batch feeding was
used on each plant and pilot filter. All details of the
experiments can be seen in Molle (2003).

2.1. Pilot-scale experiments

Investigations were carried out on a 20cm diameter column
consisting of a core sample from the first stage filter of the
Colomieu plant (8 years of operation). From the top to the
bottom different layers were present: (i) 4cm of deposit layer
(dry matter: 30.2%; volatile suspended solid: 37.6% of the DM),
(ii) 37cm of gravel (dip=1.94mm; dgo =3.65mm) and (iii)
13 cm of 5/10 mm gravel to drain the column. Considering the
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small size of the column and the risk of heterogeneity, no
reeds were planted. Two periods of 2 months were used to
evaluate the behaviour of the media. Feeding was done with
tap water for the first period and settled wastewater for the
second one. Hydraulic loads applied ranged from 1 to
1.4mday * with organic loads of 250+70gCODm ?day *
for settled wastewater. Three feeding frequencies were tested
(2.4cm of water per 30min, 4.8cmh~! and 9.5cm per 2h) to
observe the impact on operational mode, hydraulic accep-
tance and treatment efficiency.

Hydraulic measurements: The column was equipped with an
electronic balance (manufactured by Thermonobel, Sweden)
in order to quantify the mass differences due to wetting/
drainage and biomass variations. Inflow and outflow mea-
surements were also realised via electronic balances (Fig. 1).
The balance measurements were collected through data
acquisition modules connected to a computer. The accuracy
for the column mass monitoring was about +5g (<0.02% of
the mass of the column). Infiltration rates (IR) were quantified
by measuring the level of temporary excess of water at the
filter surface. Micro tensiometers (SDEC 220, France) were
used to measure the pressure potential each 10 cm. Periodic
experiments with flow tracer impulse were carried out (as in
Schwager and Boller, 1997) using NaCl and electric conduc-
tivity measurements at the outlet of the column.

Chemical measurements: Biological behaviour of the column
was performed by classical chemical analysis (COD, dissolved
COD, SS, KN, NO3-N, NH4-N). All analyses were done using
French standard methods in the Cemagref laboratories.
Measurements were done on 12h-composite samples, but
efforts were also made to monitor treatment efficiency
variations with batches.

2.2. Full scale experiments

Three plants were studied to analyse the hydraulic capacity of
VFCWs (Gensac la Pallue, 1700p.e., 14 years of operation;
Colomieu, 200p.e., 8 years of operation; Evieu, 200p.e., first
year of operation). With the exception of Gensac la Pallue (8

measure of the level
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Fig. 1 - Golumn experimental scheme.

VFCWs in parallel as the first treatment step followed by three
ponds in series) the plants consist of two VFCW stages
designed according to Cemagref recommendations (Molle et
al., 2005).

The Colomieu plant was monitored over a two-year period.
Due to the combined sewerage system the hydraulic over-
loads presented great amplitudes and, furthermore, could be
modified with river water supply. The experimental plan was
composed of two periods: the first one was used to study
episodic overloads (1.5 year), and the second one, continuous
overloads (5 months). During the first period the plant was
studied under natural conditions (only natural storm events
were studied and no water coming from the river was added
in the influent). During the second period, river water was
continuously added to the batch-pumping unit (five times the
dry weather flow, about 1.8mday* on the first stage filter in
operation) with the aim of observing the hydraulic acceptance
limit and/or decrease in aerobic biological activity. Batch
frequency was different between the three parallel filters by
varying the functioning time of the pump used to add river
water to the network. The pump was used with three
functioning/rest periods: 0.5/0.5; 1/1; 2/2h.

Evieu plant was monitored over 6 months (March-August),
with dry weather and continuous overload periods, to observe
the hydraulic behaviour during the first year of operation
when there is a very few deposit layer on the filter and when
biomass development is still poor within the system.

Gensac la Pallue plant was studied for 1 week in March to
measure the IR in a filter with a deposit layer of 22.5cm.

Hydraulic measurements: Inlet and outlet flow were continu-
ously measured by acquisition of pump functioning time and
venturi channels. IRs were quantified by measuring the level
of the temporary excess surface water level with ultrasound
probes. Tensiometers (SKT 850 from SDEC) were used to
measure the pressure potential under the deposit layer at
depths of 10 and 20cm on a first stage filter in Colomieu.

Chemical measurements: Treatment efficiency was measured
by 24-h flow composite sampling at different times of the
year. Each stage of the treatment plant was evaluated for
COD, BODs, SS, KN, NH4-N, NO5-N, TP and PO4—P according to
French standard methods (AFNOR, 2005).

3. Results and discussion
3.1.  Infiltration rate

When applying batches on full-scale experiments, one
observes a decrease of the IR during operation (Fig. 2) with
moisture saturation in the filters. Despite coarser grain size
on the first stage of Colomieu plant (dip=1.94mm,;
deo = 3.65mm) compared to the second stage (d1o = 0.22 mm,;
deo = 1.13mm), the IR decrease was more intensive on the
first stage filter, that points out the role of the superficial layer
deposit in controlling IR on the first stage that appeared to be
the hydraulic limiting step. The IRs decrease tends to stabilise
itself once moisture of the media reached stable values.
Pressure head gradient were then lower and rapid water
saturation of the deposit layer appeared during the first day of
feeding and hindered water infiltration. As a result of
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Fig. 3 - Relationship of excess water level to IR in the
Colomieu plant—September 2002 with a hydraulic
overload of 1.44mday* during a storm.

pressure head profiles measurements, it can be stated that
the inside of the filter stayed always in unsaturated condi-
tions even when batches were passing through the filter. Only
the surface deposits on the first stage were saturated.

Figure 3 illustrates the relationship between the excess
surface water level (h) on the filter surface and IR (Eq. (1)):

IR = ae®, (1)

where a and b are coefficients depending of filter state or
operation conditions. At a given age of the filter, coefficient a
should be only dependent of the moisture state in the filter
and coefficient b dependent of the HL.

Figure 3 clearly shows the evolution of the coefficient a with
time during the working period of the filter under constant
dry weather flow, then coefficient a appears to be in direct
relation with the moisture degree inside the system. In
opposite coefficient b varies only in presence of storm
conditions that induced hydraulic overload through the
system.

On the plant of Colomieu, punctual hydraulic overloads of
up to 4mday~' (>10 times the dry weather hydraulic flow)
and continuous overloads over 5 months (March 2003-July
2003) of 1.8mday ! (5 times the dry weather hydraulic flow)
can pass through the filters without any surface overflow of
the system. On the plant of Evieu (first year of functioning)

hydraulic overloads of 4mday~* were applied during one
week without observing any problems of infiltration. Better,
during summer no temporary excess water was observed: IRs
were greater than 3.6 x107*ms™ (31mday~?) on the first
stage filters.

After each working period, three or four days of rest period
(without any water infiltration) were necessary to return to
the IRs observed at the beginning of the feeding period.

Although if overloads are physically acceptable for the
filters, induced constant ponding can be detrimental for the
biological activity due to a lack of oxygenation renewal.

The comparisons of IRs observed on Evieu (1cm of deposit
level, >3.6x10"*ms™%), Colomieu (7cm of deposit level,
>0.5x10"*ms™!) and Gensac la Pallue (22.5cm of deposit
level, >0.3x 10 *ms™ ") show that the deposit height and
therefore the age of the plant has a relative effect on
infiltration capacities. In fact it seems that it is the new
deposit layer, poorly mineralised, which is the most hydrau-
lically limiting, and not directly the total height of the deposit.

3.2 Treatment performance

Ten 24-h flow composite samplings have been collected on
Evieu plant and nine on Colomieu plant while testing
different hydraulic overloads. These hydraulic overloads deal
with diluted effluent due to clear water intrusion or combined
systems. Mean inlet concentrations measured during experi-
ments were 250mgL~"! (max-min: 540-130mgL~?), 133 mgL~*
(max-min: 348-57mglL™") and 22mgl™' (max-min:
34-13mglL~") for COD, SS and KN, respectively. Globally
performances were good enough to meet quality objectives.
Mean outlet concentrations were 40mgL~" (max: 69mgL~?),
6mgL~! (max: 16mgL~") and 3.3mgL™! (max: 8.5mgL™?) for
COD, SS and KN, respectively. The higher concentrations were
measured on Evieu plant under HL greater than 2.5mday .
The low biomass development and solid deposit during the
first year of operation induces short residence time within the
filter and thus affect the treatment. On the Colomieu plant
the outlet COD concentrations under hydraulic overload were
never higher than 44mgL™' (mean:24mglL™"). Generally,
correlation between load applied and load treated is similar
to the one reported by Molle et al. (2005) for various plants.

3.3. Role of reeds for French systems of VFCWs

Reeds have an impact on IR, which can be observed regarding
the evolution of the coefficients a and b with reeds develop-
ment (Fig. 4). Reeds development presents opposite effects on
IR. On the one hand when achieving approximately 1m of
height (in June), reeds favour water to pass down around the
stems via the tubular spaces formed around them by their
oscillation with the wind. In this way, they reduce the role of
the deposit layer and coefficient a is improved with reed
development. On the other hand, water can then moisten
more the lower filter layer and so reduce the pressure
gradient, resulting in a IR decrease explaining the evolution
of coefficient b. Thus, when reeds are absent (after harvest-
ing), a high hydraulic overload induces an excess of surface
water because IR is controlled by the hydraulic conductivity of
the deposit layer. In opposite, the presence of reeds increases
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Fig. 5 - IR changes in a first stage filter for the Colomieu
plant during the year 2002.

this conductivity and allows a better water infiltration.
However, under high hydraulic overload moisture in the
media increases, penetrates deeper and so the pressure
gradient is reduced resulting in decreasing IR. The general
effect of reeds over the year, illustrated in Fig. 5 that clearly
shows the benefit role of the presence of reeds on the global
infiltration rates meaning that winter period could be the
limiting hydraulic period.

These IR evolutions were evaluated under identical feeding
operation. Nevertheless, the way batch feeding is managed
can change IRs and by the same way treatment perfor-
mances.

3.4.  Role of batch management

The way of feeding may be of importance to guarantee the
treatment performance under hydraulic overload and mini-
mise the filter clogging risk by avoiding too long periods of
surface ponding and therefore reducing oxygen renewal. For
identical HL, feeding operation can lead to choose between
numerous small volumes of batches or less batches of greater
volume.

From a hydraulic point of view, for a same HL longer
intervals between each batches allows a better drainage of the
media and so a lower residual water content. Figure 6
represents the evolution of the retained water fraction of
the column experiment during feeding for different batch
management. To fractionate the batches leads to a higher
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Fig. 6 - Residual water content during feeding for different
batch frequencies on column experiments.

water content in the media (about 30% and 20% of the
porosity occupied by water for the 2.4cm/30mn and 9.5cm/
2h feeding, respectively).

As in Colomieu study, better IRs were observed when the
intervals between the single loadings are longer due to
greater pressure gradients (greater submersion and drying
of the media due to longer rest periods between two
successive batches). Nevertheless, longer intervals between
single loadings, and using a bigger volume of water for each
batch, can lead to poorer pollutant removal because of a
larger amount of water with short contact time with the
biomass. Tracer experiments on the lab column allow
comparisons of hydraulic residence time and water retention
according to the feeding management. Figure 7 shows the
proportion of water that goes out directly during a batch
feeding. It shows that the water exchanges in the column
were effectively poorer with high batch volumes. It also can
be seen that biomass development over time allows to
improve the mixing in the system. The two straight lines of
Fig. 7 represent two periods of the study (1 month of
difference).

These different mixings behaviours according to the feed-
ing management lead also to dissimilar treatment beha-
viours.

As measured in pilot and full-scale studies, pollutant
removal behaves differently for COD removal and nitrifica-
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tion. As stated above with longer intervals between batches
IRs are higher and effective reactor volume is smaller leading
to shorter residence time within the media. Consequently
COD removal is negatively affected, despite oxygen renewal is
intensified. Due to the buffering capacity of adsorbing organic
media (McNevin et al., 1999), ammonium is rapidly adsorbed
onto the organic matter (and surface deposit layer) and is
mainly nitrified between the batches. By this way nitrification
is more stable. This point can be seen in Fig. 8. Nevertheless
nitrification efficiency decreases with time, for identical
hydraulic overloads when intervals between single loadings
are longer.

Table 1 summarises the filter behaviour and pollutant
removal according to different batch frequencies.

As shown in Fig. 9, increasing the hydraulic overload, for
identical organic load, will decrease efficiency of pollutant
oxidation.

Nevertheless, despite the decrease in removal efficiency
(due to a decrease in oxygenation renewal and a shorter
contact time), outlet concentrations measured on full-scale
plants under constant hydraulic overload are still low due to
the influent dilution effect. For all experiments, the filters
maintained good output concentrations (COD<50mgL™?,
SS<5mgl~!, NK<3.5mgL™™).

Table 1 - Relationship between hydraulic and biological

behaviour

Batch Hydraulic Treatment
frequency behaviour efficiency
Low Good draining, low Better oxygenation
water content, higher COD removal is lower
IR, shorter contact Nitrification is higher
time due to NHZ adsorption
and nitrification
during rest period
High Less draining, higher Less oxygenation
water content and which disadvantages
effective volume of nitrification. COD
reaction, slower IR removal good
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Fig. 9 - Global Oxygen Demand (dissolved COD+4.57 x KN)
removal in the first stage of the Colomieu filter for
identical organic load and different hydraulic

overloads.

3.5.  Hydraulic limits

On such a basis, new hydraulic limits for vertical flow reed
beds (French configuration) are proposed (Table 2) based on
the following considerations:

e IRs observed during critical periods

e deposit height on the first stage

e the need to ensure an oxygenation period for the surface
filter at least half of the time in order to maintain aerobic
conditions.

These proposed hydraulic limits deal with diluted influent
due to clearwater intrusion or combined sewers. These limits
have not been established for organic overloads which could
damage the microbial activity over a long period and decrease
the performance. Acceptance of such hydraulic overloads
must be accompanied by design recommendations such as

e a sufficient border height to allow temporary flooding of
the filter surface (50cm at the first stage and 25cm at the
second stage),

e adapt the feeding system to allow longer intervals
between batches during hydraulic overload.
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Table 2 - Proposed new hydraulic limits

Deposit 0-10cm 10-25cm
layer (cm)

Hydraulic Once a Once a Once a Once a
overload week month week month
mday ' 1.80 3.50 0.90 1.80
mh?! 0.25 0.11

The last point can be easily managed when pumps do
feeding. Nevertheless this would forbid the use of siphons
and thus allowing the plant to work without energy while this
aspect is of great importance for small communities. To
maintain a gravity feeding system and manage the feeding in
relation to the hydraulic load siphon has to be adapted. This
last point is under study.

4, Conclusion

The Colomieu study shows that episodic overloading of up to
4mday ' (>10 times the dry weather hydraulic flow) and
continuous overloads over 5 months of 1.8 mday? (five times
the dry weather hydraulic flow) can pass through the filters,
be treated and still respect the French quality objectives (COD:
125mgL~?, BODs: 25mgL~Y). The first stage of treatment is
the hydraulic limiting factor due to the high deposit layer and
biomass development. The role of reeds and batch frequen-
cies on infiltration capacity was pointed out. For hydraulic
acceptance, February and March appear to be the worst
periods because of cold temperature, deposit accumulation
with poor mineralisation and absence of standing reed stems.

New recommendations are proposed, as first suggestions,
to try to reassure people that reed bed filters can function
under relative hydraulic overloads of diluted water. More
precise design criteria must be defined after more studies on
different sewage plants and by flow simulation that can be
observed at the outlet of a combined sewer during storm
event. Indeed, storm event are not the same (intensity,
duration) with geographical location leading to various flow
scenarios at the inlet of the WWTP (paved area, slope and

length of the sewer). Knowing that VFCWs are accumulative
systems (biomass, organic matter), it is of great importance to
predict the cases in which hydraulic overloads might be
problematic for the filter longevity. Practically, it is crucial to
precise the hydraulic limits and how to change the intervals
between feeding and resting periods. The study of this point
is also under progress in our laboratory.
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Simplified hydraulic model of French vertical-flow

constructed wetlands

Luis Arias, Jean-Luc Bertrand-Krajewski and Pascal Molle

ABSTRACT

Designing vertical-flow constructed wetlands (VFCWSs) to treat both rain events and dry weather flow
is a complex task due to the stochastic nature of rain events. Dynamic models can help to improve
design, but they usually prove difficult to handle for designers. This study focuses on the
development of a simplified hydraulic model of French VFCWs using an empirical infiltration
coefficient — infiltration capacity parameter (/CP). The model was fitted using 60-second-step data
collected on two experimental French VFCW systems and compared with Hydrus 1D software. The
model revealed a season-by-season evolution of the ICP that could be explained by the mechanical
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role of reeds. This simplified model makes it possible to define time-course shifts in ponding time and France

outlet flows. As ponding time hinders oxygen renewal, thus impacting nitrification and organic
matter degradation, ponding time limits can be used to fix a reliable design when treating both dry

and rain events.

Key words | combined sewer, ponding, rain event, simplified model, vertical-flow constructed

wetland

INTRODUCTION

Vertical-flow constructed wetlands (VFCWs) in France are
initially designed for dry weather flows, but Molle ef al.
(2006) showed that the French system (no pretreatment)
is able to accept hydraulic overloads from rainfall events
(up to 10-fold nominal capacity). The first rules set for
hydraulic overload acceptance showed that limits are
dependent on rain event frequency and intensity. However,
rain event frequency had simply been described in terms of
weeks or months, while rain intensity limit was described
by a daily and hourly hydraulic limit. Although many of
such systems have been installed in areas equipped with
combined sewers, the stormwater acceptance limits have
not been sharply defined, as the limitations depend on a
host of factors including age of the system, season, sewer
characteristics and, of course, climate conditions (the
intensity, duration and frequency of storm events). Filter
design not only has to accept hydraulic overload but
must also minimize surface ponding to ensure sufficient
oxygen renewal from the filter’s surface and guarantee
treatment efficiency. Cumulative day-time ponding and
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consecutive time ponding are two parameters the hydraulic
model needs to represent well to be able to fix oxygenation
limits during rain events.

This makes design of a VFCW accepting rainfall events
a complex task where local context strongly impacts the
inlet flow produced by the combined sewer during rainfall
events. Dynamic models appear a requisite for filter design
in such cases. Mechanistic models like Hydrus-CW2D
(Langergraber & Simtinek 2005) are powerful tools for
describing processes within the filter but are generally com-
plicated to be readily used by designers. Choosing between
detailed description and easy handling will depend on the
modelling aims. When a global design is aimed for, the
use of simplified models appears a good alternative.

Simplified hydraulic models of VFCWs have also been
developed for combined sewer overflow treatment. Meyer
et al. (2008) developed a simplified mass balance hydraulic
model coupled with simple treatment rules. The model is
used for long-term pollution-load simulations and obtains
good results for pollutant loads. Ross ef al. (2om) used a
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mass balance hydraulic model (MUSIC software). They took
into account the reed evapotranspiration and capillarity
forces. These two models are easy-handling for design pur-
poses, but not developed for domestic wastewater
treatment systems, and they do not estimate the time-curse
evolution of filter permeability over seasons. Indeed, the
mechanical role of reeds (Molle ef al. 2006) and the sludge
deposit accumulation on the French system require the
determination of permeability evolution over time in order
to reliably characterize long-term filter hydraulics.

This work focused on the development of a simplified
model able to reproduce the hydraulic behaviour of the
first stage of a French VFCW, which is the hydraulically lim-
iting step (Molle et al. 2006). Consequently, we focused on
this treatment stage. The novelty of the study reported
here is the few input parameters needed to fit the model.
The water balance-based model uses infiltration rate at the
surface, inspired by Darcy’s law, and an outflow delay due
to water flow through the filter.

The aims of this paper were (i) to fit the simplified
hydraulic model including seasonal variations against full-
scale experimental data and (ii) to assess the reliability of
the model (especially in terms of reproducing flows and
surface ponding).

MATERIALS AND METHODS
Experimental site

The two experimental sites comprised a young plant (Challex
plant) and a mature one (Evieu plant) to take into account the
impact of the deposit layer on hydraulic capacities. The Chal-
lex (2000 population equivalent (p.e.)) wastewater treatment
plant built in 2010 covers a total surface of 2 m2/p.e. The
plant is connected to a combined sewer system from a
60-ha domestic catchment area. This VFCW is a two-stage
vertical-flow system: stage 1 comprises three parallel cells
and stage 2 features two parallel cells, as recommended by
French guidelines (Molle ef al. 2005). Each cell has a surface
of 861 m? in the first stage and 712.5 m? in the second stage.
Feeding/rest period are of 3.5/7 days for the first stage and
3.5/3.5 for the second stage. On the first stage, the infiltration
layer is made of, from top to bottom: a 30-cm surface infiltra-
tion layer (2-4 mm gravel with a d;o of 2.43 mm), a 30-cm
layer (4-10 mm), a 10-cm transition layer (10-20 mm) and a
10-cm drainage layer (20-60 mm).

The water from the combined system enters the VFCW
via a flow distributor. For flow rates of less than eight times

the nominal dry weather flow (100 m>®/h), wastewater passes
through the usual batch feeding system to be spread over the
first-stage cell in operation (one feeding point each 27 m2).
For higher flow rates, wastewater directly overflows onto
the first stage from one side (66 m length) without accurate
surface distribution. To protect filters from clogging, another
overflow is installed at 0.5 m above the filter’s surface level
at the other side of the filter. The water infiltration through
the first stage goes to the second batch distribution feeding
system and then on to the second stage. After treatment, it
flows directly to the receiving water body (the Rhone
river). Evieu plant (200 p.e.), in operation since 2004, is
designed according to French guidelines and described in
Molle et al. (2008). During the monitoring, the sludge
deposit was about 20 cm in the Evieu plant and 2 cm in
the Challex plant.

The plants were monitored over 2 years and 2 specific
weeks for respectively Challex and Evieu plants. All
measurements described below were recorded at minute-
step intervals on a datalogger (Gantner®).

Inlet/outlet flows

Inlet and outlet flow rates were measured by ultrasonic
measurement of water level (Endress + Hauser) in a venturi
flume (ISMA®). For Challex, inlet flows higher than eight
times the nominal dry weather flow were measured on a
grit chamber using a SIGMA 980 ultrasonic probe. Flows
in storage batch feeding systems are measured by water
level recording using pressure probes (Endress + Hauser).

Hydraulic behaviour of the filter

Infiltration rates were measured by ultrasonic probes (three
per filter) placed at the filter surface, and water contents
within the infiltration layers were measured by time-
domain reflectometry (TDR) probes (home-made). Five
TDR profiles were produced in a first-stage cell with three
different depths (10, 25 and 40 cm). The Topp formula
(Topp et al. 1980) was used to obtain water content values.
A rain gauge was installed on site.

Simplified hydraulic model of the VFCW

The model was developed (using ‘R’ statistical software)
with the aim of reproducing the hydrodynamics of a
first-stage VFCW in a simple one-dimensional approach,
using minute-by-minute data from the experimental site.
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The model was conceived as a storage volume above the
filter surface where discharge is linked to water infiltration
rate. Under these conditions, hydraulic head variations
play an important role in the infiltration processes (Beach
et al. 2005). Discharge from the storage volume was mod-
elled by a simple infiltration law (Equation (1)) inspired by
Darcy’s law. Infiltration rates are proportional to the infil-
tration capacity parameter (ICP (representing the
infiltration capacity of the filter) and 4 representing ponding
water depth (hydraulic head). When used during batch feed-
ing, this simple equation assumes that the sludge deposit is
saturated. Consequently, the hydraulic gradient of Darcy’s
law (dh/H) can be estimated via ponding depth

IV=ICP-h (1)

where IV =infiltration velocity in m/s; ICP = infiltration
capacity parameter in s~'; # = hydraulic head in m.

In this simplified model, the filter is only represented by
a time-lag that accounts for water flow within the media.
Outlet flow and ponding water depth can be calculated at
60-second timestep intervals by mass balance (Figure 1).

The simplified model does not take into account evapo-
transpiration and water storage inside the filter pores. In
VECWs, evapotranspiration can safely be neglected during
rain events, but water storage over the first day of the feeding
period cannot be neglected. Consequently, the simplified
model is not able to reproduce correctly water flows
during the first batches. Nevertheless, the water storage rep-
resents less than 10% of the daily hydraulic load in dry
weather flow.

The ICP was fitted in three phases. As ponding water
depth was not homogeneous over the entire filter surface
(due to uneven sludge deposits and uneven surface planar-
ity), the ICP was fitted on the outlet flow by the least
squares method. The harmony of simulated outflow with
measured values was analyzed using the Nash-Sutcliffe

Qr’n S

- Pondinistnrage

Qovep_'ﬂawed

Infiltration ralte IV=ICP. h
Filter *

Time-lag
|

v
Qouf

Figure 1 | Schematic diagram of the simplified hydraulic model.

efficiency coefficient (Nash & Sutcliffe 1970) (Equation
(2)), which is a normalized statistic that determines relative
magnitude of residual variance (‘noise’) compared to
measured data variance (‘information’), where 1 represents
perfect accuracy

E=1- w 2)
Y1 (VE-V,)

where E = efficiency; V! = observed value at instant t; V’, =
modelled value at instant ¢; V, = average observed value;
T = total number of values.

Simulated surface ponding was then compared to
measured surface ponding to verify the coherence of the
model. Finally, the simplified model was compared to a
mechanistic model (Hydrus 1D).

Comparison of the simplified model vs the Hydrus
model

The simplified model was compared to Hydrus 1D hydro-
dynamic modelling software. Hydrus 1D was fitted by
laboratory measurements (porosity, water retention curves)
and inverse modelling to fit outlet flow and water content.
The methodology is based on the one developed by Morvan-
nou et al. (2013) on Evieu’s plant. For Challex, the Hydrus
model was 0.8 m in height, separated into four different
material layers. The Hydrus modelling step was focused on
the first layer of the filter (due to its high organic matter con-
tent) as it is the hydraulically limiting step (very low
presence of sludge deposit on top). Observation points
were inserted in the model at the same location as the
TDR probes. In the model, the first gravel layer is dived
into two layers of 15 cm.

A hydrodynamic characterization was carried out on the
gravel of the first stage. Saturation water content (6;) is set
equal to porosity measurement according to Ramos et al.
(2006). Residual water content (6,), alpha (@) and n par-
ameters were estimated from the water retention curve
(obtained by the sandbox method) using RETC software to
fit the van Genuchten model. Initial saturated hydraulic con-
ductivity (K;) was estimated by the Chapuis formula
(Chapuis 2004) using laboratory-based granulometry and
pycnometry data. As the Mualem pore connectivity par-
ameter (4) has little influence on flow modelling (Ritter
et al. 2003), it was set at 0.5 (Morvannou 2012).

These parameters were used as initial values for the
inverse modelling that served as a platform for fitting the
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parameters for summer and winter events. A compromise
between parameters to fit and measured parameters was
needed to allow inverse modelling. As water distribution on
the filter’s surface was not homogeneous, average values of
water content were used. Furthermore, the Topp formula
used for water content measurement by TDR induces
around 10% of uncertainties. Consequently, it has been
chosen to fix 6 (porosity value) and 6, for all layers (0.426
and 0.067 cm®/cm’ respectively). As well, a fixed non-limiting
K for the last two layers (300 cm/minute) was used. In a first
step, K was fitted using the first-stage outflow, and thereafter
a and n were fitted using water content at the 10 cm obser-
vation point. The final material parameters obtained for
winter and summer events are presented in Table 1.

RESULTS AND DISCUSSION
Fitted simplified model
Fitting the time-lag

As the filter layers are not specifically represented in the sim-
plified model, water storage within the media is not taken
into account; the filter is only represented as a time-lag to
account for water flow within the media. The time-lag
depends on different factors (organic matter content
within the media, sludge deposit layer, presence of reeds,
etc.). Another aspect that can impact the time-lag is related
to the dynamic of water storage within the media (capillary
forces) at the beginning of a feeding period.

The time-lag value was evaluated fitting simulated and
measured outflows at different seasons and for different batches

Table 1 | Parameter set obtained by inverse modelling for winter and summer season

to superpose outflow peak time. The observed time-lag for the
entire set of events (rainfall plus dry weather events) was
roughly 8 minutes (standard deviation (SD): 3.5 for dry-weather
flow and 1.8 in rain events) and 11 minutes (SD 8.49) for the
Challex and Evieu first-stage filters respectively. If time-lag
appears quite stable for the Challex plant (low organic matter
accumulation), it is not the case for Evieu’s plant with 20 cm
of sludge, due to the few events analysed from two different sea-
sons, which impacts the time-lag variation.

Water storage within the filter

The model cannot calculate water storage progress in the fil-
ter’s porous media during the first day of a feeding period.
Based on TDR measurements of the water balance at differ-
ent seasons, the water storage was determined. It
corresponds to a hydraulic load of 2.3 and 1.7 cm for the
Challex plant in the summer and winter season respectively.
This water storage appears very low compared to the hydrau-
lic load received by the filter in operation, even during dry
events. Once the maximum water storage is done, the simpli-
fied model is able to properly estimate ponding depths.

Fitted ICP and comparison with ponding water depth

First-stage outflow data from the experimental site were used
to fit the ICP according to hydraulic load (rainfall and dry
weather event), feeding day, and season. The fitting has
been done on 86 events for Challex plant and 6 for Evieu
plant. It allowed study of the sensitivity of ICP and the
time-course evolution of infiltration rates. First-stage outflow
data from the experimental sites demonstrated acceptable
fitting with a mean Nash-Sutcliffe efficiency coefficient of

Parameter

6, (cm3/cm3) 6s (cm3/cm3) a (1/cm) n() Ks (cm/minute) A()*
Layers Depth (cm) Winter Summer Winter Summer Winter Summer Winter Summer Winter Summer  Winter Summer
1st infiltration 0-15 0.067 0.067 0.426 0.426 0.035 0.103 1.6 1.393 0.155 88.351 0.5 0.5
surface
2nd infiltration 15-30 0.067 0.067 0.426 0.426 0.092 0.168 2.083 1.635 1 93.447 0.5 0.5
surface
Infiltration and 30-60 0.067 0.067 0.426 0.426 0.09 0.09 2 2 300 300 0.5 0.5
transition
Transition and 60-80 0.067 0.067 0.426 0.426 0.1 0.1 2.8 2.8 300 300 0.5 0.5

drainage

* ) values taken from Morvannou (2012).
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0.57 (SD 0.32) and 0.70 (SD 0.1) for Challex and Evieu plant
respectively. For events with available data, the simulated
ponding depth fits between the three different measured
levels, and also fits the outflow (Figure 2).

Comparison with Hydrus

Two different events were modelled in Hydrus according
to season (winter and summer). The Hydrus model suc-
cessfully reproduced water content at 10 cm depth
(Figure 3 middle) and outflow (Figure 3 top). The fitting
parameters obtained on Hydrus correctly reproduced
outlet flows, with Nash-Sutcliffe efficiency coefficient
values of 0.96 and 0.56 for summer and winter periods,
respectively, and water content in the media with Nash-
Sutcliffe efficiency coefficient values of 0.77 and 0.39 for
summer and winter periods, respectively. The simulated
ponding water depths were in good agreement with
measured values. This fitting, done on each season,
makes possible validation of the simplified model in a
better way, since it includes an internal parameter (water
content) and can give mean ponding water depth over
time.

Comparison of Hydrus vs the simplified model

Figure 3 compares the simplified model against Hydrus 1D
in terms of ponding and outlet flow for dry weather flow.
There was generally good agreement between the two
models in terms of ponding duration, with longer ponding
duration simulated by the simplified model. Knowing that
oxygen content in the porous media is affected by ponding

90

duration, the simplified model is secure at determining
hydraulic limitations due to ponding limitations.

The good agreement of simplified model with the Hydrus
model confirmed the capacity of the simplified model to
reproduce the hydraulics of a VFCW. The simplified model
makes it easy to reproduce flows and ponding over time.
Based on measured rain events, the simulated ponding dur-
ations are about 11% higher than measurements according
to season and duration and intensity of rain events.

Time-course evolution of the ICP over seasons

For Challex plant, the influence of feeding day, rain event
and season on the ICP was analyzed on 86 events, that is,
33 rainfall events of different duration and intensity and
53 dry weather events, distributed across the 2-year monitor-
ing period and by different feeding days.

First, the ICP from rainfall events was analyzed by
season and feeding day independently of dry weather
events. ICP decreased as feeding day progressed (from day
1 to day 2) in the winter season, but ICP variation by days
is not really significant compared to the broad variation
observed over the seasons.

Indeed, season is the main factor impacting ICP values.
An increase of ICP values is observed according to the pres-
ence or absence of the reeds, as reeds improve the
permeability of the sludge deposit (Molle ef al. 2006). Like-
wise, the degradation of organic matter when temperatures
increase during spring deposit drainability
(Vincent et al. 2012). Since the most significant driver of
differences in ICP values is season, no distinction by feeding
day is proposed for the global analysis of hydraulic behav-
iour. Similarly, there was no significant difference between
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Figure 2 | Simulated and measured surface ponding depths for three different locations (left) and simulated and measured outflow (right) on feeding period from 24th to 27th February

2012.
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Figure 3 | Outflow measured and modelled by Hydrus and the simplified model on 31st January 2012 (top right) and on 26th May 2011 (top left), water content measured and modelled by
Hydrus model on 31st January 2012 (middle right) and on 26th May 2011 (middle left) and ponding depth modelled by Hydrus and simplified model on 31st January 2012

(bottom), no ponding depth obtained on summer event of 26th May 2011.

rain-event periods and dry periods for ICP values and
Nasth-Sutcliffe coefficients. ICP varies from about 2.81 x
10~* in mid-winter to about 1.01x 107> for the May to
November period (Figure 4).

The impact of the deposit layer depth (the age of the
system) is presented in Figure 4, by the fitting done on
Evieu’s plant (mature filter). We observe lower ICP due to
the hydraulic limitation of the deposit layer (Molle 2014).

The observed average ICP evolution over seasons gave a
relatively good agreement with observed data (Challex

example in Figure 5), obtaining Nash-Sutcliffe efficiency
coefficient values of 0.49 and 0.86 for winter and summer
in that order. The minimum winter ICP appears to be too
low to achieve a good fit on the first-stage outflow.
Although some uncertainties do arise from the simu-
lation, the simplified hydraulic model allows a relatively
good agreement that makes it useful to simulate the hydraulic
response of the filter face to hydraulic load variations. It can
be useful for designers to sketch first-stage filters designed to
treat rain events in VFCWs treating domestic wastewater.
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Figure 5 | First-stage outflow measured and simulated via mean ICP and minimum ICP for winter dry weather event (left) and a summer rainfall event (right).

CONCLUSIONS

This study gives a simplified hydraulic model of the first
stage of a VFCW that can be easily used by designers to
gauge filter responses to different hydraulic loads and filter
behaviour in terms of ponding time at different periods of
the year. Based on this experiment, we can assert the
following:

e The heterogeneity of the experimental filter’s surface
prompts a move to fit the ICP by the first-stage outflow,
producing a general infiltration velocity that supposes
homogeneous permeability, thus bypassing local
phenomena.

The model cannot reproduce the time-course evolution of
water storage. For this reason, we set an average water
storage value based on TDR probe readings.

The simplified model shows a good agreement with the
Hydrus model results for different events and seasons.
The season factor has a greater impact on infiltration rate
than feeding day.

e The ICP evolves according to seasons, due to reed growth
and organic matter degradation patterns, as well as the
age of the system (deposit layer depth).

e The model requires few input data, making it easy for
designers to use.

The model can be used to define filter designs coupling
hydraulic behaviour of the filter and combined sewer out-
flow and rain event over years. Designers can use existing
sewer models to simulate, after calibration, the flow that
will arrive to the future treatment plant. It is then easy to
use the simplified model to adjust the design of the filter
(surface, ponding depth) to accept and treat rain events as
well. As hydraulic acceptance does not depend only on
hydraulic consideration, it would be of interest to link pond-
ing time (which is related to oxygen transfers within the
media) to treatment performances. Threshold limits on
cumulative ponding time per day or consecutive ponding
times could be introduced into the model to alert designers
when a rain event would affect treatment performances.
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Constructed wetlands (CWs) have been proved to successfully reduce the ecological impact of urban
runoff on receiving water bodies. Simplified models predicting CW performances would ease the work
of designers and stakeholders, but for proper parameterization, such models require large datasets that
are difficult to observe due to the randomness of storm events. An alternative to observation lies in the
use of robust mechanistic models. Here, we explore this approach using the HYDRUS-1D environment as
mechanistic model and with particular emphasis on hydrodynamics. Based on experiments carried out
on a 20 m? pilot-unit, we performed both calibration and validation of the model. The singularity of the
approach hinges on modeling the throttled outflow with a virtual porous layer having a particularly low
saturated hydraulic conductivity Ks. This allows simulation of the saturated bottom reserve implemented
in French vertical-flow CW to treat sewer overflow. After van Genuchten parameters were estimated
by laboratory and field experiments, sensitivity tests highlighted that «, n and K of the filter layer and
virtual Ks; predominantly influence water flow during desaturated and saturated drainage, respectively.
These parameters were then optimized by inverse modeling, resulting in a van Genuchten parameter
set that provides a good fit between measured and simulated data. However, validation showed that the
prediction failed when simulated events significantly differed from the event used for calibration, due to
an uncorrect value of the Ks of the virtual layer. A workaround was suggested, with the implementation
of a new boundary condition reproducing singular head losses.
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1. Introduction directly treat sewer overflows without any sedimentation and thus

avoid reed water stress during dry periods. Consequently, research

Urban runoff discharges can cause severe flooding events and
degrade the ecological quality of receiving water bodies (Chocat
et al., 1994). Combined sewer overflows (CSO) can particularly
affect sensitive surface water bodies, and thus jeopardize the qual-
ity objectives required by the EU Water Framework Directive
(2000/60/CE). Consequently, municipalities need to improve the
management and treatment of urban runoff. Constructed wetlands
(CWs) are considered a reliable solution since they reduce peak
flows while ensuring the retention and degradation of most of the
major pollutants. However, CWs for stormwater treatment are still
at an early stage of development, especially in France. The system
developed under the framework of the SEGTEUP project funded by
the French National Research Agency (ANR), was inspired by a Ger-
man experiment (Uhl and Dittmer, 2005) using vertical flow CWs
(VFCW). The objective of SEGTEUP is to adapt the German design to

* Corresponding author. Tel.: +33 04 72 20 87 18; fax: +33 04 78 47 78 75.
E-mail address: julien.fournel42@gmail.com (J. Fournel).
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is necessary to test different filter configurations and provide stake-
holders with design rules.

As design has to be adapted to different combinations of sew-
ers and climates, designers should find simulation tools extremely
useful. Empirical models - also called ‘simplified models’ (Meyer
etal.,2008) - are without doubt the most appropriate choice for use
by stakeholders in charge of urban runoff management, which is
what the SEGTEUP project aims at developing. However, empirical
models often do not offer the possibility of carrying out sensi-
tivity analysis since their parameters may encapsulate combined
effects. Furthermore, their validity is restricted to the range of val-
ues they have been calibrated for, and therefore they cannot be
used to explore the effects of exceptional events. Despite the com-
plexity involved, the use of a mechanistic model would overcome
theseissues as a step toward developing the simplified model. Here,
we focus on setting up a mechanistic hydrodynamic model using
HYDRUS-1D (Simunek et al., 2009). There are two main issues in
the model set-up: how to include the effects of throttle outflow,
and model calibration. Meyer et al. (2008) used a modified seepage
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face boundary condition that includes a maximum value for out-
flow rate. This model suffers from two main drawbacks: (i) it fails to
account for the effect of pressure head on the outflow rate once the
maximum value is reached, (ii) the outlet pressure head (once satu-
ration is obtained) is fixed at zero and cannot be adjusted to model
the water reserve. To overcome this last problem, Meyer et al.
(2008) modified the material hydrodynamic parameters. Here, we
introduce an original approach to account for the effects of throttle
outflow by introducing a “virtual” layer at the outflow point that
limits the flow while keeping saturation above the desired level
without modifying the hydrodynamic parameters. The calibration
consists of evaluating material hydraulic parameters as precisely
as possible from a limited number of observation points. There are
many ways to carry out this step, which is crucial to the quality of
model prediction. Dittmer et al. (2005) performed manual fitting
of van Genuchten parameters by matching the curves of simu-
lated and measured outflow rates as functions of time. This method
is subjective and operator-dependent, but is sometimes the only
valid way forward when independent measurements are lacking.
To overcome this problem, indirect methods such as inverse mod-
eling can be used (Maier et al., 2009). Inverse modeling has the
advantage of basing the results on variables observed over a large
time-scale and under field conditions. The main issue with inverse
modeling is that it does not ensure solution uniqueness. A way to
overcome this difficulty is to limit the research domain and to set
up appropriate initial conditions for the inverse problem. Conse-
quently, we chose to use both laboratory and field experiments
for the calculation of initial values before implementing inverse
optimization. This paper describes the model configuration and the
stepwise calibration methodology, and then presents the results of
the inverse optimization before going on to discuss the validation
of the model.

2. Materials and methods
2.1. Experimental set-up and hydrodynamic monitoring

Based on the experiments by Uhl and Dittmer (2005), Molle
et al. (2010) designed a vertical flow CW specifically adapted to
urban runoff treatment with the following features: (i) filters are
directly fed without preliminary sedimentation in order to facili-
tate the management of solids, (ii) a water reserve is maintained at
the bottom of the filter to avoid reed death due to water stress,
(iii) intermediate aeration pipes within the filter layer improve
re-aeration during the drainage phase, (iv) a throttle outflow main-
tains a minimum retention time (see Fig. 1).

Nine 20-m?2 pilot units were built on an experimental site near
Lyon. The aim was to test various designs in terms of material
(nature and depth) and outflow rates. To illustrate the mod-
eling approach introduced in this paper, we focus on one of
these pilot units with a 30cm filter layer made of coarse sand
(d19p=0.67 mm, UC=1.85, apparent density p=1480kg/m?3, grain
density ps =2653 kg/m3). The intermediate and drainage layers are
composed of 10/20mm and 20/40 mm gravels, respectively (see
Fig. 2).

This paper only presents sensors for flow monitoring. We dis-
tinguish between “internal” data collected from sensors inserted
within the porous media, and “external” data collected outside the
filter at its inlet or outlet. “Internal” data include water content
readings obtained by two 30 cm-long TDR (Time Domain Reflec-
tometry, Robinson et al., 1999) probes (custom-made) positioned
10 and 25cm below the filter surface, and pressure head read-
ings from a pressure transmitter (STS, USA) located at the bottom
of the filter to measure saturated layer depth. TDR probes were

Pressure
head probe

Ultrasound probe Aeration pipe

Outflow

Filtering
material

Intermediate
layer

Drainage
layer

probes reserve Tipping

bucket

Fig. 1. Cross-section of a SEGTEUP pilot unit configuration with the corresponding
instrumentation.

connected to a signal generator-analyzer (TDR100, Campbell Sci-
entific, USA). “External” data consist of inflow, measured by an
electromagnetic flowmeter (Endress-Hauser, France) and outflow,
measured by a 5 L tipping bucket (UFT, France). An ultrasonic probe
(Baumer, Germany) measured ponding water height above the
filter, making it possible to calculate infiltration rates. The imple-
mentation of the monitoring equipment is presented in Fig. 1,
which gives a cross-section of the pilot unit. All measurements were
recorded in one-minute steps on a datalogger (Gantner, Austria).

2.2. Modeling

2.2.1. The numerical model

Flow in porous media was modeled using the HYDRUS 1D
package (Simunek et al., 2009). Although the flow was clearly three-
dimensional during feeding, only drainage was studied so as to
simplify the approach. During this period, water flux is assumed to
be vertical and downward. Fig. 2 illustrates the physical description
of the simulated column and the numerical model side by side.

The filter layer (upper layer) was modeled ‘as it is’ in the filter,
whereas the transition and drainage layers were gathered into a
single gravel layer (intermediate layer) for the sake of simplification
purposes. The mesh consisted of 401 equidistantly located nodes.
On the one hand, we wanted to accurately describe the hydro-
dynamics of the filter layer versus depth, since the filter layer is
assumed to be where most of the treatment occurs. On the other
hand, the intermediate and drainage layers were assumed to play
only a small role in the treatment process and to have little influ-
ence on the flow. A “virtual layer” was added to the model with a
low-saturated hydraulic conductivity, Ks to simulate the throttled
outflow rate under the assumption that the relationship between
the flow rate and water head losses can be linearized. This assump-
tionis supported by the low velocity observed and the narrow range
of flow rate variations (from 1.83 to 2.65L/s).

The top boundary condition was an atmospheric one. The
threshold value for surface runoff was set at 1.05 m, which actu-
ally corresponds to the system overflow height. Our simulation
started when filter feeding stopped, therefore there was no addi-
tional water input to the model during the simulation. The bottom
boundary condition was a seepage face. Threshold pressure head
for seepage was set at 26 cm, which corresponded to the measured
height of the water reserve maintained at the bottom of the fil-
ter. Therefore, the outflow only started when the pressure head at
the bottom reached 26 cm. The initial distribution of pressure head
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Fig. 2. Representation of the pilot unit as a 1D column on the HYDRUS-1D program.

over the domain was considered to be hydrostatic, ranging from
144 cm at the bottom to 16 cm at the top, which corresponds to a
ponding water height of 16 cm.

We used the van Genuchten-Mualem functions to model water
retention and unsaturated conductivity:

6(h) = [+ [ah]"] (1
6 h>0
1/m\™ 2
K(h) =K - S\ - {1 - (1 756/”‘) ] )
06,
Se= g 3)

where 6(h) is the volumetric water content (m3 m~3), K(h) is the
unsaturated hydraulic conductivity (m3 m~—2s~1), §; and §; are the
residual and saturated water contents, respectively, o (m~1), m (-)
and n(-) are van Genuchten shape parameters (m=1-1/n), K; is
saturated hydraulic conductivity (m3m=2s-1), S is the effective
volumetric water content (-) and [ is the Mualem’s pore connectiv-
ity parameter. For all layers, the latter value was set to the default
value [=0.5, estimated by Mualem (1976) as being the average for
many soils.

2.2.2. Calibration methodology

The calibration process is a very sensitive step, especially with
highly non-linear processes such as those involved in unsatu-
rated flow modeling (Ritter et al., 2003). The aim was to use the
inverse optimization (“indirect approach for the estimation of soil
hydraulic parameters is based upon the minimization of a suit-
able objective function, which expresses the discrepancy between
the observed values and the predicted system response”, Simunek
et al., 2009) module included in HYDRUS 1D while limiting the risk
of finding alocal minimum, i.e. a set of parameters that locally satis-
fies the convergence criteria of the inverse optimization algorithm

without being the best solution over the entire range of possible
values.

Therefore, the methodology tested was a two-step process. (1)
First, initial parameter values were estimated using direct labora-
tory/field measurements. This step presents two advantages: (i)
it produces a set of parameters that will limit the risk of non-
convergence when used in a direct model (or forward problem
which describes the numerical model that allows, starting from
a defined set of parameters, i.e. initial and boundary conditions, to
produce the pressure and water content fields and their changes
over time. In our case, the direct model is the HYDRUS code solving
the Richards equation), (ii) data estimated using direct labora-
tory methods are good candidates for initial values in the inverse
problem since they are likely to be close to the optimal values. Fur-
thermore, we tested the sensitivity of the direct model to initial
value variations. We could then discriminate between parame-
ters that had a significant influence on the output and those that
did not. The parameters that did not have significant influence
were Kept constant at their respective initial values for the rest
of the study, allowing us to significantly reduce the number of
parameters to be estimated. (2) Inverse optimization was carried
out using the Levenberg-Marquadt algorithm (Marquadt, 1963).
Even though we had reduced the number of unknown factors in
the first step, there were still too many to estimate all of them
in a single inversion. It was therefore necessary to proceed step
by step. While the filter is completely saturated, i.e. there is still
water ponding over the surface, flow is mainly controlled by the
throttled outflow rate. Consequently, the virtual Ks (simulating the
throttle) was calibrated using the drainage rates during this period.
Conversely, during the unsaturated drainage phase, water flow is
influenced by the material characteristics. This provides grounds
for calibrating the filter and intermediate layers with internal water
content data. Therefore the fitting of van Genuchten parameters
was carried out in 3 steps: (i) calibration of the virtual K, (ii) cali-
bration of the Ks parameters for the filter and intermediate layers
together, (iii) calibration of filter layer « and n. A single rain event
was applied for the calibration (duration: 78 min, hydraulic load
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Initial and optimized van Genuchten parameters and the corresponding 95%-Cls.

Confidence interval

Parameter Initial value Optimized value 95% - 95% +
Filter layer 0 0.075 - - -

A 0.37 - - -

a(cm™) 0.168 0.12246 0.12245 0.12247

n(-) 3.286 2.8 2.757 2.844

K, (cm/min) 28.14 30.93 30.78 31.08
Intermediate layer 6, 0.04 - - -

O 0.43 - - -

a(cm™) 0.18 - - -

n(-) 33 - - -

K (cm/min) 70 71.25 71.23 71.27
Virtual layer Or 0.078 - - -

O 0.43 - - -

o (cm™') 0.036 - - -

n(-) 1.56 - - -

K (cm/min) 0.01 0.00823 —1.00E+05 1.00E+05

applied: 0.44 m). Fig. 3 illustrates the modeling and calibration
approaches.

2.2.2.1. Estimation of parameter initial values. Initial values were
only estimated for the filter material as it is expected to be the
hydraulically limiting layer. Intermediate-layer initial parameters
were chosen in accordance with data from the literature (Dann
et al,, 2009; Khaleel and Relyea, 1997). The only feature of the vir-
tual layer is its low hydraulic conductivity. As it is always saturated,
the values for o and n are of no importance and were kept to their
default values (see Table 1). This initial value for the “virtual layer”
Ks was estimated based on the measured outflow rates. As with
Dittmer et al. (2005), the van Genuchten parameters for gravel
were not estimated experimentally but taken from the literature
(Morvannou, 2012). However, we took care to ensure that the val-
ues chosen met the following constraints: (i) gravel residual water
content must be lower than sand residual water content, and con-
versely (ii) gravel saturated water content must be higher than sand
saturated water content. In addition, (iii) the gravel o value must
be higher than sand « value, since air entry pressure, related to the
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calibration |, Inver?e Szl“s{ﬁ“t.‘f of
parameters modeling ; E;zl:e

Fig. 3. Global modeling and calibration approach.

inverse of «, is higher for finer materials. Finally, (iv) the gravel n
value must be higher than the sand n value since this parameter is
related to the width of the pore-size distribution, which is narrower
for gravel than for sand.

2.2.2.1.1. Lab estimation of o and n. Initial values for shape
parameters « and n were estimated using a sand-box device
(Eijkelkamp, Netherlands). Ten 100-cm? cylinders were filled with
sand and compacted to the same apparent density as that mea-
sured in the filter (see Section 2.3.3), and 6 suctions of 0, 0.4, 1,
1.5, 1.8 and 2 pF were successively applied. Water content was
measured at equilibrium for each suction level, making it possi-
ble to plot drainage water retention curves. Parameters « and n
were estimated by non-linear least-squares regression (RETC; van
Genuchten et al., 1991).

2.2.2.1.2. On-site estimation of 6, and 6s. Initial residual water
content (#;) and saturated water content (6s) were evaluated by
direct on-site measurements. 65 was assumed to be equal to the
maximum TDR probe measurement. 6 was considered equal to the
asymptotic value toward the water content measurements after a
6-day rest period, as shown in Fig. 4.

2.2.2.1.3. Calculation of initial filter layer K. Saturated
hydraulic conductivity was estimated by the Chapuis formula
as suggested by Bouteldja (2009) for this type of sand:

d2 3 0.7825
Ks = 2.4622 [wx‘pz} (4)

(1-9)
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Fig. 4. Water content time-series at h=25cm depth (08/31/2011).
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where dqg represents the grain size (mm) that is 10% finer by
weight, and ¢ is the porosity of the filter material (=1 - p/ps,
where p is the apparent density and ps is the grain density). The
dqo diameter was calculated from the grain size distribution deter-
mined by a dry-sieving method (French standard NF P 94-056
(AFNOR, 1996). Porosity was deduced from measured apparent
and grain density. Apparent density was directly determined by
in situ dynamic penetrometry (PANDA ®2, Sol Solution) accord-
ing to French standards (AFNOR, 2012), whereas grain density was
evaluated in-lab by a standard pycnometric method (AFNOR, 1991).

2.2.2.2. Sensitivity analysis of the direct model. Sensitivity tests
were run to discriminate between parameters that had significant
influence on the output and those that did not. The direct model
obtained with initial values previously estimated was taken as ref-
erence. The test was to make each parameter vary from its initial
value and observe the influence on the pressure head at the bottom
of the filter during the drainage phase. Different levels of deviation
from the initial values were applied.

The deviation of the pressure head relative to the reference pres-
sure head was evaluated for each time step using the following
sensitivity coefficient:

Spi(t) = (Tpi(t) — Rp,i(t)) (5)

where S, ;(t) is the sensitivity coefficient at time t. It corresponds to
the difference between the reference pressure head R,;(t) and the
pressure head Tj;(t) obtained by direct modeling with deviation
i of the calibration parameter p. This made it possible to identify
periods of influence for each van Genuchten parameter by plotting
Sp,i(t) against time t.

2.2.2.3. Inverse modeling and validation. After inversion and calcu-
lation of van Genuchten parameters, a validation of the model was
implemented by applying the fitted parameters to two validation
rain events (durations: 49 and 250 min; hydraulic loads: 0.39 and
1.375m, respectively). For each event, the match between simu-
lated and measured curves (pressure head and water content) was
observed (see Fig. 8) and estimated by calculating the L, standard,
defined as follows:

N
1 (obs; — fit;)*
L= N;iobsg (6)

where obs; is the measured value of pressure head or water content
at time step i, fit; is the fitted value at time step i, and N is the total
number of time steps.

3. Results
3.1. Initial values

The measured initial values are summarized in Table 1. Focus-
ing on parameters « and n of the filter layer, as illustrated in
Fig. 5, the water retention curve calculated with RETC matches the
measurement points (regression coefficient r2 =0.998). 95% confi-
dence intervals for calculated values of @ and n are quite wide (see
Table 1), but in the range of those obtained by Morvannou (2012),
using both water retention curve and evaporation methods.

The initial parameters obtained for the main sand layer are close
to those used by Dittmer et al. (2005) for a 0/2 mm sand (6, = 0.05,
6s=0.304, 2=0.2 and n=3).

140 +
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—— Fitted water retention curve
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Fig. 5. Sand-box measurement points and fitted water retention curve of the filter
material.

3.2. Sensitivity analysis of the direct model

The sensitivity analysis aims to target van Genuchten parame-
ters for optimization in order to reduce the number of unknowns
for the inverse problem. The parameters identified as having the
greatest influence were: (i) for the filter layer: «, n and K5, (ii) for the
intermediate and “virtual” layers: K;. Fig. 6 illustrates the variations
of the sensitivity coefficients for the pressure head measured at the
bottom of the filter. We do not show the results for parameters that
did not significantly modify the pressure head profile.

For parameters o and n, the sensitivity coefficients increase
steeply at approximately t=150min, corresponding to the end
of surface ponding. At saturation, both sensitivity coefficients are
equal to 0. As saturation level decreases, the sensitivity coefficients
increase for all tested levels. This increase is non-linear and non-
symmetrical. A decrease in « or n leads to larger deviation than
does an increase.

For the K of the filter layer (Fig. 6), sensitivity coefficients
show the same increase with desaturation as those of filter-layer
o and n. However, the influence of this parameter during sat-
uration is not null but is rather small compared to what was
observed after desaturation. The intermediate K; affects the sensi-
tivity coefficients only temporarily at desaturation. The maximum
sensitivity coefficients are reached when ponding ends, and then
the sensitivity coefficients rapidly tend toward 0 (Fig. 6).

As expected, the virtual K sensitivity coefficients evolve lin-
early during saturation (Fig. 7). As the virtual Ks value moves away
from the original value, the slope of the curve becomes larger. After
desaturation, despite all the sensitivity coefficients tending toward
0, they do not take the same path depending on whether K; is above
or below the original value. If the variation of K is lower than
the original value, its effects vanish quickly after desaturation. If
the variation of Ks is larger than the original value, the sensitivity
coefficients remain high for a longer period.

3.3. Inverse optimization and validation

The sensitivity analysis helped us identify the important van
Genuchten parameters of importance. Therefore, inversion is only
performed to optimize these parameters. As illustrated in Fig. 8,
the simulated curves fit well with the measured curves for both
pressure head and water content (R%Z=0.979, L, =0.0028). The
optimized parameters are presented in Table 1, with the initial
values used and 95% confidence intervals. The fitted values of «
and n are close to those obtained by (Langergraber, 2008) for a
1-4 mm sand during a pilot-scale VFCW study (o =0.152,n=2.472).
For most of the parameters, fitted values are close to initial
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Fig. 6. Sensitivity coefficient time-series for «, n and K of the filter layer and K; of the drainage layer.

values, meaning that the set of initial values was located near a
local minimum of the objective function. Convergence was fast,
usually achieved in less than 5 iterations. Furthermore, as the
95% confidence intervals are narrow for internal parameters (c,
n and Ks), it means that the solution is well defined in terms
of the optimization process, i.e. a small deviation from the opti-
mized parameters leads to a significant increase in the objective
function.

Note again that the optimization was implemented in 3 steps.
Saturated hydraulic conductivity of the filter and intermediate
layers was optimized together. We observed a high correlation
between these two parameters (correlation coefficient of 0.74).
Filter layers o and n were fitted together, and appear to be uncor-
related (correlation coefficient of 0.16). For the virtual Kg, the 95%
confidence interval is quite wide. It is noteworthy that the cali-
bration was carried out only during ponding at a limited number of
points. When the validation event was close to the calibration event
(Vq: duration 49 min, hydraulic load 0.395 m), the previously opti-
mized van Genuchten parameter set allowed the simulation to fit
well with the measurement (L, =0.0025). In contrast, for the largest
validation event (V5: duration 250 min, hydraulic load 1.395m),
there was a misfit between predictions and observations, mainly
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Fig. 7. Sensitivity coefficient time-series of virtual K;,

due to the “virtual Ks” value. The simulated pressure head curve
showed a rapid decrease compared to the measured curve dur-
ing saturation, meaning that the “virtual Ks” was overestimated for
the strongest events. Furthermore, the L, value was double that
calculated for calibration (L, = 0.0064). As proof of the influence of
“virtual Ks” in the observed misfit, its value was recalibrated alone
for this event, after which simulated pressure head and water con-
tent showed a better fit with the measurements (L, =0.0032, see
Fig. 8).

4. Discussion

Implementing a virtual layer with a low Ks value improves the
modeling of throttle outflow by taking into account variations in
outflow rates relative to pressure head, which is not achievable
by fixing a maximum outflow rate for the lower boundary condi-
tion. However, the virtual layer introduces an additional unknown
optimization parameter for the inverse problem that already suf-
fers from ill-posedness. To overcome this issue, we suggest a
stepwise calibration methodology. The first step consists of esti-
mating hydrodynamic parameters using laboratory methods to
obtain appropriate initial values. The second step uses sensitivity
analysis carried out on a direct model to highlight the most influ-
ential van Genuchten parameters, as well as helping to adjust the
parameter constraints for the optimization. The sensitivity analy-
sis highlighted that for some parameters, the sensitivity coefficient
variation is not symmetrical, i.e. the amplitude of a sensitivity
coefficient varies according to whether we decrease the associ-
ated parameter value by a certain percentage or increase it by the
same percentage. In some cases, a slight change in the parameter
value leads to a sharp increase (or decrease) in the sensitivity coef-
ficient. In these situations, we set the constraint value close to the
initial parameter in order to avoid cases where the model might
diverge. Nevertheless, the main limits of our sensitivity analysis lie
in (i) the use of pressure head curves alone to compute sensitivity
coefficients, and (ii) the absence of investigation concerning corre-
lation between van Genuchten parameters, which could be studied
using response surfaces.
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Fig. 8. Calibration and validation of the model. (i) and (ii) depict the results obtained and the calibration event and (iii) and (iv) show the results obtained on the validation

event with and without adjusting the virtual layer K;.

Regarding the results of the sensitivity analysis, virtual Ks clearly
emerges as the major influencing parameter during saturation.
Physically, this is in accordance with the influence of the throt-
tle during saturation, whereas the unsaturated flow is mainly
governed by filter layer parameters o, n and K, i.e. by material char-
acteristics. The low influence of intermediate K after desaturation
confirms that the filter layer is the limiting one. For each parameter
tested, the steep increase observed at the end of the ponding period
reflects a change in the flow regime, which shifts from a quasi-
linear evolution during saturation to an approximately exponential
decrease during desaturation.

Thereafter, the inverse optimization method gives reliable van
Genuchten parameters when used with appropriate initial val-
ues and constraints without subjectivity or time-intensive manual
parameter estimation. Moreover, this procedure has the advan-
tage that the results are deduced from variables (volumetric water
content and pressure head) that are observed with a large time-
scale and under real operating conditions. Nevertheless, despite the
optimized van Genuchten parameters allowing a good fit between
measured and simulated data, one of the drawbacks of this method
lies in the non-uniqueness of the parameter set. Indeed, this param-
eter set can be a local solution but not a global one. Simunek
et al. (1998) suggest a method to test whether the global mini-
mum can be reached using the Levenberg-Marquardt optimization
algorithm. Starting from a synthetic model representation of our
situation, it involves carrying out inversion using different sets
of initial parameters, which are slight deviations from the true
parameter set of the synthetic model, and observing whether the
optimization algorithm is able to find the true values. Finally,

another way of solving the non-uniqueness issue could be to use
global search algorithms that have been extensively developed
over the last twenty years (Vrugt et al., 2008) but are not currently
included in HYDRUS-1D.

Furthermore, the fact that “virtual Ks” needs a complementary
calibration for different events rules out its use as a predictive tool,
which is, as we pointed it out earlier, one of the main advantages
of mechanistic models. This is due to the assumption underlying
the modeling of the throttle outflow by a virtual saturated layer.
The outflow is then expected to evolve linearly versus head loss
according to Darcy’s law, whereas it is well established that the
outflow evolves according to the square root of the head loss (sin-
gular head loss). When increasing the head loss (strong events),
the deviation between the linear Darcy assumption and the real
flow velocity increases (see Fig. 9), requiring a new calibration of
the “virtual Ks” in order to compensate for this deviation. A solu-
tion would be to implement a new boundary condition into the
HYDRUS-1D software reproducing singular head losses. Note too
that using a lower boundary condition with a maximum outflow
rate does not solve the problem, as this value changes according
to the hydraulic load. For example, the maximum outflow rate
observed reached 1.4 x 10> m/s for the calibration event (max-
imum pressure head at the bottom: 140 cm) whereas it reached
3.4 x 1073 m/s for the validation event V, (maximum pressure head
at the bottom: 230 cm).

Finally, the transition from a one-dimensional model to a two-
dimensional model is required to study the feeding phase, which is
strongly two-dimensional or even three-dimensional due to non-
homogeneous distribution and pronounced hydraulic shortcuts.
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—— Linear Darcy's law assumption
- = - Real square root behavior

Flow velocity

Head loss

Fig. 9. Flow velocity (cm/min) behaviors relative to the head loss (cm) induced by
the throttle.

5. Conclusions and perspectives

The results show that HYDRUS-1D can be feasibly applied to
simulate hydrodynamic vertical flow of constructed wetlands for
urban runoff treatment. In particular, the implementation of a vir-
tual layer with a low saturated hydraulic conductivity Ks has been
proved to efficiently simulate the calibrated outflow rate. This is
essential in the field of combined sewer overflow treatment, since
the main way to improve dissolved pollution treatment is to opti-
mize the value of the limited outflow rate.

Concerning the sensitivity of the model, the simulation results
show that (i) saturated flow is extremely sensitive to slight vari-
ations in the virtual Ks value, whereas (ii) unsaturated flow is
more sensitive to filter layer parameters «, n and Ks. This makes
it necessary to build an adapted calibration process based both on
direct and indirect methods in order to calculate van Genuchten
parameter values. Inverse optimization was proved to be a reliable
method for estimating material hydraulic properties from water
content and pressure head time-series. Although the filter layer
does not have to be recalibrated between different events, mod-
eling perspectives do require some adaptations, such as (i) the
implementation of a two-dimensional model in order to take into
account hydraulic shortcuts occurring during feeding, and (ii) the
implementation of a new boundary condition reproducing singular
head losses.

Finally, the modeling results highlight some design and prac-
tical implications. Setting a precise outflow rate value is crucial,
since this is the main influencing parameter that impacts saturated
drainage. While the hydrodynamic properties of the filter material
are an important factor during unsaturated drainage, the valve still
has arole as its impact will be high, firstly on water residence time,
and thus on chemical (adsorption) and biological rates, and on the
re-aeration of the media, will be high. Consequently, further full-
scale plants should be equipped with easily adjustable valves (like
butterfly or diaphragm valves) rather than simple ball valves
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ABSTRACT

We developed an original method to measure nitrification rates at different depths of
a vertical flow constructed wetland (VFCW) with variable contents of organic matter
(sludge, colonized gravel). The method was adapted for organic matter sampled in con-
structed wetland (sludge, colonized gravel) operated under partially saturated conditions
and is based on respirometric principles. Measurements were performed on a reactor,
containing a mixture of organic matter (sludge, colonized gravel) mixed with a bulking
agent (wood), on which an ammonium-containing liquid was applied. The oxygen demand
was determined from analysing oxygen concentration of the gas passing through the
reactor with an on-line analyzer equipped with a paramagnetic detector. Within this paper
we present the overall methodology, the factors influencing the measurement (sample
volume, nature and concentration of the applied liquid, number of successive applica-
tions), and the robustness of the method. The combination of this new method with a mass
balance approach also allowed determining the concentration and maximum growth rate
of the autotrophic biomass in different layers of a VFCW. These latter parameters are
essential inputs for the VFCW plant modelling.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

mean removal efficiencies of the VFCW system yield 90% for
chemical oxygen demand (COD) and total suspended solids

Wastewater treatment based on the technology of con-
structed wetlands (CW) is an attractive technology for small
communities (<2000 PE). The simplicity of low-cost operations
and the reliability as well as efficiency of their treatment are
often compatible with the limited resources that can be spent
on water treatment in these communities (Kadlec, 2000). An
innovative type of vertical flow constructed wetland (VFCW)
was developed by Cemagref, France (Molle et al., 2005). The
VFCWs contain gravel rather than sand and is combined with
a preliminary settling tank. For a long-term operation period,

* Corresponding author. Tel.: +33 4 72 20 87 &7.

E-mail address: jean-marc.choubert@cemagref.fr (J.-M. Choubert).

(TSS), and 60—80% for total kjeldahl nitrogen (TKN). Despite
the recent progress of optimization, the nitrification efficiency
on the first stage of this VFCW still remains incomplete. To
remediate to this, the VFCW is upgraded with a second
vertical stage, but this increases the total surface area needed.
Alternatively, optimizing the first stage should still be
possible, as suggested by a recent study carried out under
constraining conditions (Molle et al.,, 2008), but requires
a deeper analysis and a better understanding of the biological
turn-over rates.

0043-1354/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.

doi:10.1016/j.watres.2011.07.004
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Partially saturated filter beds are often considered as “black
boxes” because of the complexity and the limited under-
standing of the processes that take place under partially
saturated conditions. Conceptual models, based on physical
and biochemical process knowledge, improve the insight on
the way partially saturated filter beds function and improve
their design and operation (Langergraber et al., 2008). As
a result, some process based models of wetland systems were
recently developed, allowing to refine the description of the
water flow and solute transport processes in the filter
medium. For instance CWM1 (Langergraber et al.,, 2009),
or CW2D in the Hydrus software (Simunek et al., 1999,
Langergraber and Simunek, 2005), combine equations
describing the biological processes of growth and decay of
biomass with a multi-component reactive transport model. In
these cases, the biological process descriptions are inferred
from the activated sludge model ASM (Henze et al., 1987).
However, due to model complexity and hence the small
parsimonious status of these models (i.e. high number of
parameters to fit), the calibration of these conceptual VFCW
models remains a complicated task, in particular for the bio-
logical component of the model. Indirect parameter determi-
nation methods through inverse modelling of the inflow/
outflow pollutants fluxes of a VFCW was suggested to support
the calibration of such a model (Langergraber, 2007). Though,
for a calibration that also fits with the state-of-the-art bio-
logical process knowledge, the combination of inverse
modelling with direct parameter determination techniques is
suggested. Parameters inferred from direct determination
experiments can therefore be used to generate reliable prior
estimates of biological parameters, which are subsequently
further refined during model inversion. By doing so, estimated
parameters comply with prior estimated parameter intervals
and overall parameter uncertainty is reduced.

Dynamic measurement techniques (i.e. under continuous
air supply) are widely used when modelling a WWTP process.
The turnover rates of the different fractions of organic matter
(e.g. rapidly/slowly degradable organic matter), and the
parameters of the heterotrophic biomass contributing to the
degradation, are determined using the monitored time evolu-
tion of COD (Lasaridi and Stentiford, 1998; Stricker et al., 2003;
Scaglia and Adani, 2008) or the oxygen uptake rate under
liquid conditions (Spanjers and Vanrolleghem, 1995; Lagarde
et al., 2005). Other authors adapted the concepts of activated
sludge models to characterize the turn-over of solid wastes and
the partially saturated filtration medium (Adani et al., 2004;

Ambient air

Tremier et al., 2005; Andreottola et al., 2007; Ortigara et al.,
2011). Yet, to study the conversion of ammonium into nitrates
by autotrophic biomass (nitrification), it is still necessary to
design a new technique that allows conducting measurement
in partially saturated media. Indeed, the available techniques
consist either in the estimation of the nitrate production rates
(WERF, 2003; Dold et al., 2005; Choubert et al., 2009), either in the
measurement of the oxygen uptake rate under inhibiting
conditions (Surmacz-Gorska et al., 1995) or either in the
measurements of the pH-evolution (Ficara and Rozzi, 2001). All
these techniques lead to significant disturbance of the biofilm
nitrification activity in partially saturated conditions.

The purpose of this paper is to present a novel solid
respirometric methodology, designed to measure the
maximum nitrification rate in a VFCW. The novelty is based
on the fact that the solid respirometric method allows
handling matrices in partially saturated conditions, such as
those found in the porous media of a VFCW. The effects of the
addition of substrates, the hydraulic loading rates, and the
injected nitrogen load on the measured nitrification rate are
assessed. Special attention is given to the interpretation of the
nitrogen release and storage phenomenon. Subsequently, the
robustness of the developed method is determined. Finally,
the method is applied to assess turn-over parameters of the
autotrophic biomass at different depths of a full-scale VFCW,
that would be useful for models.

2. Materials and methods

The solid respirometric equipment was set-up for partially
saturated samples collected from a VFCW. The equipment is
first described in part 2.1. Next in part 2.2, the method for
measuring the maximum nitrification rate as well as the data
for evaluating its robustness are presented. Finally, the
application of the method for a full-scale VFCW plant is
illustrated in part 2.3.

2.1. The solid respirometer

2.1.1. Equipment and operating conditions

The respirometric system (Fig. 1) was adapted from a concept
developed for characterizing household waste (Tremier et al.,
2005). The system consisted of six stainless steel, temperature
controlled (double envelope), cylinders of an overall height of
0.40 m and an internal diameter of 0.22 m. The temperature of

0.5-1 L/min

=9 Recirculation ll{.’le —7-10 L/min

Flowmeter

Gas volume (NH,C, NaHCO,)

——— Gas analyser

online

Air moisture < (0,,COy
saturation Condenser :
bottle
Double envelope Chemical
Stainless lysis - offline

respirometric cell Y, NO;)

synthetic solution

Test-tube with

Solenoid valve

Fig. 1 — Solid respirometer device.
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the reactor was maintained at 20 °C with a cooler (Lauda
WKL903). The VFCW sample was mechanically mixed with
a woody bulking agent (wood chips of average size
3 x 2 x 0.5 cm) that was previously immersed in tap water for
24 h, using an end-over-end tumbler (Firlabo, operated at
60 rpm for 2 min). For colonized gravel from the VFCW (e.g.
dio = 2.46 mm; UC = 1.39; initial porosity of 40%), the volu-
metric ratio bulking agent/sample yielded 50/50, allowing to
maximize both porosity and oxygen uptake. For sludge,
a volumetric ratio bulking agent/sample of 75/25% was used.
The application of a mechanical mixing was found to be
essential to obtain a good repeatability. A total volume of 3 L of
the mixture was then introduced in each cell of the solid
respirometer, and the reactors were hermetically closed.

Each reactor was subsequently subjected to a continuous
supply of ambient airflow (0.5—1 L/min) mixed with recycled
air (7—10 L/min). These conditions led to a ratio between
recycled and ambient air between 10 and 20, allowing to
obtain perfect mixed conditions and no limiting oxygen rates
(Berthe et al., 2007). Gas flow rates applied to every reactor
were quantified by volumetric sensors (Gallus, 2000; Actaris).

After a previous cooling stage (Peltier, PKE 511), allowing to
eliminate the humidity of the gases, the outgoing gases of
every reactor were analyzed with an on-line analyzer (Servo-
mex 4900) equipped with a paramagnetic detector for oxygen
(0—100%) and with optical sensors for the analysis of carbon
dioxide (CO,, 0—3000 ppm), methane (CH4, 0—500 ppm) and
nitrous oxide (N,O, 0—500 ppm). The outgoing gas of each
reactor was analyzed every hour for 8 min, and the incoming
gas was analyzed every hour for 12 min.

2.1.2. Sensitivity of the method
The bulking agent improved the porosity and thus the aera-
tion efficiency of the sample (Tremier et al., 2005), without
extra oxygen uptake. It also maintained the humidity for the
growth of microorganisms (Berthe et al., 2007).

The calibration of the gas analyzer was carried out twice
a week and before starting a new experimental campaign.
This guaranteed a gas measurement precision of 0.01%. To
improve the reliability of the method, connecting pipes were
changed regularly to limit supplementary oxygen uptake
caused by microorganisms that develop in the connection
pipes of the recirculation line (oxygen uptake called “intru-
sive” uptake). Moreover, the total “intrusive” oxygen uptake
(blank test) of each reactor and connecting pipe were
systematically measured before filling the reactors. This
intrusive uptake was subtracted from the uptake measured
with the mixture introduced in the reactor. With this protocol,
a relative standard deviation between two replicates smaller
than 20% was obtained.

2.1.3. Respirometric index

In the following equations, the oxygen uptake rates were
expressed in terms of dry matter (DM). For the measurement
of DM, the water of collected samples (sludge and colonized
gravel) was evaporated until dried in a drying oven (105 °C) for
at least 24 h. DM was calculated by the difference of weights
before and after drying according to the standardized method
published by APHA (2005). Duplicate determination coincided
with the 5% of the measured weight.

The difference in the oxygen concentration between the
reactor entrance (OR(t), [%]) and the reactor exit (O3“(t), [%])
provided the oxygen uptake rate by mass unit (noted DRI,
[mg O,/kg DM/h]) as shown in Eq. (1). This variable was related
to the biomass activity within a reactor. The total consumed
oxygen mass during the period tr (CO(tg), [mg O./kg DM]) was
defined by integrating DRI (t) between t = 0 to tf, as shown in
Eq. (2)

On(t) — O3 (t)| x Q™" x 60 x 1000 x 32
pri(t) = 4020 _ 0% 0] < % (1)
dt Vinolar X Msample

CO(ty) = / DRI(t).dt )

0

with Q" [L/min], the gas flow rate applied to a reactor;
Vmolar(r) [L/mol] the molar volume of the outgoing air
considering its temperature (T [°C]); Msample [kg DM] the mass
of dry sample to characterize; and tr the length of the exper-
iment. The conversion factors are as follows: 60 to convert
from minute to hour; 1000 to convert from g to mg O,; 32 to
convert from mol O, to g O,.

Fig. 2 illustrates examples of the measured time course of
DRI(t) and CO(tr) for three wastes like sand, colonized gravel
and sludge. For sand containing few biodegradable organic
matter (lab-scale columns fed with synthetic wastewater,
Rolland et al., 2009), CO(tr = 200 h) ranges between 480 and
1000 mg O,/kg DM. For such low CO(tg), the difference between
replicates was about 40% which prevented using the proposed
method for samples with a too low amount of organic matter.
For colonized gravel sampled at the first stage of a VFCW
(situated in Evieu (France) described in Molle et al. (2008), we
found CO(tr = 200 h) that ranged between 3840 and
6400 mg O,/kg DM. As for sludge from a drying reed bed sit-
uated in Andancette (France), described in Troesch et al.
(2009), we found CO(tr = 200 h) that ranged between 48 000
and 320 000 mg O,/kg DM. For both organic matrices, the
difference between replicates was lower than 20%.

2.2. Determining the nitrification rate

2.2.1.
index
To study nitrification, each reactor was equipped with
a spraying system (2 L/min) allowing a uniform supply of
liquid solution to the sample. To limit the dissolution of the
oxygen when spraying, and to limit the sur-saturation
phenomenon for oxygen, the liquid was first aerated during
12 h and, subsequently, at rest for 1 h before being injected in
a reactor. A typical time course of DRI(t) recorded with an
addition of liquid is shown in Fig. 3. The DRI,.x Was deter-
mined by the most important difference between the oxygen
concentrations entering and leaving the reactor. The CO(tg)
(Eq. (2)) was equal to the surface area located between the
DRI(t) curve and the horizontal line.

Liquid addition, percolate release, and nitrification

2.2.2. Calculating nitrification rates from DRly,qy and CO(tg)
The actual oxygen uptake rate (dO,/dt, [mg Ox/kg DM/h]) in
local conditions can be calculated using conceptual models, as
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Fig. 2 — Examples of DRI(t) and CO(t) results for carbon degradation in three organic wastes (colonized sand and gravel,

sludge).

shown in Eq. (3). These conceptual models are based on acti-
vated sludge models (Henze et al.,, 1987) and extended to
VFCW (Simunek et al., 1999). They require using five of the
following parameters: the maximum autotrophic growth rate
(1A max [1/h]), the cellular yield coefficient (Ya, [g CODbiomass/
g NH,—Nyiified]), the saturation coefficient for oxygen (Kans.o,,
[mg O/L]), nitrogen (Kansnusa, [Mg NH4—N/L]), and inorganic
phosphorus (Kans,p, [mg P/L]). Also the four following vari-
ables are used: the oxygen concentration (Co,, [mg O,/L]), the
ammonium (Cnm,, [mg N/L]), the inorganic phosphorus
concentration (Crp, [mg P/L]) and the biomass concentration
(CXAy [mg CODbiomass/kg DM])

dO, 457 -Y, ) Co, ) Cnn,
dt Ya Famax Kans 0, + Co, Kansnu, + Cnn,
Crp

—T _.C 3
Kansp + Crp A ®

When no limiting conditions occur in terms of oxygen,
nitrogen and phosphorus, the previous equation can be
simplified into:

do 457 -Y.
<d7t2> = 7Y7A'/"A.max ’CXA = DRImax = Rs.max = P'Rv,max
max A
(4)

From the value of DRI, .« Eq. (4), the maximum nitrification
rates Rs max [Mg O,/kg DM/h] were determined. This value was
linked to the maximum volumetric nitrification rate Ry max
[mg Ou/Lsample/h] using the concentrations of solids in the
layer, noted p [g DM/Lsampie]-

CO(tg) and DRIy« gave the nitrified mass usinga conversion
factor of 4.3 g O, consumed for 1 g NH;—N nitrified (=4.57-Y4).
An alternative method in determining the nitrified mass was to
carry out a mass balance on chemical analysis data. After
passing through the mixture made of the bulking agent and
sample, each percolated solution was collected and immedi-
ately filtered. The composition of the percolate was deter-
mined by using chemical analysis COD, NH;—N, NO;—N and
NO,—N, according to standardized methods (APHA, 2005).

2.2.3. Experimental conditions tested to adjust liquid injection
The strategy carried out to adjust, evaluate and apply the solid
respirometric method is summarized in Table 1. The effects of

the concentration and the volume of the liquid solution on
nitrification was studied in detail for the colonized gravel from
a VECW.

Two types of liquids were studied to measure the nitrifi-
cation rate: an ammonium-free tap-water to study the need to
clean the organic matter from CW before measuring nitrifi-
cation; and tap water containing ammonium. The chemicals
that were considered in the liquids were ammonium chloride
(NH,CI) to feed nitrifiers, and sodium bicarbonate (NaHCO3) to
prevent from mineral carbon limitation. Different concentra-
tions and volumes of injected water were evaluated in order to
study the role of the mass of nitrogen applied on nitrification
rate. The storage and depletion (release) phenomenon of
nitrogen were studied following the chemical analysis of
batches.

Samples of colonized gravel collected within the first stage
of the VFCW from a plant located in Evieu (France) (Molle et al.,
2008), were mixed with the bulking agent (see 2.1.1), and were
characterized in the reactors of the solid respirometer device
at 20 °C. The DRI (t) curves were determined under the
following supply conditions (Table 1):

— injections of three different volumes (250, 500 and
1000 mL) with two concentrations of ammonium (30 and
60 mg NHy;—N/L), implying four thresholds nitrogen
concentrations (7.5, 14.3, 28.5, 60.0 mg N). Among them,

|Addi1ion of ammonia

DRI(mgO,/kgpu.h)

T T

4 6 8
Time (h)

Fig. 3 — Respirogram obtained after addition of ammonia
for the nitrification study.
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Table 1 — Strategy to adjust, evaluate and apply the solid respirometric method.

Design of the solid respirometric
method for nitrification — Testing
of the experimental conditions on
respiration rates —

Evaluation of the method —Testing for
the robustness and comparison with
“classical” protocols or literature —

Application to a VFCW plant

— Impact of the injected volume
of liquid;

— Impact of injections of
ammonium-free water, and
subsequent injections of water
with ammonium;

— Impact of injections of water
with ammonium only (no
previous addition
of ammonium-free water);

— Impact of injected mass of nitrogen.

— Comparison with NOs;—N production
rate in liquid conditions (batch test) with
biofilm (taken off from gravels by a
mechanical step), immersed in liquid
and excess of oxygen;

— Comparison with NH,—N uptake
and NO3;—N release with analysis in
percolates of respirometer;

— Comparison with literature values
from other methods.

— Measurement of the maximum
nitrification rate (Ry max) [With DRI
measured after four successive injections
of 1L of liquid solution (90 mgNH,—N/L);

— Mass balance calculated with input and
output nitrogen fluxes calculated [inflow
rate (19 m?/d) and nitrified mass
(420 g Nyjtrifiea/d)]. This aims at
characterizing the autotrophic
degradation process in a full-scale VFCW;

— Determination of pa max

two threshold concentrations (14.3 and 28.5 mg N) were
applied with two different volumes (Fig. 4);

— injections of ten successive volumes of 1 L of liquid; six of
them were carried out with ammonium-free water (tap
water). Then, four batches were carried out with water
containing ammonium (60 mgNH,—N/L) and bicarbonate
in steechiometric quantity (2 batches/day);

— injections of six successive volumes of 1 L of water con-
taining ammonium (90 mg NH,—N/L) and bicarbonate in
steechiometric quantity (2 batches/day); and,

— injections with different masses of nitrogen (8, 15, 28, 55,
90 mg) applied to five samples of colonized gravel, and
determined after the application of a succession of a
1 L-batch with water containing ammonium.

For each experimental condition detailed above, the
maximum specific nitrification rates (Rs max, [mg O/kg DM/h])
were determined as explained in 2.2.2. Moreover, the mass of
released ammonium and nitrates was calculated from the
chemical composition of the liquid that percolated.

2.2.4. Other conventional protocols for comparing solid
respirometry results

The maximum volumetric nitrification rates (Rsmax, [mg Oy
kg DM/h]) obtained from solid respirometry experiments were

50
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compared to the values obtained with a common protocol
generally applied to evaluate the maximum nitrification rate
of an activated sludge. The batch test consisted in measuring
the NO3;—N production rate in liquid conditions (noted Rsiq)
under non limiting conditions (mixing, aeration, substrate
availability) as detailed in the protocol published by Water
Environment Research Foundation (WERF, 2003). The batch
test was applied after a mechanical removal of the biofilm
composed of organic matter and biomass, attached to the
gravel. The biofilm was removed by a rigorous mixing 1 L of
colonized gravel placed in 3 L of water. This step was repeated
three times successively, until clean gravel was obtained. The
nitrification rate was converted as detailed in 2.2.2. The
experiment was carried out for 5 samples of colonized gravel,
collected every two weeks.

2.3. Determining autotrophic biomass parameters
developed in a VFCW plant

In the VFCW, three horizontal layers were differentiated: only
sludge deposit (1st layer, h; = 20 cm of thickness), colonized
gravel with biofilm (2nd layer, h, = 30 cm of thickness), and
almost clean gravel (3rd layer, h; = 30 cm of thickness) with
a negligible activity. The section below describes sampling,

measurement, and calculation strategies that were
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Fig. 4 — CO(tg) (left) and DRI, (right) measured for different batches loaded with different nitrogen load.
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implemented in order to determine the turn-over parameters
of the autotrophic biomass,.

2.3.1. Sampling and preparation

Samples of sludge and colonized gravel were shovelled up at
two locations of the first stage of the VFCW. Hence, one
sample was collected for each 15 m? of filter. Both sampling
points were located at 2 m of the feeding point, providing raw
waste water input to the VFCW. The duplicate samples
collected for each layer are merged, then subsequently
prepared with the bulking agent (as described in 2.1), and
introduced in the reactors of the solid respirometer device.

2.3.2. Determining the maximum nitrification rate (Rs max)
with solid respirometry

The DRI(t) and DRIyax Were determined at 20 °C for the two
samples (sludge and colonized gravel) after four successive
batches of 1 L, containing a solution of 90 mg NH,—N/L, was
applied. The maximum specific nitrification rates, Rs max(h1)
and Rgmax(hy) [mg N/g DM/h], were then determined. The
concentrations of solids in each layer, p; and p, [g DM/Lsampie],
were used to convert the individual values into volumetric
nitrification rates noted Rymax (R1) and Rymax (ho). By
weighting with the respective thickness (h; and h,) of each
layer, the global value (for the two first layers), Ry max
[mg N/Lgampie/h], was calculated.

2.3.3. Calculating the autotrophic concentration (Cxa) by
means of a nitrogen mass balance

The daily net growth of the autotrophic biomass that accu-
mulated in the system was modelled with an approach
adapted from Nowak et al. (1994) presented in Eq. (5). It used
the daily nitrified nitrogen fluxes in a wastewater treatment
plant as determined from the flow rates and the concentra-
tions of different nitrogen forms of raw and treated water. The
amount of the autotrophic biomass produced each day by
nitrification, Mxa(t), [g COD], was estimated by the sum of
daily nitrified nitrogen (¢Nnjitrified, [€ Nnitriiea/d]), assuming that
the autotrophic biomass input from the influent was negli-
gible. The fraction that disappears each day was estimated
from a decay process (ba, [1/d]) and from the evaluation of the
mass removed by treated effluent (pXAetfiuent, [g COD/d]), as
there was no regular withdrawal of the excess sludge, but
resting period with no feed. Moreover uptake of nitrogen by
reeds and denitrification were considered as negligible as
shown by Molle et al. (2008) and Tanner (1996). The typical
decay rate value (b,) was chosen similar to thoses determined
for secondary sludge from an activated sludge process
[0.0071 h~* (=0.17 d~%) at 20 °C (Dold et al., 2005)], as it is not
easily measurable. The daily net growth of the autotrophic
biomass yields:

% = Ya.¢Nniuified — ba-Mxa(t) — @xaetfivent (5)

This equation was applied to the VFCW from Evieu that
treated 19 m®/d of water and yielded a daily nitrogen nitrifi-
cation flux (¢Npiuisica) Of 420 g Npitifiea/d (14 8 Npjinea/m?.d).
This latter value was computed from concentrations of
different nitrogen forms in daily average, flow proportional,
composite samples. Assuming an initial autotrophic

concentration of 100 g CODyiomass, the successive mass
balances converged towards a reliable value, independent of
the initial value (Nowak et al., 1999). The global concentration
of autotrophic biomass accumulated in the VFCW (Cxa) was
calculated by dividing the mass of autotrophic biomass (Mxa)
by the volume of the active biological reactor (V,+V,), located
from the surface layer to the bottom of the second layer of
gravel (h;+h, = 50 cm height), assuming that the third layer
(30 cm at the bottom of VFCW) had no biological activity
(almost clean gravel).

2.34.
(,“A,max)
Using the previous calculations explained in 2.3.3. (Cxa) and in
2.3.2. (global Ry max), the maximum autotrophic growth rate
(wamax [n71]) was determined with Eq. (6).

Calculating the maximum autotrophic growth rate

_ hl 'Rv.max(hl) + hZ ’Rv,max(hZ) 1
Mamax = Ya hy + 1y Mxa (6)

Vi+V,

with Y, the cellular yield coefficient (0.24 g CODyiomass/
g NH4_Nnitﬂﬁed, Henze et al., 1987)

3. Results and discussion

3.1 Impact of injecting liquid and consequences on
measuring nitrification

The conditions of injections were studied as described in part
2.2.3.

3.1.1.
nitrogen
Fig. 4 presents CO(tg) and DRI,y for batches of 250 mL, 500 mL
and 1L of tap water, containing either a concentration of 30 or
60 mg NH,—N/L with bicarbonate, for a nitrogen mass applied
of 7.5-60 mg N. Relative standard deviation indicates the
discrepancy around the mean values.

For a given injected nitrogen mass of 14.3 and 28.5 mg N,
the CO(tr) and the DRIy.x remain rather constant and inde-
pendent of the injected volumes or the nitrogen concentra-
tions that was applied. No differences were observed for
different injected volumes. Also, no influence of the hydraulic
retention time was observed. Only the injected nitrogen mass
had an impact on CO(tf) and consequently on the nitrification
rate. No influence of the hydraulic retention time was
measured. Further investigations are presented in part 3.1.4.

When the injected volume increased from 250 to 500 mL,
and from 500 mL to 1 L, for a given nitrogen concentration (30
or 60 mg NH,—N/L), the CO(t) and the DRI,y increased by
20—-50%, while the injected mass of nitrogen doubled. Similar
observations were carried out when the nitrogen concentra-
tion increased from 30 to 60 mg NH,—N/L for a given injected
volume of water (250, 500 or 1000 mL). Thus we can conclude
that the increase was not proportional to the injected volume
or to the NH,—N concentration, probably due to a limitation in
the mixture coming from the oxygen transfer or due to the
hydraulic retention time.

Impact of the injected volume and the concentration of
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Fig. 5 — NH;—N, NO;—N and equivalent CO(ty) measured
(mg N) for the successive addition of water with or without
ammonium.

3.1.2. Impact of adding “ammonium-free” water, and
subsequent water containing ammonium

Fig. 5 presents the mass of nitrate nitrogen (NO;—N) and
ammonium (NH4—N) released in the percolates, when
successive 1 L batches were applied to a respirometric
reactor. Six batches of ammonium-free water (tap water)
were first applied, and then four batches of water containing
ammonium and bicarbonate were injected. The nitrified
mass calculated from CO(tg) (conversion with 2.2.2.) is also
shown.

As the number of applied batches without ammonia
increased, we measured a release of nitrates. The individual
concentration of nitrates decreased from 10 mg NO3;—N
(batches 1 and 2) to 2 mg NO3;—N (batches 5 and 6). At the same
time, a small release was measured for ammonium (0.3 mg N
for batches 1 and 2, and almost no release for the others). The
nitrified mass, calculated from CO, decreased from 2 mg N, for
batches 1 and 2, to 0.1 mg N for batches 5 and 6. When batches
of water containing ammonium were applied, subsequently
after batches with ammonium-free water, a storage process of
nitrogen occurs through the reactor for an amount of
2-5 mg N per batch, varying in terms of the injected mass.
Indeed, a removal of 10 mg NH,;—N occured for batches 7 and
8, and 15 mg NH,—N for batches 9 and 10. Though, the released
mass of nitrates was about 2 and 5 mg NOs;—N for batches 7 to
10. The nitrified mass (calculated from CO) was between 5 and

ONH4-N injected

ONH4-N percolate

BNO3-N percolate

| ®N nitrified (calculated from CO)

-
o
o

10 mg N. Consequently, depletion and then storage of nitrogen
are two processes that disturb the measurement of the nitri-
fication rate in the biofilm. The application of successive
batches of water containing nitrogen only is thus studied in
the following paragraph.

3.1.3. Impact of adding only water containing ammonium (no
previous ammonium-free water)

Fig. 6 presents the results obtained with six successive 1 L
batches of water containing ammonium and bicarbonate,
with no previous additions of ammonium-free water.

As the number of injections increased, we observed
a decrease in the mass of nitrogen released through the
percolates from 95 to 87 mg NH;—N. At the same time, the
released mass of NO;—N increased from 1 to 6 mg NO;—N, and
the nitrified mass (calculated from CO) increased from 1 to
5 mg N. In this protocol where water containing ammonium
was used, we did not observe a storage of nitrogen during the
injections. We still observed a difference of 1 mg N between
the nitrates produced and the oxygen consumed by nitrifica-
tion. This is in accordance with the accuracy of the respiro-
metric method and chemical analysis.

The CO(ty) increased from 7 to 17 mg Oy/kg DM for the
batches 1 to 3, and remained almost constant, approximately
17 + 2 mg Oy/kg DM for batches 3 to 6 (Fig. 6, right). This
observation suggests that a saturation was reached of the
nitrogen stock in the biofilm, after application of at least four
batches. However, the application of water containing
ammonium, after previously cleaning the organic matter from
CW with “ammonium-free” water, would require more than
four batches to restore the depleted nitrogen stock.

3.1.4. Influence of the injected nitrogen mass

Fig. 7 presents the values of mean and relative deviation of the
specific oxygen uptake rate (Rsmax [mg Ox/kg DM/h]), deter-
mined for five injected nitrogen masses in the range
8—90 mg N (noted LoadN, [mgN]). These values were obtained
after applying four 1 L batches of water containing
ammonium.

The maximum oxygen uptake rate (Rs max) increased as the
injected nitrogen mass increases. We observed that the
uptake rate reached an approximate constant value of
34 mg O,/kg DM/h or 41 mg O,/L/h. Thus, the maximal nitri-
fication rate of the sample of colonized gravel was reached in
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Fig. 6 — Mass of NH,—N (injected and released), NO3;—N (released), nitrified nitrogen (mg N) and CO(ty) measured for the

successive addition of water with ammonium.
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Fig. 7 — Rymax and Ryjiq measured at different injected nitrogen mass.

such conditions (no oxygen limitation, 20 °C). A logarithmic
regression was performed using Eq. (7).

RS_max(IoadN) = Rs max" [1 _ e(—knv max-loadN)] (7)

with Rs max the maximal oxygen uptake rate [mg O,/kg DM h],
krvmax the rate coefficient [1/mg N], and loadN [mgN] the
injected nitrogen load. The following parameter values were
estimated from this regression: Rgmax = 34 mg O,/kg DM/h
and krymax = 0.052/mg N.

For further experimentations, we can chose to apply an
injected nitrogen mass of 100 mg N to work at the conditions
of the maximum level of nitrification rate, which corre-
sponded to 40.8 g N/g DM injected.

3.2. Evaluation of the proposed method

3.2.1. Comparison with a conventional method

Nitrification rates obtained with the proposed solid respi-
rometry (Rsmax) Were compared to batch measurements
carried out by immersing the detached biofilm in liquid
conditions (Rs q) (see 2.2.4.). As shown in Fig. 7, the results of
liquid conditions were located between 3 and 11 mg O,/kg DM/
h. A difference with the solid respirometry method of
5-30 mg O,/kg DM/h was obtained, suggesting that nitrifying
biomass reacts differently. When partially saturated condi-
tions were regularly applied, we thus suggest that the solid
respirometry was more appropriate for assessing the nitrifi-
cation rate in such systems. However, the solid respirometry
was much more complex to implement. In addition, the use of
nitrates produced and released through the percolates did not

improved results either, due to the depletion and storage
phenomenon.

3.2.2. Comparing existing literature values

In order to discuss our results, the values of maximum specific
nitrification rates (Rs max, [mg O2/DM/h]) were converted into
volumetric rates (Rymax, [Mg O2/Lsample/h]), that were
compared to literature values in Table 2.

We observe that the maximum nitrification rate evaluated
from the solid respirometric technique differed considerably
with the results published by Andreottola et al. (2007) of 1.8 mg
Oo/Lsample/h. Notwithstanding the injected nitrogen amount
was almost similar (90 mg), the respirometric method, carried
out by Andreottola et al. (2007), involved passing liquid
continuously through a colonized filtering column. On the
contrary, our results are consistent with the maximum nitri-
fication rate proposed by Langergraber and Simtuinek (2005) of
30.5 mg O/Lsampie/h. They obtained maximum nitrification
rates from inverse modelling with the HYDRUS-CW2D model,
which used inflow/outflow pollutant fluxes from a VFCW.

3.3. Determining the concentration and the maximum
growth rate of autotrophic biomass

Table 3 presents the maximal volumetric nitrification rate
(Rv,max) obtained with the solid respirometric technique
applied to the samples collected and prepared as described in
part 2.3.1. For the sludge (Ist layer, p; = 187 g DM/Lgsample),
a maximum volumetric nitrification rate of 16.3 g N/Lsampie/h
was obtained. For the colonized gravel (2nd layer, p, = 114 g

Table 2 — Comparison of Ry, max to literature values [mg O5/Lsampie-h].

Method of Ry max Solid respirometry (partially Nitrates production rate

Respirometry? (liquid Simulations®

measurement saturated conditions) (batch liquid conditions)  conditions) (Andreottola  (Langergraber and
Source (this study) (this study) et al., 2007) Simunek, 2005)
Results 32-50 (mean = 41) 13—25 (mean = 19) 1.8 30.5

(SD = 9; 2 values)

(SD = 6; 5 values)

a Respirometric method applied to the liquid passing continuously through a colonized filtering column (Andreottola et al., 2007).
b Calculated with a conversion of the predicted autotrophic biomass concentration (150 mgCOD/L once HYDRUS-CW2D was calibrated by
inverse modeling with inflow/outflow pollutants fluxes of a VFCW) using the values of ua max and Y (Langergraber and Simunek, 2005).
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Table 3 — Maximum nitrification rate (Ry,max), concentration (Cx,), fraction released by treated effluent and maximum

growth rate (ua max) for the autotrophic biomass.

Layers p® [g DM/ Ry max [g N/ Cxa in reactor [mg Cxa in treated effluent  ua max [1/h]
Lsample] Lsample/h] CODbiomass/Lsample] [mg CODbiomass/L] (1/d )
(Fraction of the mass
contained in reactor)
Overall VFECW 143 19.5 123° 0.04 (0.2 %) 0.037 (0.88)
1st layer 187 16.3 103¢ — —
(h; = 20 cm sludge)
2nd layer 114 21.7 137¢ = =
(hy =30 cm
colonized gravels)
3rd layer negligible negligible negligible = =
(hs3 =30 cm

clean gravels)

Dashed line when no value was determined.

a Wet density of pure submerged biofilm is 1 kg/L (i.e. density of water) (Vigne et al., 2010). p includes the biofilm concentration in each layer,
that is to say the concentration of dry matter once it was get rid off of dead leaves, roots, gravels.

b Calculated according to 2.3.3 with mass balance.

c Calculated with the value of ua max and the individual values (each layer) of Ry max (EQ- (4)).

DM/Lsample), @ maximum volumetric nitrification rate of
21.7 g N/Lsampie/h was obtained. Assuming a negligible nitri-
fication rate for the deep layer of the VFCW, we calculated
a global volumetric value Ry,max 0f 19.5 g N/Lgampie/h, from the
two individual values weighted by the thickness of the two
layers (part 2.3.2.).

A negligible autotrophic biomass concentration of 0.04 mg
CODyiomass/L released with total suspended solids (TSS) in the
treated effluent was determined. This represented only 0.2%
of the amount of autotrophic biomass stored in the VFCW.
This level was very low compared to the usual values in
treated water released by the activated sludge process (Feray
et al., 1999; Vigne et al., 2010). A value of 123 mg CODpiomass/
Lsample Was obtained for the global autotrophic biomass
concentration (Cxa) in the filter according to the method pre-
sented in 2.3.3.

The maximum growth rate coefficient (ua max) Was calcu-
lated, using the approach presented in part 2.3.4. A value of
0.037 h™* (i.e. 0.88 d™') was obtained. This value is in accor-
dance with usual values used for modelling of activated
sludge process as reviewed by Choubert et al. (2009). Conse-
quently, the concentration in autotrophic biomass in the two
first layers of the VFCW was estimated to be 103 and 137 mg
COD/Lsample, respectively. Therefore a comparison with the
predicted values of the HYDRUS-CW2D model could be carried
out. These values are very close to the values of 110 g
CODpiomass/Lsample predicted by Langergraber and Simunek
(2005) with the CW2D model.

4, Conclusions

A novel respirometric tool was developed and applied to
measure the nitrification rate in partially saturated, porous
samples, collected from a VFCW, composed of sludge and
colonized gravel. The best operating conditions for injecting
liquids (volume, composition) were studied. The use of
ammonium-free water before injecting water containing
ammonium led to a depletion of the nitrogen storage in the

initial system and impeded correct nitrification rate
measurements. The use of water containing ammonium only
led to equilibrating the depletion/storage phenomenon. The
comparison with liquid batch experiments indicates that the
solid respirometry was more appropriate for the partially
saturated conditions and was therefore closer to the condi-
tions of their original medium. The method was compared to
some conventional protocols and literature data. As compared
to protocols using liquid conditions, the data were found to be
more appropriate to fit within the range of simulated
maximum nitrification rates reported in the literature. Indeed
the autotrophic concentrations were closer to the values given
by simulation once calibrated by inverse modelling with
inflow/outflow pollutant fluxes of a VFCW. Then, the protocol
was successfully applied to obtain the parameters of the
autotrophic biomass of a VFCW. A value of maximum growth
rate similar to the value of activated sludge process was
determined. Finally, we conclude that the data provided with
the solid respirometer are appropriate for a finer calibration of
models of constructed wetlands.
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The present work deals with modeling of the fate of nitrogen through a vertical flow constructed wet-
land (VFCW) using gravel, treating directly domestic raw wastewater. The experimental design of the
work involved lab-scale and full-scale experiments to calibrate the multi-component reactive transport
model for constructed wetlands (CW2D). Besides measured values for the hydraulic parameters and the
maximum autotrophic growth rate, we calibrated two other parameters (oxygen re-aeration rate and
adsorption coefficients of ammonium) to reduce the difference between predictions and measurements.

szztgs;er The obtained model determined the time-variation of nitrogen concentrations in the effluent with reason-
Nitrification able performances. With the use of the model we demonstrate that, during feeding period, the ammonium
Adsorption was significantly adsorbed onto organic matter besides conversion into nitrates; the adsorbed mass of

ammonium was nitrified during the rest period provoking high nitrates concentrations during the first
two subsequent batches. We also demonstrated that heterotrophic biomass was mainly present in the
sludge layer (first 20 cm), whereas autotrophic biomass was located in the first 50 cm of the VFCW (sludge
and 30 cm biomat).

Vertical flow constructed wetland
Dynamic modeling

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Constructed wetlands (CWs) offer an attractive wastewater
treatment technology for small communities (<5000 p.e.). The
simplicity of operation, the low operation costs and the reliable

Abbreviations: ba, rate constant for autotrophic biomass lysis; BCOD, biodegrad-
able COD among total COD; BODs, biological oxygen demand for 5 days; Cg,

concentration in inert soluble organic matter; C{"E”S“”"’, measured concentrations
for pollutant i; Gp, concentration in inorganic phosphorus; Cfim“’“‘ed, simulated con-
centration for pollutant i; Cyus, concentration in ammonium; Cop;, concentration of
oxygen; COD, chemical oxygen demand; Ccg, concentration in rapidly biodegradable
organic matter; Ccs, concentration in slowly biodegradable organic matter; CW, con-
structed wetland; Cxan, concentration of the total autotrophic biomass (nitrifying
bacteria); Cxu, concentration of the heterotrophic biomass; DM, dry matter content;
FP, feeding period; HFCW, horizontal flow constructed wetland; Kanjp, satura-
tion/inhibition coefficient for inorganic phosphorus; Kannna4, saturation/inhibition
coefficient for nitrogen; Kano2, saturation/inhibition coefficient for oxygen; Kd,
adsorption coefficient for ammonium onto organic matter; Kia, oxygen re-aeration
rate; MAE, mean absolute error defined as (1/11)22211 |Cyimulated _ cimeasured“ MARE,

n  |csimulated _cmeasured

mean absolute relative error defined as (1/n)2 ; n, number of

i=1 cmeasured
experimental data; p.e., population equivalent; PLS, partlial least-squares; RP, rest
period; TKN, kjeldahl nitrogen (organic +ammonium); TSS, total suspended solids;
VFCW, vertical flow constructed wetland; VM, volatile matter content; XAN, total
autotrophic biomass; XH, heterotrophic biomass; Xi, inert particular organic mat-
ter; [LAN-max, Maximum aerobic growth rate coefficient for autotrophic biomass; Yan,
cellular yield coefficient.
* Corresponding author. Tel.: +33 (0)4 72 20 87 87.
E-mail address: jean-marc.choubert@irstea.fr (J.-M. Choubert).
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0925-8574/© 2014 Elsevier B.V. All rights reserved.

treatment efficiency are adapted to the limited resources that
small communities are able to dedicate to wastewater treatment
(Kadlec, 2000; Gullicks et al., 2011). Vertical flow constructed wet-
lands (VFCWs) are popular when the nitrogen forms contained in
wastewater have to be nitrified. Current practice usually involves
vertical sand filters, with successive periods of feeding by primary
treated wastewater, and rest periods (with no feeding by wastewa-
ter) to maintain permeability and oxygen. Irstea (French National
Research Institute of Science and Technology for Environment and
Agriculture) has developed a VFCW made of gravel, accepting raw
wastewater without primary settler, and designed at 1.2 m? p.e.”!
(Molle et al., 2008). As this configuration partially removes nitro-
gen (reaching about 60% removal of TKN), a better understanding
of the processes and limitations taking place is necessary (Molle,
2014) and is simulated in this work.

The design guidelines of VFCWs are mostly based on empir-
ical rules-of-thumb: use of the specific surface area (Brix and
Johansen, 2004), use of the maximum nitrogen loading rate (Molle
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et al,, 2008) or use of a kinetic approach (Kadlec and Knight,
1996; Rousseau et al., 2004). Several mathematical models were
proposed in the literature as it is briefly stated hereafter and
detailed in Supplementary material SPM1; Kadlec (2000) used vari-
ably saturated conditions. Langergraber and Simtinek (2005) used
unsaturated water flow convective-dispersive mass and heat trans-
ports. McGechan et al. (2005) and Freire et al. (2006) connected
hydraulic and reactive processes with a combination of completely
stirred reactors and dead zones. Wanko et al. (2006) and Giraldi
et al. (2010) used Richards equation, whereas Ojeda et al. (2006),
Forquet et al. (2009) and Petitjean et al. (2012) used a diphasic
air-water flow approach prompted by the fact that air movement
is a key issue for predicting the aeration of the system. The fate
of ammonium was usually simulated with a biokinetic model (i.e.
production by hydrolysis from organic nitrogen, uptake by the
growth of biomass during conversion into nitrate) inspired from
aerobic/anoxic activated sludge (Langergraber and Simtinek, 2005;
Ojedaetal., 2006; Giraldietal.,2010; Petitjeanetal.,2012) or anaer-
obic digestion (Langergraber et al., 2009). Some authors considered
an additional process to predict the fate of ammonium in CWs, with
sorption process onto organic matter and immediate equilibrium
(Sikora et al., 1995; McBride and Tanner, 2000; Giraldo and Zarate,
2001; Langergraber and Simtinek, 2005). Unfortunately, all these
models were mostly tested for sand VFCWs. Their validation sta-
tus may be low for the case of VFCW with gravel treating directly
raw wastewater due to the sludge accumulation on the top (Molle,
2014).

The aim of this work was to obtain a model adapted to pre-
dict the concentrations in nitrogen forms in the effluent of a VFCW
with gravel fed directly with wastewater. The originality is that the
model takes into account the role of sludge accumulated on the
top of the VFCW and short hydraulic retention time due to high
permeability of gravel.

2. Materials and methods

The present section is divided in three parts. First, the data
collection is described; second, the model and the procedures to
determine the sensitive parameters are given; then, the method to
determine the fate of nitrogen through the VFCW is explained.

2.1. Data collection

2.1.1. The experimental plant

The first stage of the Evieu wastewater treatment plant (Ain,
France) is a VFCW with gravel planted with Phragmites australis.
It has been in operation since 2004 and receives screened (4 cm)
wastewater released by 100 p.e. (nominal load). It comprises three
parallel VFCWs operating successively, fed with batches for 3.5 days
each (feeding period noted FP) and then not fed for 7 days (rest
period noted RP). We have worked on one of the VFCWs of 28 m?
(2.9m wide and 9.7 m long). The gravel had a d;g of 2.46 mm, an
UC (dgo/d10) of 1.39 and an average porosity of 40.4%. A sludge
layer of about 20 cm was developed on the top. A comprehensive
description of the studied VFCW is given in Fig. 1.

Eight batches per day of raw wastewater were applied on
the VFCW, applying 5 cm of water at a flow rate of 1.2 m3/h/m?2
(0.46 +0.12 m/d). Offline and online analyses were carried out in
influent and effluent from April 26 to May 6, 2010, as described in
the following sections.

2.1.2. Offline analysis

An automatic refrigerated (4 °C) ISCO sampler containing 24 1-L
bottles (containers) was used to determine the chemical compo-
sition of raw wastewater of each individual batch, as well as the

Second stage

[ Gas measurement HFCW

{7t Media sampling

=73 Online analysis Second stage < Manhole
(COD, Cyps> Crnoz) VFCW
i} Sampling
(off-line analysis)
Effluent Venturi
= flume
1
:Manhole
10 cm
(. 30 cm
Q 40 cm
/' 50 cm

Feeding

points \ -
O

Influent tank
(Raw wastewater)

Fig. 1. Scheme of the studied first stage VFCW; locations of measurement and
sampling points (not on scale).

composition of 24 h-flow proportional composite sample. Chemical
analyses were determined according to APHA (2012), and included
total suspended solids (TSS), total chemical oxygen demand (COD),
filtered COD (0.7 wm), kjeldhal nitrogen (TKN), ammonium (NHg4-
N), nitrates (NOx-N) and phosphates (PO4-P).

The gas in the VFCW was also regularly sampled at four different
depths (-10, —30, —40 and —50cm) in one vertical sample port
located at 2 m from a feeding point. Oxygen and carbon dioxide
contents were measured with a DragerSensor XS analyzer at the
end of the rest period, and also 1 h after batches during the feeding
period. The accuracy of the analysis was +0.2% (oxygen saturation
in air being 20.9%).

2.1.3. Online analysis

Inflow rate was measured by recording (pre-calibrated) pump
functioning time, and outflow rate was continuously recorded with
a flow meter (ISCO bubble type) on a Venturi flume. Online anal-
yses were carried out in the effluent of the VFCW: ammonium
concentrations were determined every 5 min with an online ana-
lyzer (Datalink instruments AM200 France), COD (total and filtered)
and NOx-N concentrations were determined every 1 min with an
online UV-vis probe (S::Scan Messtechnik, GmbH, Vienna Austria).
Calibration of sensors was based on partial least-squares (PLS)
regression carried out using 20 grab samples submitted to offline
analysis.

2.2. Modeling

The following paragraph briefly set-up the content and the cal-
ibration strategy of the model adapted to the VFCW studied.

2.2.1. Model content

The multi-component reactive transport model for constructed
wetlands (CW2D) was used via the HYDRUS software package
version 2.0 (Simtnek et al., 1999; Langergraber and Simtnek,
2005) to simulate the concentrations of COD and nitrogen in
the effluent of the first stage of the Evieu plant (as proposed
in Supplementary material SPM2). It predicts the transport and
reactions with a reasonable compromise between complexity and
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Table 1
Initial conditions for each layer.

381

Layer Oxygen COD fractions (mgCOD/L) (top/bottom Nitrogen components (mgN/L) (top/bottom
(mgO03/L) of the layer) of the layer)
Co2? Cr Ccs Ca Cxn” Cxan® Cnnad adsorbed Cnna mobile Cno3“ mobile
water water
Layer 1 (0 to —20 cm) 9.18 60 60 30 340 103 0 40/22 0/37
Layer 2 (—20 to —41.5cm) 9.18 60 60 30 90/64 137 0 22/10 39/51
Layer 3 (—41.5 to —60.5 cm) 9.18 60 60 30 61/31 0 0 10 57/23
Layer 4 (—60.5 to —80cm) 9.18 60 60 30 31/0 0 0 10/20 27/80

4 Saturation assumed in the whole VFCW at the end of rest period.

b Calculated from BCOD (270 mg/L) of the raw wastewater and TSS concentration of sludge deposit (20% DM and 70% VM) after four days of rest, fraction of biomass =0.15;

distributed between: —80% XH for Layer 1 and —20% XH for Layers 2, 3 and 4.
¢ Respirometric experiments.

d Calculated from the effluent concentrations measured during the first four batches of feeding period.

feasibility of parameter determination. In brief, it considers four
phases (solid, immobile and mobile waters, and air), with biokinetic
transformation (hydrolysis, aerobic growth of the heterotrophic
and autotrophic biomasses) and adsorption processes. Microor-
ganisms are assumed attached (immobile) to the solid phase,
accessing the aqueous phase (mobile phase) for the uptake of
ammonium and rapidly biodegradable COD (CR) and for the release
of nitrates. Differential equations are solved with finite element
methods to determine for each element the concentrations in the
liquid phase [oxygen (Cp>), rapidly and slowly biodegradable COD
(Ccr and Ccs, respectively), ammonium (Cyyg), nitrites (Cyoz) and
nitrates (Cnos3 ), N2 gas (Cnz ), inorganic phosphorus (Cip)] and con-
centrations in the solid phase [heterotrophic biomass (Cxy) and
autotrophic bacteria (Cxan)]. Besides the use of the typical parame-
ter values mentioned in Langergraber and Simtnek (2005), we have
adapted the spatial representation and the hydraulic properties.
We considered the VFCW as homogeneous according to horizontal
axis and heterogeneous on vertical axis, with a two-dimensional
(2D)-space of 80 cm height and 10 cm width with 2D-mesh of 305
nodes and 480 parametric triangular finite elements. The verti-
cal heterogeneity was represented by four horizontal layers: the
sludge deposit from O to —20 cm (Layer 1), the gravel highly col-
onized by biomat (2.4% DM) from —20 to —41.5cm (Layer 2), the
gravel colonized by biomat (1.8% DM) from —41.5 cm to —60.5 cm
(Layer 3) and the drainage layer exclusively composed of gravel
from —60.5 cm to —80 cm (Layer 4).

2.2.2. Procedures for parameters determination

The hydraulic properties (24 parameters) were assessed via a
multi-tier approach. Briefly, undisturbed laboratory samples were
collected in the first stage VFCW with gravel to determine prior
estimates of the soil moisture retention curve and hydraulic con-
ductivity curve. Subsequently in situ measured time courses of soil
moisture in the VFCW were used to obtain a-posteriori estimates of
the hydraulic properties using inverse modeling (Morvannou et al.,
2013). The modifications of hydraulic properties due to biomass
growth and solids entrapment are not considered in the model.

The COD of the raw influent was split into three different frac-
tions (rapidly (CR) and slowly (CS) biodegradable COD, and inert
soluble COD (CI)) via the STOWA protocol (Roeleveld and Van
Loosdrecht, 2002) combining biodegradation tests and filtration.
Grab samples of raw influent were taken in the morning, mid-
day, evening and at night to modulate influent characterization
for each batch applied (if possible intra-day variations in COD frac-
tions). Particular inert COD (Xi) was assumed retained by the sludge
deposit (instead of upstream primary settler in conventional con-
figuration).

The autotrophic biomass concentration and the maximum
autotrophic growth rate in biomat were determined in layers 1 and

2 by arespirometric technique previously described in Morvannou
etal.(2011).In brief, the difference in the oxygen demand with and
without application of ammonium-containing liquid to an organic
sample determines the maximum nitrification rate. In association
with a mass balance on the process we obtained the concentra-
tion and the maximum aerobic growth rate on ammonium of
the autotrophic biomass ((an-max (1/d)) at 20°C). The method
was applied to composite samples of media samplings (i.e. sludge
deposit (Layer 1) and highly colonized biomat (Layer 2)) obtained
from grab samples shoveled up at two locations in the VFCW (2 m
from a feeding point, one sample/15 m?) then separated in 2, and
then mixed.

Initial conditions are presented in Table 1 and were inferred
with direct measurement (treated effluent, oxygen in the VFCW)
described in Section 2.1.2. Cauchy boundary conditions (i.e. com-
ponent flux through the system boundaries calculated according to
the load) were applied at the top and the bottom of the VFCW.

The mean absolute error (MAE) and the mean absolute relative
error (MARE) were calculated to evaluate the prediction quality
of each variable (among COD, Cyy4 and Cno3 ). The parameter cal-
ibration was carried out with a trial-and-error strategy, using the
typical values published by Langergraber and Simtinek (2005), and
using the measured value for the maximum autotrophic growth
rate (aN-max )- TWO parameters were adjusted to reduce the differ-
ence between simulated and measured concentrations in effluent:
the oxygen re-aeration rate from the gas phase into the aqueous
phase (Kia (1/d)) was increased when nitrification was under-
estimated by the model (it was considered constant along each
simulation); the adsorption coefficients for ammonium on organic
matter (Kd (dmwater3/Kgsosiq) Of each layer) that were used to
predict a linear equilibrium between aqueous concentration and
adsorbed concentration on solids, were increased to decrease
the simulated ammonium concentration in effluent Cypy4. Half-
saturation coefficients for oxygen and nitrate were not modified
as they were not sensitive parameters.

2.3. Determining the fate of nitrogen in the VFCW

For the feeding period, and for the feeding+rest period, we
calculated each nitrogen masses influenced by assimilation, nitri-
fication, adsorption, denitrification, and the mass released by
effluent. The nutrient uptake by plants was neglected (Tanner,
1996), and the assimilated nitrogen mass was assumed at 5% of
BODs5 removed (Henze et al., 1996). The following section details
the calculation methods.

We calculated the nitrified nitrogen flux according to Eq. (1)
applied as to the simulation results in each layer. Reactive liquid
volume was fixed to the maximum water content for each layer
(100% for Layer 1, the whole volume of sludge deposit contributing
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Table 2

Concentrations (mean and standard deviation) in the influent and the effluent of the studied first stage VFCW (3.5-day feeding period).
Influent COD? (mg/L) CODfjtered (Mg/L) TKN (mg/L) Cnua (MEN/L) Cip (mgP/L) TSS (mg/L)
Average 493 223 78 63 5.0 193
Standard deviation 69 44 10 7.7 0.2 57
Max/average ratio (daily scale) 1.3 13 1.1 13 1.0 1.7
Number of values 28 21 8 28 2 28
Effluent COD (mg/L) CODsiered (mg/L) Cnos (mgN/L) Cnna (MgN/L) Cip (mgP/L) TSS (mg/L)
Average 95 67 294 15.9 nd nd
Standard deviation 29 9 115 10.1 nd nd
Number of values 4490 (on-line analysis of COD nitrates and ammonium) nd nd

nd: not determined.

2 The total COD of the wastewater was split as follows: Ccr =24 £ 2%, Ccs =38 £12%, Cay =6 £ 1%, Cxi =32 4+ 11% according to the protocol presented in Section 2.2.2.

to nitrification; maximum porosity: 40.6% for Layers 2 and 3, and
44.0% for Layer 4).

The denitrified nitrogen mass was calculated according to Eq.
(3) using nitrified nitrogen mass and the nitrate mass released by
the effluent:

Mdenitriﬁed = Mnitriﬁed - Mnitrate-efﬂuent (3)

where Myenitrified (8N/d) is the denitrified nitrogen mass, Mpitrified
(gN/d) the nitrified nitrogen mass, Myjtrate-effluent (N/d) the nitrates

dCNH4 . _ MAN-max .C . C02 ) CNH4
dt laver = YN XAN Kan,0, +Co, Kan,NH, + CNH,4
Cip
"V (1)
Kangp+Cp ¥ mass released by the effluent.

where an-max (1/d) is the maximum aerobic growth rate of the
autotrophic biomass, Yan (Mgcop sm/mMgnna-n) the cellular yield of
the autotrophic biomass, Co; (mgO, /L) the oxygen concentration,
CnHa (mgy/L) the ammonium-nitrogen concentration, Cip (mgp/L)
the inorganic phosphorus concentration, Cxan (mgcop/L) the
autotrophic biomass concentrations, Kan o2 (mgoz/L) the satura-
tion/inhibition coefficient for oxygen, Kan nua (Mgnna/L) nitrogen,
Kan,ip (mgip/L) inorganic phosphorus, Vi,ye, (L) the liquid volume of
each layer.

The nitrogen mass nitrified by the entire VFCW was calculated
as the sum of the nitrified ammonium mass of each layer.

The adsorbed nitrogen mass was calculated according to Eq. (2)
from incoming TKN mass, the nitrified and assimilated nitrogen
masses, and ammonium mass released by the effluent:

Madsorbed = MTKN—inﬂuent - Massimilated - Mnitriﬁed

- Mammonium—efﬂuem (2)

where M,gsorbed (8N/d) is the adsorbed nitrogen mass, MtgnN-influent
(gN/d) the incoming TKN mass (from influent), Myssimilated (8N/d)
the assimilated nitrogen mass, Mytifiea (€N/d) the nitrified nitro-
gen mass, Mammonium-effiuent (EN/d) the ammonium mass released
by the effluent.

This means that TKNparticulate in the effluent was considered neg-
ligible. Molle et al. (2005) noted that the percentage of nitrogen is
about 5% in the suspended solids fraction of sewage and about 0.7%
in the sludge deposit; showing that TKN removal was mainly due to
nitrification. Nitrate assimilation and adsorption were neglected.

Table 3
Adjusted parameter set.

3. Results

The following paragraphs present the experimental and simu-
lation results obtained from the Evieu plant. Table 2 presents the
concentrations of pollutants in the influent and the effluent, while
Table 3 presents the adjusted parameter values obtained for the
model.

3.1. Specific input and parameter determination

3.1.1. Influent characteristics and fractionation

As determined from the 28 batches applied for 3.5 feeding days
to the VFCW, the raw wastewater was composed of 493 4+ 60 mg
COD/L, 193 +57 mg TSS/Land 78 + 10 mg TKN/L (Table 2). The ratio
between maximum and mean influent concentration revealed that
concentrations were generally constant (from 1.1 to 1.3) during
the monitoring campaign, except for concentrations of suspended
solids (about 1.7). The effluent was composed of 95 + 29 mg COD/L
and 15.9+10.1 mg NH4-N/L.

Abiodegradable COD concentration (Ccg + Ccs) of 300 mg COD/L
was measured that represents 62% of the total COD; CR and CS
represented 24% and 38% of the total COD, respectively.

3.1.2. Adjusted parameter values

The maximum aerobic autotrophic growth rate and the half-
saturation coefficient did not need modification as they were not
sensitive parameters in the studied conditions. Because the simu-
lated nitrification rate was underestimated with the typical value
of the oxygen re-aeration rate (K.a=240d-1), we adjusted K. a

Parameters Meaning Default value Calibrated value (this work)
Ki.a Oxygen re-aeration rate (1/d) 2407 576
Kd Adsorption isotherm coefficient (dmwater? /Kgso1id) o> 900 (Layer 1)
650 (Layer 2)
400 (Layer 3)
0 (Layer 4)
JALAN Maximum aerobic growth rate on ammonium (20°C) (1/d) 0.92 0.88¢

3 From CW2D model (Langergraber and Simiinek, 2005).
b From HYDRUS software (Simtinek et al., 1999).
¢ From Morvannou et al. (2011) with decay rate by =0.151/d.
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Fig. 2. Simulated and measured concentrations in the influent for ammonium (Cyy4) and nitrates (Cnos ) (mean value for each batch (a and b) and instantaneous data (c and

d)), and in the VFCW for oxygen content (e).

value to 576 d~1 (Table 3) to fit measured nitrogen concentrations
(CNH4, Cno3) in effluent. The new value decreased the simulated
ammonium concentrations in effluent (Cyy4) and the oxygen con-
centrations in the layers (Coy), and it increased the simulated
nitrates concentrations (Cyo3 ) in the effluent.

Calibration of parameters also concerned the adsorption
coefficients for ammonium on organic matter (Kd) when the
decrease in Cypg in effluent was not correlated to an increase
in Cno3 (Table 3). We used decreasing values on adsorption
coefficients for the four layers (900, 650, 400 and 0 dmater> /KEso1id
for Layers 1, 2, 3 and 4, respectively), which are consistent with the
high organic matter content due to the deposit of sludge on the top
of VFCW with gravel compared to the small deposit on a vertical
sand filter fed with primary settled wastewater.

3.2. Model predictions performance

This section presents the simulation results obtained with the
adjusted parameter values, for the variables calculated in the
treated effluent or in the VFCW.

3.2.1. Concentrations in treated effluent

Fig. 2 presents the evolution, on a batch-average basis, of mea-
sured and simulated concentrations for ammonium (Cyng, Fig. 2a)
and nitrates (Cnos3, Fig. 2b) in the effluent. We calculated mean
absolute relative errors (MARE) of 27% and 21%, respectively, for
Cnha and Cyos, and mean absolute errors (MAE) of 5.5 mg/L and
6.5 mg/L, respectively. A gradual increase in the measured ammo-
nium concentrations Cyy4 in effluent was observed. It is explained
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by the lack of oxygen for nitrification in the layers, as there is
no saturation of the adsorption sites (linear adsorption model as
described in Section 2.2.1).

Fig. 2 also presents the evolution of instantaneous concentra-
tions Cyng (Fig. 2¢) and Cynos (Fig. 2d) in the effluent of the VFCW
during feeding period. The instantaneous simulated concentrations
of ammonium Cyy4 (Fig. 2¢) did not fully fit the instantaneous mea-
sured values (MARE = 61%), whereas concentration of nitrates Cyo3
(Fig. 2d) did (MARE = 32%). Concentration peaks of Cyy4 Observed at
the beginning of each batch were not reproduced by the model, and
were due to some preferential flow (short-circuit-like) that comes
to a rapid discharge of ammonium in effluent (Morvannou et al.,
2013).

The mean absolute relative error (MARE) has reached 15% for
the filtered COD concentration (Ccg + C¢p) simulated in the efflu-
ent (results not shown). Hence, the parameters related to COD and
to the heterotrophic biomass were considered suitable for simula-
tions.

3.2.2. Oxygen and biomass concentrations in VFCW

Fig. 2e presents the simulated and measured oxygen contents
(Coz) in the four layers of the VFCW. Simulated oxygen contents
differed from measured values by 5%-unit in Layer 4; and by
10-15%-unit (reaching values near zero) in Layers 1, 2 and
3. The low simulated oxygen contents limit nitrification and
microorganism growth, and consequently explain, along with the
adsorption/nitrification competition, the limited nitrification after
3.5 days of feeding period (see Section 3.2.1). Simulated oxygen
contents increase during the rest period until reaching the satura-
tion concentration of oxygen after 7 days (results not shown).

Fig. 3 presents the evolutions in heterotrophic biomass (Cxy,
Fig. 3a) and autotrophic biomass (Cxan, Fig. 3b) at different depths
in VFCW and at different time-periods.

We observed that the majority of simulated heterotrophic
biomass (XH) was present in Layer 1 with much lower concen-
trations in the other layers. The model predicted an increase in the
concentrations (Cxy) until the end of the feeding period (0-84 h)
for all layers, and then it predicted a decrease of biomass con-
centration during the rest period (84-252h). After half of rest
period (t=180h), the simulated concentrations of Cxy were close to
the initial conditions. The autotrophic biomass (XAN) was mainly

located in the first 50 cm of the VFCW (Layers 1, 2 and 3). From the
beginning of the feeding period (FP) to the end of the rest period
(RP) the autotrophic concentration (Cxan) continuously decreased
in each layer.

3.3. Fate of nitrogen through the VFCW during feeding and
rest-periods

Fig. 4 presents the different fluxes involved in the VFCW dur-
ing the different phases of treatment, according to the method
presented in Section 2.3.

During the feeding period, 3549¢g of nitrogen were applied
to the VFCW representing a mean load of 36g TKN/m?2/d. We
determined that 776 g was released with the effluent (22%), 1164 g
was adsorbed onto organic matter (32%) and 1566 g was nitrified
(44%) representing a mean nitrified load of 16g TKN/m?/d. The
nitrates produced were split into 1201 g of nitrates released in
effluent and 364 g of nitrates denitrified (10% of the applied TKN,
mean load of 3.7gN/m2/d) since simulated dissolved oxygen
concentration was low in the different layers. During the rest
period, the quantity of adsorbed ammonium drastically reduced to
186 g (5%) and was converted into nitrates, increasing the nitrified
nitrogen mass to 2543 g (72%) of ammonium and involving a
high nitrate concentration in the effluent during the first two or
three batches (Fig. 2d). Denitrification did not occur due to oxygen
present in excess in the layers.

4. Discussion

This work underlines the importance of using COD fractions at
a high temporal resolution for small communities due to low res-
idence times in sewer networks and low hydraulic buffer effect.
Indeed, large variations were observed for CS and Xi fractions,
probably due to the variation of the discharges from the small com-
munity into the sewer network (Choubert et al., 2013). Besides,
CR and CS fractions were, respectively, sixfold higher and twofold
lower in comparison to the values published for urban wastewa-
ters (Pasztor et al., 2009) which were also mainly taken from grab
samples and not at different time period during a day. In the efflu-
ent, a detailed monitoring of the suspended solids and the particle
size measurements would lead to a better understanding of the
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filtration and detachment processes in the VFCW. In the context of
predicting the accumulation of sludge deposit, it should be inter-
esting to refine the unbiodegradable influent organic suspended
solids fraction in the influent. A very slowly biodegradable frac-
tion might be defined to account the biodegradability of the sludge
stored during 10 years in the VFCW as proposed for membrane
bioreactors (Spérandio et al., 2013).

Two parameters were adjusted to reduce the difference
between predictions and measurements on the concentrations
in the effluent. The calibrated Kpa value is in accordance with
the value of 600d~! used by McBride and Tanner (2000) in CW
mesocosms. However we still observe that simulated oxygen
contents in the layers underestimate the measured values. It is
not due to the disregard of the input of oxygen from reeds, as the
oxygen transport through convective flux is low (Tanner, 1996;
Nivala et al., 2013). It indicates that the access to oxygen is easier
in reality compared to the one simulated with the model, due to
a difference in macropore water desaturation. This observation
promotes the need to implement spatio-temporal modifications
of Kia for the different layers, with for instance upper layers
with easy contact with oxygen present in the VFCW, and deeper
layers with little or no access to oxygen. Also linking Ky a to the
organic matter content of each layer may be a mathematical
solution to change its value according to the layer, as larger
organic matter contents means lower oxygen transfer efficiency.
Experimental investigations (e.g. propane tracer methodology) as
proposed by Tyroller et al. (2010) or Nivala et al. (2013) in different
horizontal locations and layers could help modulating the Kia
value.

The coefficients for adsorption of ammonium onto organic mat-
ter (Kd) were calibrated. The obtained values are in accordance
with coefficient published by McBride and Tanner (2000), and with
the ones reported in soil ranging from 1 to 60 dmyater®/Kgsojid
(Yamaguchi et al., 1996; Martin and Reddy, 1997; Birkinshaw and
Ewen, 2000). Calibrated values will need to be confirmed with fur-
ther experimental measurement at lab-scale.

The obtained model determined the time-variation of nitro-
gen concentrations in the effluent of a VFCW with reasonable
simulation performances for the concentrations of nitrogen forms
contained in the effluent. We show that the prediction of the
autotrophic biomass concentration may be improved, as it contin-
uously decreased in each layer. Two explanations are proposed:
the absence of ammonium production by the hydrolysis of the
entrapped organic nitrogen of sludge deposit, and/or an excessive
decay rate of autotrophic biomass under low oxygen concentra-
tions. A modulation of the decay rate under anoxic conditions
would be a suitable solution to decrease the loss of biomass by
decay under anoxic conditions, as such modification of decay was

also observed in activated sludge process (Lee and Oleszkiewicz,
2003). Increasing the set of data available (i.e. several feeding
and rest periods, applied several months) is one of the next chal-
lenges for the calibration and the validation of the model to
the vertical flow constructed wetland treating directly domestic
wastewater.

5. Conclusion

The CW2D model was calibrated for a VFCW with gravel treating
directly domestic raw wastewater. The set of calibrated param-
eter values simulates the filtered COD, ammonium and nitrates
concentrations in the effluent, and oxygen and biomass content
in the VFCW. Among the parameter set, two parameters consid-
erably reduced the difference between the predictions and the
measurements: the oxygen re-aeration rate and the adsorption
coefficients of ammonium on organic matter in each layer (the
maximum aerobic autotrophic growth rate and the half-saturation
coefficient did not need modification). It was shown that during
the feeding period, the adsorbed nitrogen mass was equivalent
to the nitrified mass; during the rest period, the adsorbed mass
was gradually nitrified. This resulted in higher nitrate concentra-
tions during the two first subsequent batches of feeding period.
We also determined that heterotrophic biomass was present in
the sludge layer whereas autotrophic biomass was located in
the first 50cm of the VFCW (sludge and 30cm biomat). Before
using CW2D for designing VFCW with gravel, validation status
under more long-term simulation should be achieved. To this
aim, future research should focus on the determination of oxygen
transfers within spatial representation, the particle transport and
the degradation of very slowly biodegradable fraction of COD to
predict the accumulation of sludge deposit (solids budgets), and
the use of a non-equilibrium model for the hydraulic representa-
tion.
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1. Introduction

While activated sludge treatment is still the most widely used
among biological treatment processes, it is nevertheless character-
ized by high residual sludge production, whose management (treat-
ment and disposal) accounts for 50-60% of total wastewater
treatment costs (Wei et al., 2003). In rural areas, there is widespread
use of on-site sanitation systems using septic tank facilities (Valen-
ciaetal., 2009) whose treatment is based on solid/liquid separation.
Therefore, its treatment efficiency relies on its emptying frequency
(EPA, 1994) generating high amounts of fecal sludge (i.e. septage)
which have to be treated. French legislation states that the empty-
ing frequency of the treatment tank must be adapted according to
the height of septage accumulated; which should not exceed 50%
of the total volume of the septic tank (Anonymous, 2009). The opti-
mization of sludge management (treatment and disposal) is thus a
key issue in wastewater treatment for both the centralized and
decentralized sectors. Both sludge types are characterized by high
organic content and low dry solid content (Vincent et al., 2011).
Sludge treatment processes need to reduce sludge volume and sta-
bilize the biodegradable fraction of the organic matter. The dewa-
tering technology used in conventional wastewater treatment
plants is mechanical dewatering (filter press, belt filter, centrifuga-
tion...), which removes water mobilized by mechanical action
(Vesilind and Hsu, 1997). Since conventional dewatering and

* Corresponding author. Tel.: +33 (0) 4 72 20 86 18; fax: +33 (0) 4 78 47 78 75.
E-mail address: vincent@ensil.unilim.fr (J. Vincent).
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http://dx.doi.org/10.1016/j.biortech.2012.04.023

stabilization technologies are costly and energy consuming, sludge
treatment on sludge drying reed beds (SDRBs) appears to be an
attractive solution (Uggetti et al., 2011). Indeed, SDRB technology
reduces the volume of sludge for storage and transportation while
blocking fermentation and providing stabilization (Nielsen,
2003a,b). First developed in Denmark (Nielsen, 1990), it is now used
worldwide (Obarska-Pempkowiak et al., 2003; Nassar et al., 2006;
Kengne et al., 2009; Troesch et al., 2009; Uggetti et al., 2009). SDRB
design and operating conditions are well presented in Nielsen
(2003a,b) and in Nielsen and Willoughby (2005) for different kinds
of residual sludge (from centralized sanitation systems), while
SDRB treatment of septage (from decentralized sanitation systems)
has been demonstrated as feasible (Koottatep et al., 2005; Paing and
Voisin, 2005; Troesch et al., 2009; Vincent et al., 2011).

In SDRB systems, both dewatering and mineralization processes
allow long-term sludge reduction. Sludge dewatering is achieved
by two combined processes: drainage and evapotranspiration
(Nielsen, 2003a,b). The sludge deposit on top of the filter is then
subjected to mineralization by biological activity (i.e. microorgan-
isms, earthworms), which is promoted by aerated conditions. In-
deed, oxygen diffuses into sludge deposit via: filter aeration
pipes, shrinkage cracks at its surface (Nielsen and Willoughby,
2005), and release of O, by the roots (Armstrong et al., 2006). Oxy-
gen diffusion capacity decreases with water content. Hence, better
drainage will enable better aeration and thus more efficient miner-
alization. Nevertheless, sludge deposit dewaterability is dependent
on many factors, including influent sludge composition and the
hydraulic properties of the sludge deposit. Most work on SDRB
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technology has aimed at evaluating its global efficiency in order to
improve design and operation conditions (Uggetti et al., 2009), yet
little has been done to understand the mechanisms involved. The
present study attempts to depict how sludge deposit dewaters in
SDRBs, focusing on its hydromechanical properties. The ultimate
objective is to highlight how loads and feeding frequencies could
be optimized to enhance aerobic mineralization.

Two combined approaches initially developed for unsaturated
soil and granular media studies are proposed: (i) the establishment
of a hydrotextural diagram for the identification of transformation
stages and densification capacity of sludge deposit during drying
(Rondet et al., 2009), (ii) the relationship between capillary pres-
sure head and water content for the quantification of the water
retention ability of sludge deposit.

Theories underpinning the hydrotextural diagram and water
retention curve are detailed. Experimental results obtained on
sludge deposit from pilot-scale SDRBs fed either by activated
sludge or septage are presented in terms of their structuring and
water retention abilities. Finally, an example of continuous water
content monitoring using tensiometers is presented.

2. Methods
2.1. SDRB design and on-site equipments

2.1.1. Experimental set-up

The study used 6 pilot-scale SDRBs, each 2 m? in size, that have
been in operation for over 50 months in a wastewater treatment
plant in Andancette (45°14'34” North, 4°48'27" East), France. The
plant uses a six-bed configuration to run 29-day cycles character-
ized by 5 days of feeding and 24 days of rest. Experimental set-up
and pilot compositions are given in Troesch et al. (2009). Half of
the pilots were fed with activated sludge directly extracted from
the aeration tank. The other half were fed with septage coming
from a daily-filled storage tank. The annual organic loads tested
were 30, 50, and 70 kg of SSm~2y~! for septage and 30, 50, and
70 kg of DM m~2 y~! for activated sludge. The high dissolved salts
content of septage was used to calculate its load from suspended
solids (Troesch et al., 2009).

2.1.2. Continuous monitoring

The tensiometer was not originally developed to measure water
content. However, earlier attempts to continuously monitor water
content using Time Domain Transmission (TDT) or Frequency Do-
main Reflectometry (FDR) have failed due to the high conductivity
of the deposit and the fact that shrinkage cracks develop along
instrument rods (Morvannou et al., submitted for publication),
which is visibly less of an issue with tensiometers. T4e (UMS) ten-
siometers were positioned in each sludge deposit for the entire
year (except in winter to protect them against freezing), in the first
10 cm under the surface. This depth position corresponds to the
half of the sludge deposit for filters loaded at 30 kg of SSm~—2y~!
and the top third of the sludge deposit for filters loaded at 50
and 70 kg of SSm~2y~!. The tensiometers were used to measure
capillary pressure head.

Rainfall was also monitored using a rain gauge.

2.2. Characterization of influents and sludge deposits

2.2.1. Influent characteristics

The influent sludge tested (i.e. activated sludge and septage)
were characterized in terms of classical wastewater parameters.
In addition, specific measurements were done to assess sludge
dewaterability. The measurement methods are well described in
Vincent et al. (2011). Results are shown in Table 1.

Table 1
Influent sludge (i.e. activated sludge and septage) characteristics (from Vincent et al.,
2011).

Characteristics Septage Activated sludge
Mean Std? Mean Std?
Biochemical
DM (gL™") 30 10.6 24 0.6
SS (gL 23 8.6 1.7 0.3
VS (%DM) 71 7 59 7
COD (gL™1) 42 13 24 24
KN (mgL™1) 1423 435 1.9 3.1
NH; —N (mgL") 287 76 117 14
NO; —N (mgL™1) 1.1 1.0
PO} —P (mgL ") 49 19.9 12.8 44
TP (mg L") 517 438 45 11
Fats (mgL™") 7638 2718 117 89
CODyys” (%COD) 41 6 10 3
Polysaccharides (mg L) 4518 3452 403 295
CODpoy” (%COD) 13 5 14 1
Proteins (mg L) 5746 1076 942 606
CODpyor” (%COD) 17 3 44 3
Physical
CST (s) 360 142 7 1
dro (um) 33 0.2 21 4
dgo (1) 71 10 163 29
dyo/dso () 21 4 7.7 0.2

@ Standard deviation.
b CODyys = ([fats] * 2.3/COD)* 100, CODy,1y = ([polysaccharides] * 1.067/
COD) * 100, CODjy,o; = ([proteins] * 1.2/COD) * 100.

2.2.2. SDRB deposit characterization

The ability of the sludge deposit to retain water and shrink was
determined by establishing both the hydrotextural diagram and
the water retention curve of the deposit.

2.2.2.1. Hydrotextural diagram.

2.2.2.1.1. Theoretical background. Sludge deposit is a triphasic med-
ium (solid, water and air when unsaturated), with the respective
phase proportions being dependent on the drying state of the de-
posit. Phase proportions can be well described by a hydrotextural
diagram as defined by Ruiz et al. (2005). This diagram links gravi-
metric water content (w) to solid volume fraction (¢) to plot the
course of the solid fraction against water content (Rondet et al.,
2010).

Once the solid density (p;) of the deposit is known, only three
easily measurable quantities are necessary to plot this diagram
(Ruiz et al., 2005): sample apparent volume (V), water mass (M,,)
and solid mass (M;). The gravimetric water content (w) and the so-
lid volume fraction (¢) can then be computed as follows (Rondet
et al., 2010):

M,

WM, (1)
M; P

= = 2

A @

where p is the apparent density of the deposit (p = My/V).
The degree of liquid saturation (S) is given by Eq. (3):

j— MW
pulV-1)
Eq. (2) can be rewritten as a function of both saturation and

gravimetric water content:

1
('b:] P w
+ﬁ§

S 3)

(4)
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The relationship between liquid saturation and gravimetric
water content can be fitted using the following power law (Rondet
et al., 2009):

n
S:(W> W < Wuynsar

Wunsat

S=1,

(5)

W = Wynsat

where wy,sq is the water content at which a medium passes from
saturation to desaturation and from desaturation to saturation,
reciprocally, and n is a factor that accounts for the deformability
of the medium (n =1 for undeformable medium).

So, in unsaturated conditions, Eq. (5) becomes:

B 1
1 + :))_ngﬁnsﬂfw] -

¢ (6)

Plotting ¢ versus w makes it possible to identify wys which
corresponds to the separation of the obtained curve from the satu-
ration curve (describing the evolution of the solid volume fraction
under saturated conditions). It marks the entry of air into the por-
ous voids of the deposit. This diagram ultimately depicts the “dry-
ing path” of the sludge deposit based on a set of experimental data.
Moreover, the consistency limits (Marshall et al., 1996) of the de-
posit can be added onto the diagram. Consistency is used to de-
scribe the resistance of a medium at various moisture contents
to mechanical stresses or manipulations. Thus, sludge deposits
can be broken down into three distinct states:

(i) liquid: the deposit behaves as a liquid material and begins to
flow,
(ii) plastic: the deposit becomes deformable,
(iii) solid: the deposit rigidifies, leading to air entrance in the por-
ous voids.

The hydrotextural diagram thus provides valuable information
on sludge deposit deformability, which can be related to the loads
applied, the influent sludge, or other operating conditions. The
packing ability of the deposit indicates the volume reduction due
to dewatering, and may thus influence the deposit’s growth accu-
mulation rate. Furthermore, the sludge deposit’s transition from
plastic to solid state is important for approximating its texturing
abilities. Moreover, Wy,s is an important factor for SDRB design
and operational set-up as it dictates aerobic mineralization
conditions.

2.2.2.1.2. Construction of the hydrotextural diagram. As outlined
above, the solid density (p;), water content (w) and apparent vol-
ume (V) of the sample must all be determined in order to set up
the diagram.

Solid densities of deposits have been measured with a helium
pycnometer (Multivolum Pycnometer 1305, Micromeretics,
France). The solid density values obtained for activated sludge
and septage deposits are 1480 and 1450 kg m 3, respectively.

Water mass (M,,) and solid mass (M) were measured by gravi-
metric method after passing the sample through an oven (at 105 °C
for 24 h). These measurements were carried out for deposits of
100 cm? (in Eijkelkamp stainless steel cylinders) sampled at the
end of a rest period on pilots at different seasons in order to get
a large set of water content data. Finally, 14, 18 and 10 septage
samples were taken from pilots loaded at 30, 50, 70 kg SSm 2y,
respectively, and 17, 22, 12 activated sludge samples were taken
from pilots loaded at 30, 50, 70 kg DM m 2y~ !, respectively. The
samples were used to fit hydrotextural parameters (i.e. Wy;sqr and
n) from the plot of ¢ versus w. The hydrotextural parameters are
determined graphically; n is the slope of the curve In(S) = f{In(w))
and wy,s is the water content at which saturation and unsatura-
tion curves split.

In light of Atterberg’s consistency limits, only plastic limit was
measured (i.e. transition between plastic and solid state) as it is
the most relevant value for the drainage ability of a medium. Note
also that sludge hydraulic parameters can only be determined for a
medium in its solid state (Marshall et al., 1996). The Plastic Limit
test is defined by a standardized soil mechanics trials based on
Atterberg’s limits (Marshall et al., 1996) where plastic limit (wp)
corresponds to fissuring by a sludge roller measuring
3.0 £ 0.5 mm in diameter and 10 cm in length.

2.2.2.2. Water retention curve (WRC).

2.2.2.2.1. Theoretical background. The water retention curve (WRC)
is a widely-used approach for defining the behaviors of unsatu-
rated porous materials. It defines the relationship between the
gravimetric water content (w), volumetric water content (6) or de-
gree of saturation (S), and capillary pressure head (h) (Barbour,
1998). Its shape depends mainly on the particle-size distribution,
and on the compressibility of the material (Parent et al., 2007). Or-
ganic matter content and pore water composition also influence
the behavior of the WRC, but to a lesser extent.

The WRC is determined by tests that use the axis translation
technique to impose increasing capillary pressure on samples
(Hu et al., 2010). Changes in capillary pressure can decrease sample
apparent volumes. While volume measurement on low-consis-
tency samples is made difficult by shrinkage cracks that can appear
in response to dehydration (Péron et al., 2007), gravimetric water
content is easily determined by mass measurement. Hence,
expressing capillary pressure head related to gravimetric water
content (w) is the most appropriate way to compare against exper-
imental results (Salager et al., 2010).

Experimental results can be fitted using a mathematical model
to obtain a continuous relationship. Van Genuchten’s model (Eq.
(7)) was selected, among other water retention models, because
it better describes water content variation near saturation (Dane
and Topp, 2002).

05 + 0r

=0 G Gy

(7)

According to Salager et al. (2010), Eq. (7) expressed in terms of
volumetric water content can be modified to consider the gravi-
metric water content instead:

In(1 + (h/a,) 1 m
n2) )(1 T (awh)”m) ®

where a,, ar, nyg and m are the fitting parameters, h is the capillary
pressure head expressed in kPa, w5, and w represent saturation
and residual water content, respectively, and oy is related to the
air entry value.

2.2.2.2.2. Construction of the water retention curve (WRC). WRC
for each deposit were estimated by lab measurements using a
sandbox and a pressure chamber for low (from 0.01 to 9.8 kPa)
and high (from 57.7 to 191.2 kPa) capillary pressure heads, respec-
tively (Dane and Topp, 2002). Samples for determining WRC are
either disturbed (i.e. repacked) or undisturbed samples (Dane
and Topp, 2002). At low pressure, the water filling the large pores
is mobilized, while at higher pressure the water bound to the par-
ticles is mobilized. Hence, high pressure measurements are unaf-
fected by disturbed samples, unlike low pressure measurements
(Musy and Soutter, 1991).

Sandbox lab measurements were performed on undisturbed de-
posit samples: two samples (100 cm? Eijkelkamp sampling cylin-
ders) per deposit. The samples were saturated for 24 h prior to
testing. The samples were placed in the sandbox (Eijkelkamp)
where they were submitted to a series of capillary pressures (0.1,
0.2, 1, 3.1, 6.2 and 9.8 kPa). The applied pressure was only changed

W = W <1 -
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Fig. 1. Cross section sketch of the pilots. Description of the filter layers composition
and height (in italic), localization of the sampling points (i.e. stainless steel
cylinders) and tensiometer in the first 10 cm of each pilot’s deposit.

once samples had reached an equilibrium state, which was esti-
mated based on daily sample weighting (SARTORIUS TE1502S
scales with 10 mg precision). If two consecutive masses of a given
sample do not differ by more than 0.1%, then equilibrium can be
assumed (Dane and Topp, 2002). At the end of the experiment, so-
lid dry mass (M;) was measured after placing samples in an oven
(105 °C) for 24 h. Gravimetric water content (w) was then calcu-
lated for each pressure step.

Pressure chamber laboratory measurements were carried out
on disturbed samples. Sludge samples were first kneaded to
homogenize their water content. Then, the sludge was compacted
to get a cylinder of 25 mm in diameter by 25 mm in length for each
deposit. Cylinders were subsequently placed in the pressure cham-
ber where they were submitted to a series of capillary pressures
(57.7, 76.1, 115.2, 155.4 and 191.2 kPa). Similarly to the sandbox
experiments, weights were recorded once the equilibrium was
reached. Equilibration times depend mainly on the sample proper-
ties (organic matter content, texture, structure, etc.) and the suc-
tion applied. Equilibration times can vary from 2 to 4 days for
suction <2 kPa to more than 25 days for suction at 39 kPa (Dane
and Topp, 2002). Pairs of experimental points (w, h) obtained were
fitted together using the modified Van Genuchten’s model (Eq. (8)).
Fig. 1 and Table 2 summarize the instrumentation set-up and the
measurements performed on each pilot.

3. Results and discussion
3.1. Hydrotextural diagram analysis

Figs. 2a and b represent the hydrotextural diagram fitted for
both sludge types. First, the model is able to fit both deposits of
activated sludge and septage diagrams (i.e. saturation Eq. (4) with
S=1 and the desaturation curve Eq. (6)). Regression coefficients
(R?) are about 0.9 for both activated sludge and septage. Whatever
the applied load, one drying path is obtained for each influent. Con-
sequently, deposits of each influent have the same hydrotextural
properties (i.e. Wynsqr, 11, Wp), Tegardless of load applied.

Table 2

It is important to note that the experimental points are clearly
more dispersed for septage than for activated sludge. This may
be explained by: (i) the low sample water contents (<4 g/g, i.e.
20% DM), which induce larger uncertainties (i.e. volume measure-
ments); (ii) the septage characteristics (Table 1), which may have
changed between two feeding cycles, especially as they are depen-
dent on usage patterns, septic tank size, climate, and emptying fre-
quency (Halalsheh et al., 2011).

Nevertheless, while applied load did not influence the drying
path, it did influence the water content obtained at the end of a dry-
ing period. Final water content increased with increasing bed loads,
at identical drying period durations (Fig. 2a and b). This point high-
lights the necessity to adapt feeding/resting period duration accord-
ing to load in order to optimize oxygen turnover in the deposit.

In addition, these diagrams yield information on the impact of
type of influent on sludge deposit behavior. First, differences in
phase arrangement were observed, which is linked to packing abil-
ity, with regard to hydric state (i.e. saturated or unsaturated):

- In saturated conditions, the variation in total volume is exactly
equal to the volume of water removed. Ruiz et al. (2011) define
this state as “ideal shrinkage”, which is true until the medium
reaches desaturation state. This desaturation state is 8 (g/g) (i.e.
DM = 11.1%) and 4.4 (g/g) (i.e. DM = 18.5%) for activated sludge
and septage deposits, respectively (Fig. 2a and b).

- In unsaturated conditions, volume of water removed is not
exactly balanced by total volume variation due to air entry into
the porous voids. Moreover, the decrease in observed relative
variations between saturation state and desaturation state indi-
cates gradual rigidifying of the deposit, which is in accordance
with the solid state (w < wp).

These results suggest that activated sludge deposit presents
higher deformability than septage deposit. In fact, the obtained
hydrotextural parameter n (Eq. (6)), which describes the packing
ability of a medium (n = 1, for undeformable media) was 0.56 for
activated sludge deposit and 0.99 for septage deposit. These results
imply that the packing ability of a deposit depends on its nature.
Indeed, Ruiz and Wisniewski (2008) show on residual sludge (after
physical dewatering) that the more organic a sludge is, the more it
retains water. Ruiz et al. (2007) also show that plastic limit is cor-
related to organic matter: plastic limit increases with increasing
organic content.

Thus, if the VS content of the two influents (Table 1) is consid-
ered alone, results appear to contradict previous findings. Never-
theless, others elements can explain this divergence:

Chemical oxygen demand (COD) fractionation of the inlet
sludge (Vincent et al., 2011) reveals that activated sludge influent
is mainly protein (i.e. 44% CODyota1), Whereas septage is mainly fats
(i.e. 41% CODyoar). Looking at the production process of these
sludge types, it is easy to understand that septage is more stabi-
lized than activated sludge due to its long storage time in the septic
tank (Halalsheh et al., 2011), which also means it has a lower easily
biodegradable organic matter content (i.e. protein = 17% COD¢qta).
In view of this organic matter characterization, deposits generated
by activated sludge SDRB treatment retains more water than
deposits produced by septage treatment.

Summary of the different approaches developed in this study and the data obtained to describe the physical phenomenon responsible for the deposit evolution (structuring and

dewatering) on SDRB.

Physical phenomenon Type of measurement

Applied approach

Obtained data

Deposit structuring characteristics Cylinder samples (100 cm?)
Deposit dewatering abilities

Continuous capillary pressure monitoring Tensiometers (T4e)

Hydrotextural
Hydraulic
Van Genuchten (Salager et al., 2010)

Wunsae and 1 (Eq. (6))
WRC and hydraulic parameters (Eq. (8))
Gravimetric water content
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Fig. 2. Hydrotextural diagram (i.e. solid volume fraction versus water content) for activated sludge (a) and septage (b) deposits, considering all tested loads (30, 50 and
70 kg DM m~2y ' and 30, 50 and 70 kg SS m~2 y~' for activated sludge and septage, respectively). With the plastic limit (w,, the grey dotted line) and the deposit solid state

(the grey area).

The hydraulic loads of each batch are completely different be-
tween the two sludge types due to their initial SS concentration.
Hydraulic loads were ten-fold higher for activated sludge (37 cm/
batch) than septage. This induces a higher compaction of the
sludge, which is an important factor for drainage ability (Dominiak
et al., 2011).

3.1.1. Implications for SDRB management

One result highlighted here to better operate the system, i.e. fa-
vor aerobic conditions and drainage, is the minimal water content
that needs to be reached during a rest period in order to ensure
aeration of the deposit. These minimal values can be determined
by establishing the hydrotextural profile (i.e. Wysq¢) of the deposits.

Based on experimental results, Wy, is set at 8 (g/g) (i.e.
DM =11.1%) and 4.4 (g/g) (i.e. DM = 18.5%) for activated sludge
and septage deposits, respectively (Fig. 2a and b). For activated
sludge pilot fed at 70 kg DM m~2y~! (Fig. 3a and b) water content
values always remain above w,,s. It points to aeration difficulties
at this loading rate. At a loading rate of 50 kg DM m 2y~ !, only a
few points match this aerated condition. Hence, for activated
sludge, a feeding/resting strategy of 5/24 days is ill adapted to a
load of 70 kg DM m~2y~'. Moreover, at 50 DM m 2y~ this strat-
egy may lead to the development of anaerobic conditions in win-
ter. Conversely, there are no load-induced aeration limitations for

septage deposits. The intrinsic characteristics of the two sludge
(Table 1), especially their composition in terms of organic
matter — as associated with loads applied and feeding/resting
strategy — may be a key parameter responsible for this difference.

If drainage is affected by type of sludge and by hydraulic load
applied (compaction), the only way to dry the deposit, once free
water exits, is evapotranspiration. In other words, suction forces
are needed to remove the remaining water. The evapotranspiration
dryability of the deposit can be determined by exploiting the water
retention curve.

3.2. Water retention curve analysis

Results of the WRC obtained from the lab measurements (i.e.
sandbox and pressure chamber) are plotted together for each de-
posit (Fig. 3a and b).

First, it should be underlined that samples with a significantly
high organic matter content lead to longer equilibrium times,
which may induce changes in sample composition (Péron et al.,
2007; Zhuang et al., 2008). This may explain the size of the stan-
dard deviation observed (Fig. 3a). Moreover, Fig. 3a illustrates dif-
ferent behaviors of activated sludge deposits in response to load. It
shows that greater loads applied on the bed lead to greater water
retention in the deposit. In fact, only samples subjected to the
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lower load (30 kgDM m2y~!) were able to reach unsaturated
conditions at a very low pressure step (i.e. 0.1 kPa) compared to
higher load samples which required a pressure of at least 10 kPa.
Compaction of the deposit due to high hydraulic load together with
poor oxygen turnover, which hinders mineralization, might
explain the low deposit structuring and consequently its low
drainage ability.

In contrast, as illustrated in Fig. 3b, septage deposits perform
identically at all loads in terms of dewatering by increasing capil-
lary pressure. Furthermore, they only need low suction to be ap-
plied in order to switch from saturated to unsaturated condition.
These results are consistent with the results obtained via the
hydrotextural diagram approach. Moreover, water content scales
on Fig. 3a and b between both sludge types differ greatly, that
was also observed on the hydrotextural diagram (Fig. 2a and b).
This difference is due to the organic matter composition of the
influent. As septage is more stabilized, it retains less water than
activated sludge.

These measurements show that drying due to drainage and
then evapotranspiration will be easier with septage deposit than
activated sludge deposit, since septage deposits requires less cap-
illary pressure in order to dry out.

3.2.1. Tensiometer-based monitoring

Monitoring the tensiometer readings in pilot systems allows the
observations obtained at lab-scale to be confirmed. According to
Fig. 4, the tensiometers performed well. They can register in-de-
posit pressure head variations up to —70 kPa. The observation vari-
ations are due to temperature fluctuations between night and day.

In order to transpose the obtained pressure head data into
water content data, the WRC needs to be fitted. As mentioned ear-
lier, only experimental points corresponding to a solid state of the
deposit (i.e. w < 6 + 1 g/g for activated sludge and 4 £ 1 g/g for sep-
tage) are fitted by the modified form of Van Genuchten’s model
(Eq. (8)). In order to reduce the degree of freedom of the non-linear
regression, the wy, value (i.e. Eq. (8)) is set to the values obtained
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Fig. 4. Capillary pressure head evolution of the deposits (delivered by tensiometers) and climatic conditions course (i.e. rainfall and evapotranspiration) versus time,
considering the influent sludge (Act. S for activated sludge and Sept. for septage) and the loads.
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Table 3

Hydraulic parameters (Eq. (8)) obtained for activated sludge and septage, respectively with regards to the loads applied.

Hydraulic Activated sludge (kg DM m 2y 1) Septage (kg SSm 2y 1)
parameters
30 50 70 30 50 70

(Eq. (8))
Wsat = Wunsat 8 8 8 4.4 4.4 4.4

(glg)
a, (kPa) 2x10+1.14 x 105 557 x 100+ 4.49 x 10" 6.1 x 100+ 1.84 x 102% 1 x 10'5£4.55 x 1077 1.7 x 10°£4.22 x 10'% 9.9 x 10° £2.25 x 10'7
or (kPa) 19.6 +£52.67 0.098 +0.85° 0.17 £12° 29+23° 1.13+1.22° 1.73 +4.14°
Nye 0.91+£3.57? 2.05 +£21.6% 1.92 +353.37 3.38 £29.9° 39+172 3.53£62.4%
M 0.11+0.51° 0.14 +2.39° 0.14 +31° 0.043 +0.41° 0.044 +0.21° 0.043 +£0.79°

2 Confidence interval.

by the hydrotextural diagram (i.e. Wy,sq¢). The fitting for each de-
posit and the allied relative confidence intervals are presented be-
low (Fig. 5). The hydraulic parameters obtained, along with their
relative confidence intervals, are given in Table 3.

The strong non-linearity of the fit might result in local minima.
As a result, uncertainty estimates obtained by this method are of-
ten over-optimistic.

There is a lack of reference values in the literature to which the
results obtained could be compared. However, «r is inversely pro-
portional to air-entry pressure: high or values mean low air-entry
pressures. o values decrease with organic load whatever the
influent (Table 3), and this decrease was more significant in acti-
vated sludge. These values corroborate the hydrotextural charac-
terization which points to aeration difficulties (i.e. W > wysq) for
activated sludge at higher loads (i.e. 50 and 70 kg DM m—2y~').

The high confidence intervals may be due to the combination of
the two methods (i.e. sandbox and pressure chamber) creating dis-
continuity in sample weights. Moreover, organic matter content is

more easily biodegradable in activated sludge deposits than in sep-
tage deposits, meaning that activated sludge deposit composition
may have evolved during the course of the experiment, whereas
more stabilized samples, such as the septage deposits, lead to nar-
rower confidence intervals (Table 3). This explains why hydraulic
parameters are more reliable for septage than for activated sludge.
Therefore, the hydraulic parameter assessment needs to be further
improved to get reliable parameters for each deposit. Multiplying
the measurements may improve parameter estimates and conse-
quently reduce their associated confidence intervals. Furthermore,
the technique must be improved to overcome issues associated
with the organic matter content.

Finally, the relationship obtained between water content and
pressure head allowed conversion of tensiometer time-series val-
ues into water content. Only the water contents in unsaturated
conditions are given here (Fig. 6). This is of great interest, as unsat-
urated is characterized by air entry into the deposit, which is a key
parameter for mineralization.
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time.

These results were compared to moisture field measurement ta-
ken just before in-feed (data not shown). Relative error percent-
ages vary from 18% to 53%, with no particular trends in terms of
load or influent type. Obviously, the degree of accuracy of the
hydraulic parameter assessment is the main reason for the ob-
served differences, although the deposit variability in space may
also play a role. Indeed, field samples were taken at about 20 cm
from the tensiometer locations so as not to disturb the contact
interface between deposit and tensiometers. In addition, the sam-
ples may also have contained reed fragments, which would have
altered the results.

Nevertheless, the water content evolutions obtained, as pre-
sented in Fig. 6, are consistent with the lab-scale results (i.e. hydro-
textural and WRC).

- For activated sludge. Lab results show that the more loaded the
bed is, the less it dewaters. With respect to the feeding/resting
period (i.e. 5/24 days), tensiometer observations revealed that
only the less-loaded pilots managed to desaturate. Indeed, the
hydrotextural characterization reveals aeration difficulties
(W > Wynsar), While the WRC reveals lower dewatering ability.
This is also visible in Fig. 6, as water content remained at satu-
ration (wg=8g/g). In contrast, the pilot loaded at
30kgDMm~2y~! exhibited an evapotranspiration-driven
decrease in water content. The resting time needed to desatu-
rate the deposit varies between 15 days in spring to about one
week in June, which underlines the impacts of evapotranspira-
tion and rest period on sludge mineralization.

- For septage. None of the three tested loads (i.e. 30, 50 and
70 kg SSm~2y~1) delivered at equal feeding frequency (5/24-
day feeding/resting cycle) impacted pilot drying performances.
In fact, hydrotextural characterization did not reveal aeration
limitation, and WRC did not reveal, dewatering difficulties.
These results are confirmed by Fig. 6, which exhibits a decrease
in water content.

3.2.2. Implications for SDRB monitoring

The correspondence between lab-scale observations and tensi-
ometer-based field monitoring argues in favor of using tensiome-
ters to monitor SDRB drying performances. Even though the
water content conversion needs to be further improved, this meth-
od could still be highly valuable for SDRB management. It allows
air entrance time to be identified, and then optimizes bed rotation

in order to promote organic matter mineralization. This time rota-
tion will vary according to season. Minimum water content
reached at the end of the rest period tends to decrease with the ap-
proach of summer (evapotranspiration). While drainage after each
feeding batch allows up to 90% of the water to be removed within
24 h, SDRB evapotranspiration allows the deposit to reach a dry
matter content ranging from 20% to 40%. Reeds using evapotrans-
piration act as a “pump” removing water from the deposit and into
the atmosphere (Borin et al., 2011). Fig. 6 shows that, in the tested
conditions, the rest period needs to be long enough to reach a low
water content, which will require a higher number of beds when
treating activated sludge than septage. A 6-bed configuration
may struggle to treat activated sludge at a rate of 50 kg of
DM m~2 y~!. These results are in accordance with those of Nielsen
and Willoughby (2005) who recommended building a minimum of
8 beds fed at 50 kg of DM m~2 y~! to achieve the necessary balance
between feeding and resting periods, resulting in optimal evapo-
transpiration and mineralization.

This observation is in agreement with visual observations on
reed development. Reed regrowth was earlier on septage-fed pilots
than on pilots fed with activated sludge. In addition, reed coloniza-
tion was not completely achieved in June on activated-sludge pi-
lots fed at 50 kg DM m2y~! due to a lack of oxygen turnover
inside the sludge deposit. These observations may be related to
the accumulation rate of the sludge deposit during winter, which
could impact subsequent reed regrowth (Nielsen and Willoughby,
2005). In a previous study (Vincent et al.,, 2011), it was demon-
strated that deposit accumulation dynamics on filter beds change
with the seasons, as deposits are reduced in spring but accumulate
in winter. Tensiometer monitoring on septage pilots made it possi-
ble to pinpoint when rest periods have to be stopped to guard
against water-stressing the reeds. Tensiometers readings showed
that water content values stabilized in summer, at the end of a rest
period. This could explain why the less-loaded septage deposit
does not dewater more than the others, as its dry matter content,
which reached up to 70% in summer, may have led to water stress
(yellow leaf, shorter stem, lower density). For septage sludge, a 6-
bed configuration appears to represent a limiting ceiling.

Finally, inserting a second tensiometer at a different depth
would have allowed better beds management by making it possi-
ble to compute the pressure gradient. Indeed, pressure gradient
is the main driving force in porous media, and is directly correlated
to evapotranspiration and drainage.
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4. Conclusion

The hydrotextural approach gives a water content threshold
(i.e. Wynsar) beyond which air starts to enter the media to initiate
aerobic mineralization. W5, must be exceeded as soon as possi-
ble during the rest period to allow organic compounds to be min-
eralized. Pilot experiments found that operating conditions (i.e.
load and frequency) are not aeration-limiting for septage, whereas
for activated sludge, a load of 50 kg DM m~2 y~! starts to be limit-
ing while a load of 70 kg of DM m~2 y~! can block oxygen diffusion
into the deposit, at the applied feeding frequency (i.e. 5 days of
feeding and 24 days of rest).
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French vertical flow constructed wetlands: a need of
a better understanding of the role of the deposit layer
Pascal Molle

ABSTRACT

French vertical flow constructed wetlands, treating directly raw wastewater, have become the main
systems implemented for communities under 2,000 population equivalent in France. Like in sludge
drying reed beds, an organic deposit layer is formed over time at the top surface of the filter. This
deposit layer is a key factor in the performance of the system as it impacts hydraulic, gas transfers,
filtration efficiency and water retention time. The paper discusses the role of this deposit layer on the
hydraulic and biological behaviour of the system. It presents results from different studies to highlight
the positive role of the layer but, as well, the difficulties in modelling this organic layer. As hydraulic,
oxygen transfers, and biological activity are interlinked and impacted by the deposit layer, it seems
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essential to focus on its role (and its quantification) to find new developments of vertical flow

constructed wetlands fed with raw wastewater.

Key words | French vertical flow constructed wetlands, hydraulic, modelling, organic deposit layer

INTRODUCTION

French vertical flow constructed wetlands (VFCWs), treating
directly raw wastewater, have become the main systems
implemented for communities under 2,000 population equiv-
alent (p.e.) in France. More than 2,500 plants are in operation
for the treatment of domestic wastewater (up to 4,500 p.e.).
Concerning sludge drying reed beds (SDRBs), which have
also an organic deposit, about 500 systems (from 500 to
27,000 p.e.) are in operation. In addition to the ecological
aspect and the relatively small footprint (2 m?/p.e.), the popu-
larity of the French VFCW design comes from the fact that
the first stage of filters is fed by raw wastewater. It allows
treatment of the sludge as well as wastewater until full nitrifi-
cation. As a consequence, 80% of new construction or old
plant renovations are actually done using constructed wet-
lands for capacities of less than 2,000 p.e.

Most of these plants are built according to the classical
French design of two stages of VFCWs, for which guidelines
exist and performances are well known (Molle et al. 2005).
Nevertheless, new designs have appeared during the last
years and new ones are in development by both public
research and private companies. These designs aim to
reduce the costs, and improve the performances.

According to the plant capacity and regulatory outlet
requirements, different configurations may be implemented.

doi: 10.2166/wst.2013.561

In every case, the first treatment stage is a VFCW fed with
raw wastewater. The deposit layer that is created (about
2.5 cm/year at nominal load) is an important component
contributing to the treatment efficiency. As many companies
build CW systems in France, we observe a lot of innovations
(or attempts of innovation) aimed at reducing the footprint
as well as the costs (one stage of VFCWs with recirculation,
two stages of VFCWs one above the other, one stage of
VFCWs with a saturation layer at the bottom, ...), while
maintaining high level of treatment performance (Molle
et al. 2008; Troesch et al. 2010; Prost-Boucle & Molle 2012;
Prigent 2012). VFCWs are also used in association with con-
ventional systems (rotating disks, trickling filters, etc.) to
separate sludge from treated wastewater in place of a settling
tank (Aguilera Soriano et al. 2011). SDRBs are implemented
to treat sludge from activated sludge systems (Nielsen 2003;
Troesch et al. 2009a; Ugetti 2011), primary sludge and septage
from septic tank emptying (Troesch et al. 2009b; Vincent
et al. 201m).

All these new developments need a good understand-
ing of interactions of the processes implied in subsurface
flow CWs. Particulate settling, filtration and interception
result in a deposit formation on the filter’s surface. Fil-
tration and interception are improved with time due to
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the smaller pore size of the sludge deposit compared to
the one of the filter’s material. With reed detritus accumu-
lation, this ‘biosolids’ organic layer appears to be a key
component that can favour treatment performances or
limit some processes. Indeed, this layer:

e improves filtration efficiency and thus solids removal,

e improves water retention time into the system and so
treatment performances as long the media stay in aerobic
conditions,

e reduces the permeability of the filter and improves water
distribution onto the filter’s surface; it allows water to
flow in the entire filter’s volume at lower velocity,

e favours ammonia adsorption onto organic matter (OM),
to be nitrified between batches or during rest periods,

e is the place of major biological activity, once its thickness
becomes significant.

Nevertheless, the hydraulic and organic loads as well as
operating conditions (batch feeding, alternation between
feeding and rest periods) have to be well controlled to
favour deposit mineralisation. If not, the deposit layer can
induce processes limitations such as:

e excessive ponding at the surface,
e oxygen transfer limitation (convection and diffusion),
e decreasing biosolids mineralisation.

All these processes are interdependent (Figure 1). When
a limitation occurs, it impacts the others and increases the
clogging rate. If clogging is necessary in the French

Figure 1 | Schematic representation of processes implied in the deposit layer.

system, equilibrium has to be maintained so as not to
reach a clogging level at which performances, robustness,
reliability and durability of the system are affected. As this
equilibrium depends on many factors like design (e.g. sur-
faces implemented, media characteristics, feeding systems),
operating conditions (e.g. batch volume, feeding/rest
period), and external conditions (e.g. climate, season), mod-
elling can be a useful tool to alert designers when new
developments are planned. If modelling is an interesting
way to link all processes in CWs, the deposit formation
and the OM accumulation within the media pose some
questions about its simulation.

DEPOSIT LAYER AND MODELLING
Hydraulic behaviour

The role of the deposit layer, as well as the OM entrapped
within the media, is fundamental to the hydraulic behaviour
of the filter. Of a lower permeability than the media, the
deposit layer impacts the flow distribution onto the filter’s
surface as well as water infiltration and gas transfers.
According to its mineralisation state, the OM will impact
the flow distribution within the pore space as well. Conse-
quently, the deposit layer is a key component of the
system because the hydrodynamics is closely linked to
degradation processes.

Permeability and surface flow

One of the main impacts of the sludge deposit is the water
distribution. Its low permeability helps to spread the
wastewater onto the entire gravel surface. As we cannot
use sand when feeding the system with raw wastewater
(because of clogging risk), the use of gravel (2-6 mm) is
necessary. Due to the high hydraulic conductivity of
gravel, an even water distribution onto the surface
would not be possible without this deposit layer. Saturated
hydraulic conductivity (K;) measured in French VFCW
after 8 years of operation (Molle 2003) are presented in
Table 1. We observe that Ky of the deposit layer is by
far the most limiting hydraulic condition. The hydraulic
resistance of a layer does not only depend on its hydraulic
conductivity but also on its depth. By analogy to Ohm’s
law, the effective (saturated) hydraulic conductivity Kes
of a filter composed of N layers (assuming that the flow
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Table 1 | Hydraulic resistance of each layer of a first-stage VFCW fed with raw
wastewaters

Depth of Resistance
Ks (m/s) the layer L/Ks (s ")
Organic deposit layer 0.16:107*  7-8cm 4,375
Up filtration layer -6 mm  2.1.107* 20 cm 952
gravel with accumulated
OM)
Transition layer (2-6 mm 43.107% 20 cm 465
gravel with low
accumulated OM)
Drainage layer (15-25 mm 69-10 4 15 cm 36
gravel)
is perpendicular to them) is given by:
N
> j=1 L
Ketp = —x——— 1)
> j=1 Lj/Ks;

where L; is the thickness of the layer j and K;; the satu-
rated hydraulic conductivity of the layer j.

Table 1 presents the resistance of each layer. One can
realise that even for low thickness of deposit (8 cm in this
case) the deposit layer is the main restraint to flow.

The first consequence of this hydraulic aspect is that the
deposit layer favours a distribution of the wastewater onto
the filter’s surface. When the deposit layer is not present,
at the start of plant operation, or when the filter is under-
loaded, the water infiltrates near the inlet points. The distri-
bution is improved over a feeding period with an increasing
deposit accumulation. The water front progression will
depend on the age of the plant and the feeding systems

A winter (January- February)

Oreed season (May-Nov)

Cumulative hydraulic load over
a feeding period (m)

0.0 + T T T T T T 1
0.5 1.0 1.5 20 25 3.0

Effective distance from a feeding point (m)

design (volume, flow rate, distribution point density). For
instance, on a plant with 2 cm of deposit layer and under
designed flow feeding rate (0.38 m3/h per m? of filter) and
batch volume (1.3 cm/batch), we measured a water front
progression onto the surface of about 3 m from the inlet
point for each 1 m of cumulative hydraulic load during a
feeding period in reed season (Figure 2 left). This water
front progression changes with season according to the min-
eralisation of the OM and the reeds’ effects (see below). The
low distribution observed in summer highlights the impor-
tance of the design.

For an older plant (20 cm of sludge; Forquet et al. 2011),
Figure 2, right, presents the change in water content over a
cross-section of a filter between the end of a rest period and
the first days of feeding (measurements done by electrical
resistivity tomography). The relative water content changes
show that, if distribution is not perfect, it is limited to only
12% maximum of water content change near inlet feeding
points. The sludge deposit allows a quickly homogenising
water distribution onto the filter surface and limits hydraulic
short-circuiting.

The dynamic of deposit accumulation and degradation
over time (depending on the loads, the operating condition
and climate) implies a surface flow evolution at different
time scale (day, week, season, years). These changes are
moreover impacted by the reed growth, which improves
the deposit layer permeability. Molle ef al. (2006) showed
this reed influence on deposit layer permeability by infiltra-
tion rate measurements on a first-stage vertical filter
(Figure 3).

As a consequence, we point out the necessity to model
such a filter in two dimensions (at least) including surface
flow. The first consequence is that, when modelling the
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Figure 2 | Distribution efficiency. Left: effective distance defined as the distance from a feeding point that is used for wastewater infiltration according to the cumulative flow on a feeding
period. Right: water content relative changes from the beginning of the feeding period over a cross-section of a filter with 20 cm of sludge deposit.
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Figure 3 | Mean infiltration rates (IR) of each feeding batch on a first-stage filter with 8 cm
of sludge deposit over a feeding week. Molle et al. (2006).

hydraulics of the filter, the boundary conditions at the top
surface are not realistic. The problem may be less important
for SDRBs where the sludge deposit accumulation rate, as
well as the deposit depth, are about five times higher than
in VFCWs. As batch loads are larger in SDRBs, the sludge
is quickly distributed onto the whole surface.

Preferential flow path and modelling

Another feature of the deposit layer is its deformability,
which makes hydrodynamic models difficult to apply.
Indeed, the sludge changes from a liquid state (suspended
solids of the inlet wastewater or sludge) to solid passing
through a plastic phase. This drying path has been studied
in a SDRB where the deposit layer plays a fundamental
role. Vincent et al. (2012) measured the drying path for

activated sludge and septage deposit on SDRBs (see Figure 4
for activated sludge). The drying path seems to be mainly
dependent on the initial suspended solids characteristics.
The more organic is the sludge, the more deformable is
the deposit.

Consequently, when determining hydrodynamic proper-
ties of the deposit by classical water retention dependences
(sand box and pressure chamber methods; see Figure 4
right), we observe that, according to the sludge deposit
characteristics, the deposit can remain saturated while
applying positive suction levels.

Some models exist that take into account the compaction
of solid during the saturated phase. For example, Uggetti ef al.
(2012) applied the consolidation theory, which refers to any
process that involves a decrease in the water content of a satu-
rated soil without replacement of water by air. It is an
interesting way to improve actual models but is only reliable
under saturation state. The drying path (Figure 4) shows that
air entrance into the deposit is effective from a dry matter con-
tent step (11% of dry matter (DM) content in the case of
activated sludge deposit), while a slight compaction is still
observed. The deformable state of sludge deposit is conse-
quently a huge challenge for French VFCW modelling.
Almost all modelling studies carried out on VFCWs use
models assuming that water content and capillary pressure
are at equilibrium everywhere. Morvannou (2012) showed
that it is possible to fit such a hydraulic model based on
water content measurements (see Figure 5 left for water con-
tent). Nevertheless, it is not possible in such conditions to fit
correctly instantaneous dissolved parameters (see Figure 5
right for nitrates). Indeed, tracers experiments (Morvannou
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Figure 4 | Left: hydrotextural relationship (i.e. solid volume fraction versus water content) for activated sludge (Act S) deposits, considering all tested loads (30, 50 and 70 kg DM m~2y~"),
with the plastic limit (wp, the grey dotted line) and the deposit solid state (the grey area). Right: water retention dependence expressed in water content versus pressure head

for activated sludge. Vincent et al. (2012).
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Figure 5 | Left: measured and simulated water content evolution in a first-stage VFCW with 20 cm of sludge deposit at different depths. Right: simulated and measured instantaneous
concentrations for NOs-N in the effluent for 3.5 day-period of feeding. Morvannou (2012) with permission.

et al. 2012) cannot be fitted by using equilibrium porous
medium properties. During unsaturated condition, some pref-
erential pathways exist into the deposit, as well as in gravel
containing high content of OM (as is the case on the
French system). They may be due to:

e the reeds stalks’ mechanical effect (see Figure 3) that per-
mits by-passing of the deposit layer,

e deposit shrinkage cracks, which are formed during the
rest period, which ease preferential flow paths through
the sludge layer,

e large range of pore size into the deposit as well as the OM
accumulated in the gravel layer, which induces different
flow rates; some flow cannot correspond to the Darcy
assumption.

Consequently, non-equilibrium conditions in pressure
heads are created between preferential flow paths and the
matrix pore region. Therefore, models using non-equilibrium
water flow and solute transport would be more appropriate.
Morvannou et al. (2012) explore the potential of dual poros-
ity models to better simulate flows and solute transport.

Biological behaviour

OM accumulation is an essential component of the system
since OM participates in the removal rate capacities. On
one hand the deposit allows improvement of filtration effi-
ciency thanks to a lower average pore size and, on the
other hand, OM allows a higher water retention time and
ammonium adsorption. Consequently, we generally observe
an increase of the first VFCW stage efficiency with time as

long as no oxygen limitation is observed. These improved
removal rates are not really observed in the full treatment
plant since the second stage (composed of sand) compen-
sates for the lower removal rate of the first stage during
the very beginning of the plant operation.

The OM accumulation does not only take place at the top
surface of the filter. Indeed, the use of gravel of 2-6 mm
induces a solids entrapment within the first layer of the filter.
Consequently, in the first stage of French VFCWs, the first 20
cm of the gravel layer present a high OM content. Volatile
matter values of 10 to 15% of DM content can be measured
in the first 2 cm of the gravel layer. As the water retention is
strongly linked to the OM content (capillary water) the deposit
plays an important role in treatment performances.

Water retention

The first role of the deposit layer, and OM in general, is related
to its capillary water retention capacity, which increases the
immobile water content. Figure 5, left, allows us to see the
different water storage capacity of each layer. This often
called immobile water plays a role in solute exchange between
mobile and immobile phases and thus in retention time. This
can explain the increasing performances observed with
increasing OM in the filter. This is obviously true as long as
oxygen transfers are high enough to fulfil bacteria needs.

Ammonium adsorption

OM is also a key component for nitrification performances.
Indeed, direct nitrification is quite low in such systems,
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Figure 6 | Nitrogen fluxes (g N of ammonium (NH,4-N) or nitrates (NO5-N)) during a 3.5
days of feeding on a first stage of French VFCW with 20 cm of deposit.

ammonium being adsorbed onto the OM (McNevin et al.
1999) and soil minerals (usually of minor role), and the
adsorbed ammonium is mainly nitrified between batches
and during rest periods (Molle ef al. 2006). The importance
of ammonium adsorption in French VFCWs has been
pointed out in modelling by Morvannou (2012). This
phenomenon has already been observed in different wetland
systems (Kadlec ef al. 2005) and is proportional to OM con-
tent. If further studies need to be done on the French system,
the deposit layer already appears to play a major role in
ammonium adsorption. Based on mass balance calculated
by modelling, Morvannou (2012) observed that about one
third of the applied ammonium is adsorbed during a feeding
period of a French VFCW (see Figure 6).

The adsorbed ammonium is nitrified during rest periods
if loading and alternating phases are operated correctly. A
precise definition of adsorption capacities and rates as
well as nitrification rate would consequently be of benefit
to ensure a more secure new development.

Biological activity

The biological activity in the deposit is a key component of
the system overall performance, as long as oxygen transfers
can fulfil bacteria needs. A solid respirometric tool
developed to measure core samples of French VFCWs
(Morvannou et al. 2om) allowed us to measure the main
nitrification activity in the deposit layer and the first 20 cm
of gravel layer (where OM content is high). In the same
way, heterotrophic activity seems to be high in these
layers. Thus, it is of great importance to better study this
layer, as hydraulics, oxygen transfers and biological activity
are interlinked.

CONCLUSION

If hydraulic modelling can bring some improvement in dis-
tribution and drainage pipes’ design, the good agreement

between simulations and measurements in terms of hydrau-
lic behaviour is not satisfying. The choice of the
pedotransfer function and the estimation of its associated
parameters (preferential flow, multi-tier approach) need
further research. The problems arising from the deposit
layer are due to its heterogeneity (large distribution of
pores) and its deformable aspect (sludge can be in a liquid,
plastic or solid phase). If we add the problem of surface
flow distribution (due to low permeability), we can appreci-
ate the needed improvements in hydraulic modelling.

In the same way, the deposit layer is a key component
influencing the performances obtained in the French
system. To treat water and sludge at the same time, we need
to mineralise OM to avoid clogging, and also allow the
deposit to drain and correctly transfer oxygen. Thus, the bio-
logical activity depends on sludge mineralisation, which
means on the loads applied and the feeding/rest period alter-
nation. As hydraulic behaviour, oxygen transfers, and
biological activity are interlinked, it seems essential to focus
on the role (and its quantification) of the deposit layer to
find new developments of VFCW fed with raw wastewater.
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Abstract

Phosphorus (P) removal in constructed wetlands (CWs) has received particular attention during the last decades by
using specific materials which promote P adsorption/precipitation phenomena. Recent studies have shown an
interest in using apatite materials to promote P precipitation onto their surface. About ten years of experiments at
different scales (laboratory, pilot, full scale) have passed. The process is how open in France. This paper presents
the first design recommendations according to the apatite mineral quality and treatment outlet requirements.
Kinetics and their evolution with the material saturation degree are presented based on the k-C* model. The
process can achieve 1 mgP.I" for long term while using surface P removal filter area of 0.5 m2.p.e.”". With a low land
footprint and high P removal efficiency, the interest of the process also result in the orthophosphates accumulation
on a phosphate mineral which makes easier to reuse phosphorus from wastewater once saturated

Keywords: apatite, horizontal flow constructed wetland, phosphorus removal, design recommendations

INTRODUCTION

Intensive use of phosphates (agricultural use, food, detergents etc.)), has resulted in high P
concentration levels in surface waters which in turn lead to eutrophication problems. Consequently, and
despite of a drop in P release per people equivalent (p.e.) (currently of about 2.2 gP/p.e./d in France), P
removal from municipal wastewater is still needed in sensitive areas. In subsurface flow constructed
wetlands (CWs), removal efficiencies are of about 40 — 50 % but they generally correspond to low
removal loads (0.1 to 0.2 gTP.m2.d") (Vymazal, 2007). Therefore, CWs are not very efficient in removing
P, particularly when systems are designed for a small land footprint. Processes implied in P removal are
linked to the plant and the biomass assimilation (and storage) and adsorption/precipitation onto
media/organic matter. In subsurface flow CWs, to avoid clogging, organic matter mineralization is
promoted causing a P release into water (short-term storage). Since two decades, researchers have tried to
improve P removal by i) using specific materials to promote sorption mechanisms (Zhu et al., 1997; Drizo
et al., 1999; Brix et al., 2000 ...) or ii) including chemical P precipitation (Esser et al, 2004 ; Malecki-
Brown et al., 2009) which increases the maintenance complexity.

Among the various materials that have been tested (calcareous materials, iron/aluminium
hydroxides materials) apatites have shown to be materials of interest for such an application (Jang
and Kang, 2002; Molle et al., 2005; Bellier et al.; 2006). Apatite materials allow to reach high
saturation level (Molle et al., 2005) and low outlet concentration (below 1 mg P.I").

The broad range of apatite minerals composition (Ca;o(PO4)eX,) is due to the numerous possible
elemental substitutions that can naturally occur (Pan and Fleet, 2002). These substitutions can take place
by replacing Ca, PO, and/or X. Consequently there is a wide range of apatites minerals whereas strict
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apatite correspond to hydroxylapatite (X = OH), fluorapatite (X=F) and chlorapatite (X=Cl). In the
environment apatite minerals exist under two physical forms according to their area of formation. Igneous
and metamorphic apatites are mainly well crystallised fluorapatites, whereas sedimentary apatites are
usually micro-crystalline and carbonated (Francolite, Dahlite). The interaction mechanisms suggested
include ion exchange by diffusion, adsorption, dissolution/precipitation or any combination of these
mechanisms (sorption). A good knowledge of the exact mechanism of the interaction between apatite and
P is essential as it can dictate the potential P removal efficiency and; consequently, the design of the CW.
The sorption mechanism has been studied by Molle et al. (2005) and the retention mechanism has been
found to be different according to the media saturation degree. Adsorption is predominant at a low
saturation degree while the long term P retention is governed by surface precipitation. The deposit formed
is hydroxylapatite, the more stable phase of calcium-phosphate precipitate. Kinetics of these P retention
mechanisms differ according to the apatite minerals quality as well as the physico-chemical characteristics
of wastewaters. As a consequence, from the experiments carried out using apatite minerals to remove P
from wastewater, one can conclude that the P removal efficiency highly depends on the apatite mineral
quality that is used. One of the possible reasons of this may be the origin formation. Bellier et al. (2006)
pointed out that igneous apatites seem to be less reactive than sedimentary ones. But studies carried out
on sedimentary apatite minerals (Molle et al., 2005; Harouiya et al., 2010a, 2010b) showed that other
parameters affect the P removal efficiency, apatite content in the material considered being an important
one. This paper presents the results obtained on the use of apatite minerals to remove P from wastewater
based on lab, pilot and full scale experiments (Molle et al., 2005; Harouiya et al., 2009, 2010). It aims at
outlining the first recommendations that are useful in order to select apatite material and to design the
CW treatment system.

THE CHOICE OF THE APATITE MINERAL
How to choose?

The apatite mineral choice needs to be done according to two objectives: hydraulic behaviour
with time and kinetics behaviour with time. The first objective is based on classical hydraulic
design rules of horizontal flow CWs. It requires the determination of particle size distribution and
hydraulic conductivity. The second objective is related to the P removal efficiency. It requires to
determine physical, mineral and chemical characteristics of apatite minerals on the one hand and
P retention kinetics, on the other hand.

In our studies, chemical analysis were preformed using X-ray fluorescence (XRF) to examine
the composition in major elements (Ca, P, Si, Mg, Fe, Al) and trace elements using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). Mineralogical analysis were done by X-ray powder
diffraction (XRD). As an example, materials tested in previous studies (Molle et al., 2005; Harouiya
et al., 2010a, 2010Db) are presented in table 1 to 3.

Classically, media selection results from batch experiments (sorption isotherms, kinetics) because of
the simplicity and the rapidity of these tests. Nevertheless they are very limited in terms of the provided
information when using apatite because only adsorption mechanisms are favored in such conditions.
Hydraulic conditions are also very far from the ones implied in horizontal flow CWs. Dynamic
columns experiments, in saturated condition (Harouiya et al., 2010b) are much more useful in order to
determine retention kinetics. Nevertheless they require about 2-3 months to give complete information.
Indeed, precipitation kinetics has to be determined for a long term P removal, that means overpass the
adsorption step. This is of great importance because kinetics decreases significantly when adsorption
sites become saturated. This point can be observed (Figure 1), plotting the evolution, with saturation
state, of the volumetric constant rates, k, of the k-C* model (Kadlec and Knight, 1996).
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Table 1 | Physical characteristics of tested materials

Particle size Porosity Density Geometric surface area
d1o (mm) dso (Mm) UC (deso/d10) % kg.m3 m2.kg"
BT 1.27 4.02 3.15 50 2414 0.73
HT, 4.44 9.21 2.09 46 2160 0.17
HT, 0.19 9.21 47.54 (1) 53 2243 148
AM 0.37 2.79 7.46 58 2392 1.76
AT, 2.14 3.85 1.80 54 2447 0.33
Apatite 1 0.5 0.9 1.9 46 2480 1.41

(1): HT2 material contains 30 % of fine particles of clay that can be bonded to larger particles. As a consequence, particle size
distribution is modified and real grain distribution is masked. In reality we observed apatite grains of 0.1 - 0.3 pm and

coarser grains with impurities.

Table 2 | Mineralogical characteristics of materials

Mineralogical composition % (W/W) of materials

Apatite Calcite Quartz Dolomite Clay Ankerite (2)
BT 41.8 50.4 4.8 3.0 0.0 -
HT; 60.2 35.1 4.7 0.0 0.0 -
HT; 46.3 39.5 10.1 2.5 15 -
AM 95.4 3.2 1.3 0.0 0.0 -
AT, 58.1 0.0 0.2 0.0 0.0 41.7
Apatite 1 94.0 2.0 - 1.6 2.1 -
(2): CaFe (CO3)
Table 3 | Chemical composition of materials
Major constituents (% Mass) Trace elements (mg.kg")
. Hg
Ca P Si M Fe Al As cCd Cr Cu Pbh Se \'} Zn U
g (ng.kg"
BT 363 84 31 05 0.3 04 | 114 768 1821 64 23 32 1155 1099 615 <LQ 4)
HT, 353 101 33 0.2 0.3 02 [116 345 196.0 189 3.3 <(]Z)Q 152.0 196.0 106.0 12
HT, 323 82 65 05 0.6 1.0 95 315 321.0 213 3.8 <(]Z)Q 242.0 237.0 789 31
AM 382 132 11 0.2 0.2 02 [133 144 257.0 229 3.8 1.9 130.0 181.0 131.0 50
AT, 319 96 22 1.7 0.4 0.5 40 119 2100 51 32 213 <(]Z)Q 82.1 40.1 15
Apatite 1 37.3 1638 ‘(13")1 16 <01 <01|nd nd nd nd nd nd nd nd nd nd

(3): not determined and (4): limit of quantification.

45
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Figure 1 | Evolution of the k constant as a function of saturation levels for rich and poor apatite content into the material.
Based on column experiments.
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If column experiments are useful to choose the apatite mineral, retention kinetics measured in
such conditions have to be used with a security coefficient when designing the treatment system.
On the one hand, the kinetics decrease with time has to be taken into account in the expected
filter’s life calculation, and on the other hand, full scale consideration implies different conditions
than in column experiment fed with tap water to be considered. Two main phenomena affect the
retention kinetics:

¢ The biomass development onto the mineral surface which diminishes the accessible surface
for P sorption.
¢ The hydraulic efficiency of the filter which can directly affect the P retention.

Table 4 presents, as an example, the values of the volumetric constant rate, k, and C* of the k-
C* model obtained when using a low apatite content mineral (BT) for different conditions.

Table 4 | Comparison of retention rates for BT material measured in column experiments (with and without biomass) and in
full-scale plant

Step of experiment satm:;art‘l?(;_%tate “:ﬁ) (m(;*l") E)g::::t'?oint
’ " (days)
° Adsorption 0.95 1 0.8 14
§ Column using tap water Precipitation 1.31 0.85 0.8 22
= enriched in P Adsorption 0.79 1.1 0.8 14
E Column using WW enriched in Precipitation 1.50 0.70 0.8 22
E%;* p Adsorption 0.49 0.29 0.8 220
M Full-sacle plant Precipitation 1.15 0.08 0.8 676

20 % of dead volume

It appears that:

¢ Biomass development has a negative impact on retention Kkinetics (kinetics decrease of
about 20 % in precipitation step when inlet COD is > 150 mg.l")

e The decrease in hydraulic efficiency (20 % of dead volume in that plant) affects strongly the
apparent k constant. Measures obtained on full scale plant (Harouiya et al., 2010a) with a
low apatite content mineral (BT) have shown a decrease in precipitation k value by a factor
5 to 10 compared to the ones measured in column experiments. Hydraulic dead volume of
20 % and spatial heterogeneity of the flow can explain such results. In more controlled
hydraulic conditions (Harouiya et al., 2010b), with only 10 % of dead zone, the decrease in
k value is only of a factor 2 to 3. A decrease of a factor 2 to 3 seems to be unavoidable even
when using a mineral containing more than 90 % of apatite.

Which apatite to use?

As column experiments are time consuming, choosing apatite mineral can be firstly done
according to the mineral (or chemical), characteristics. The main characteristic implied in the P
removal efficiency is the apatite content. Indeed we observed a great difference in Kinetics
evolution according to the apatite content of the material considered (Figure 1). We highly
recommend to use high apatite content material (> 90%) to lower the filter area foot print. High
apatite content minerals also have low C* which permit to achieve stringent outlet standard
quality. The AM and Apatite 1 (see Table 2), tested in our studies, have C* of 0.1 mg.I™.

As apatite minerals contain some trace elements (Table 3), the apatite mineral choice has to be
carried out taking them into account. Some sorption/desorption can occur. All measurements done
(see Table 5) revealed that the release of some trace element are minor with the apatite we tested.
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We observed a positive impact (sorption) on Cu, Zn and Hg, no significant effect on Cr, Pb, Cd, Se,
Fe, As and V, and a negative effect on U. Uranium content has to be controlled when choosing the
apatite mineral even if results obtain during our researches always produced outlet levels below
international drinking water standards (Birke et al., 2010).

Table 5 | Mean trace elements concentrations of influent and effluent in the apatite filter at the Evieu plant (number of data: 6)

Element Influent Effluent Drinking water standards

(Mg  (SD) (SD) (Birke et al., 2010)
Fe  50.0 (20.6) 38.8 (29.0) 200
As  2.16 (0.45) 2.8 (0.62) 10
Cd  0.11(0.17) 0.17 (0.10 3

)
Cr  0.61 (0.16) 0.31 (0.06) 50
Cu 11.74 (2.55)5.37 (2.99) 2
Pb  0.33(0.15) 0.23 (0.05) 10
Se  0.50 (0.001)0.64 (0.02) 10
V. 1.14 (0.40) 1.31 (0.82)
Zn  17.5 (1.27) 7.47 (3.77)
U 023 (0.04) 1.22 (0.75)

) )

Hg (ngl1") 4.06 (1.29) 1.58 (0.60

3000
2%,10
1000

*German action level of legal limit for preparation of baby food

DESIGN AND OPERATION

The P removal filter will be positioned into the treatment process according to the different
treatment goals attributed to this filter (denitrification, carbon treatment ...). Overall, to avoid biomass
and organic matter accumulation onto the filter media, and consequently a decrease in P retention rate,
the P removal filter will be placed in the final steps of the treatment. In subsurface flow systems, as used
in France, we can noted 2 cases of P removal positioning into the treatment chain (Figure 2):

¢ No total nitrogen removal purposes: In that case a horizontal filter is placed after the first
stage of vertical filter (case number 1 in Figure 2, partial nitrification in winter) or after the
two stages of vertical filters (case number 2 in Figure 2, total nitrification). In the first case
the horizontal filter is only filled with apatite in its end part while in the second case a
smaller horizontal filter can be implemented only filled with apatite material.

e Total nitrogen removal purpose (case number 3 in Figure 2). In that case the
horizontal filter will be placed between the two vertical filter stages in order to be
used also for denitrification thanks to carbon source coming from the first stage and
nitrates from the recirculating loop as well. As previously, in that case, only the end
part of the horizontal filter will be filled with apatite mineral.

When used as a tertiary treatment, the P removal filter only contains apatite. The
advantage in separating the P filter from other objectives is linked to the possibility to
disconnect it if P outlet requirements are not to be achieve all year long. It lengthens the
lifetime of the filter. As well, in that case, it can be integrated downstream a “full
constructed wetland”, conventional systems or combination of different systems. The
integration as a tertiary stage of an activated sludge line is another possibility that may
need more investment but that could be studied in sites with no surface limitation.
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Figure 2 | Emplacement of the P filter according to the treatment objectives.
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Figure 3 | Effect of apatite quality on the outlet P concentration at different saturation levels (adsorption step (k1) or
precipitation step (k2)).

The P filter surface depends on the mineral quality as well as on the P outlet level required.
Globally, the k-C* model is correct to design the P filter, taking into account a security factor for
full scale application. Based on our studies, it is correct to use a volumetric constant rate (k) of
0.29 and 0.08 h' for adsorption and precipitation steps, respectively, when using a low apatite
content mineral (40 - 60 %). When using a high apatite content mineral (>90%) k values of 1 and
0.3 h can be used for the adsorption and precipitation steps, respectively. C* also varies according
to the apatite quality. If all apatite minerals tested have shown C* values of about 0.1 mg PO,-P.I"
in adsorption mode, the C* value increases up to 0.8 mg PO4P.I" in precipitation mode for low
apatite content into the mineral. Based on these measures and assuming 150 Lpe’ and an inlet
concentration of 10 mg PO,-P.I", Figure 3 presents the outlet PO4-P concentration according to the
water retention time for different qualities of apatite mineral and operation modes
(adsorption/precipitation). This allows to set the minimal P filter retention time and, consequently,
the minimal surface that is necessary to reach the outlet level required. For instance, to respect 1
mgP.I", a 10 hour retention time is necessary while using high apatite content mineral for long
term removal (precipitation mode), whereas more than two days are necessary with low apatite
content mineral. The first case corresponds to a surface of about 0.3 m2.p.e.”.
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Some apatite producers can not offer rich apatite mineral while maintaining appropriate
particle size. This can induce difficulties for a safe design of the hydraulic feature of the horizontal
filter. In that case it can be preferable to implement saturated vertical filter to allow the use of finer
particle sizes. Indeed, the greater surface by which the flow passes through makes the filter safer
hydraulically.

Operation

Maintenance of such a filter is similar to the one necessary for a horizontal flow CW. Two
specific aspects can be noted, related to the commissioning period and the apatite renewal.

Commissioning period. During the first reed growth season, reeds can have some yellowing
problem. Analysis performed on reeds and water did not bring us useful information to explain its
occurrence. Interstitial water characteristics were similar (except on P concentrations) in filters
with or without apatite. Reed analysis (see Table 6) did not explain why such a leave yellowing
occurred. Nevertheless reeds can adapt and during the following years reed development is normal
and no consequences are observed on P removal efficiency.

Table 6 | Analysis of the accumulation of macronutrients and some trace elements in the different parts of reeds
(Phragmites Australis) planted in gravel and apatite medias (means (SD))

Units Reeds in apatite Reeds in gravel Tanner (1996)
Rhizomes stems leaves |Rhizomes stems leaves | Rhizome and stem base Roots
P 354(059) 2.80(0.37) 2.29(0.74) |1.64 (0.21) 1,46 (0.42) 3.13 (0.18) 3.00 2.50
N 20.30 15.90 31.00 10.40 7.20 36.40 23.00 30.0
"o Ca 1.14 (0.32) 0.65 2.62 (0.01) 1.22 0.27 (0.03) 6.33 3.80 0.60
ED Mg 0.78 (0.07) 0.83 1.13 (0.07) 0.79 0.38 (0.05) 1.33 2.20 0.60
Na 1.29 (0.56) 0.65 <LQ 2.79 0.44 (0.00) <LQ 0.40 0.50
K 12.00 15.40 24.90 (3.87) 3.13 13.89 (6.92) 21.67 20.00 16.0
B <LQ <LQ <LQ <LQ <LQ <LQ 8.00 6.0
Al 206.12 (74.31) <LQ  48.94 (25.19) 1887 <LQ 34
Ti 17.55 (3.10) 8,5 10.36 (0.92) 52,8 5.18 (0.09) 9,6
\Y% <LQ <LQ <LQ <LQ <LQ <LQ
Cr 1.69 (1.41) <LQ <LQ <LQ <LQ <LQ
M 3025 (5.52) 21,1 112.66 (36.66)| 46,8 17.85 (5.29) 85,0 150 100
- n
B Fe121.27 (4231) <LQ 50,06 (15.19) | 656,6 11.43 89,2 100 10
%b Ni 1.95 (0.90) 0,59 1.47 (0.19) 1,84 <LQ 0,45
Cu 17.37 (2.35) 8,9 13.10 (1.08) 31,0 6.85 (0.34) 12,5 2.00 3.0
Zn 55.00 (13.50) 82,6 31.47 (1.14) 87,7 5026 (12.82) 33,6 30.0 60.0
M <LQ <LQ 0.61 <LQ <LQ 0,76
(0]
Cd 0.94 (0.83) 0,13 <LQ 0,19 <LQ <LQ
Pb <LQ <LQ <LQ 2,75 <LQ <LQ
U 0.44 <LQ <LQ <LQ <LQ <LQ

Apatite renewal. Precipitation of hydroxylapatite onto the mineral surface increases the
chemical clogging of the filtration media. As a consequence filter will inevitably clog with time. An
essential question remains, how to know when surface crystallisation will be too great to modify
water circulation through media because of chemical clogging or, in other words, how long can
such a filter properly operate. Current experience is not yet sufficient to determine the lifetime of
the system. The higher saturation degree we obtained (Molle et al., 2005) is of 13.9 mgP.g" of
mineral, which represents less than 5% of material mass. At this saturation degree, no permeability
decrease was observed. Nevertheless, this saturation degree has been chosen to calculate the
minimal lifetime of the system in the following part of the paper.
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Minimal lifetime of the system, will depend on the surface used per p.e. (the load applied) and
the quality of the apatite used (retention rate). Figure 4 presents the minimal lifetime of the apatite
filter based on security kinetics presented before (Figure 3) to respect 1 mg.L" in total phosphorous
at the outlet using high quality material (> 90% of Apatite content). At this minimal life time the
treatment still operating well. After this saturation state of 14 mgP per g of material we don’t have
any data to conclude, but no strong decrease in kinetic is observed at this step (see Figure 1).
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? 35
©
Q
2 30
(]
£
o ®
3
g 20
£
E 15 <
10 - s
5
0 ; ; ; ‘ ‘ ‘
0 2 4 6 8 10 12 14
Total P at the inlet of the Apatite filter(mgP.L™)

Figure 4 | Life time of apatite filter for rich quality material as a function of surface needed to achieve 1 mg TP.I" in the treated effluent.

Figure 4 shows the importance of using surface of about 0.5 m2 per p.e. to achieve as low as 1
mgTP.I" concentration during 10 to 15 years when using apatite mineral with more than 90 % of
apatite content.

Despite of the youth of the process in France, and therefore the uncertainties of the market
evolution, a market research done by Sint company has shown that such a process is economically
attractive for communities smaller than 2000 p.e. compared to physico-chemical precipitation.
Nevertheless, the capacity of companies to find high content apatite material and the dynamism of
the market will determine the economical limit of the process.

CONCLUSION

Studies performed last years on the use of apatite mineral to remove P from wastewater with
CWs lead to the definition of the first design recommendations in France. The process is currently
open and free to application by all companies. Experience carried out with different apatite
qualities and different treatment scales allow to draw some conclusions regarding the filter design
rules. Orthophosphates are removed by adsorption and surface precipitation mechanisms, the
latter one being the only one to be taken into account for long term removal. Surface precipitation
rates, decreasing with saturation degree, have been determined according to the apatite quality.
Results show that it is possible to maintain outlet total P level below 1 mgl' during at least 15
years with 0.5m2.p.e.” if:

e Apatite mineral content is greater than 90 %
e The filter is fed with treated wastewater having a COD below 150 mg.l"

¢ The filter is implemented in saturated conditions avoiding hydraulic short circuiting.
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The interest of such a filter, having a low area foot print, is to accumulate phosphorus on a natural
P-Ca material thus making the final P recovery easier (as a fertilizer by direct land spreading, reuse in
fertilizer industry ...).
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French vertical-flow constructed wetlands in mountain
areas: how do cold temperatures impact performances?
S. Prost-Boucle, O. Garcia and P. Molle

ABSTRACT

The French version of vertical-flow constructed wetlands (VFCWs) is characterized by treating directly
raw wastewater on a first-stage filter. VFCW is a well developed technology with more than 3,500 plants
in operation in France. However, VFCW performance may be affected under the low temperatures
reached in mountain areas during winter. The effect of cold conditions over 12 plants, ranging from 75
t0 1,900 person equivalent and from 680 to 1,500 m above sea level, was studied over 2 years. The plant
hydraulic loads, and air and filter temperatures were continuously measured. In addition, 24-h flow
proportional sampling, at each stage of treatment, was conducted in summer (as a reference) and
winter. Online measurements of ammonium and nitrates were also analyzed to describe the nitrogen
removal dynamics. Since no impact on chemical oxygen demand (COD), biochemical oxygen demand
(BOD) and suspended solids removal was observed, the effect of cold temperatures on nitrification
was further analyzed. Nitrogen removal was relatively unaffected during winter season. Significant
effects were confirmed only for the second stage for loads above 10 gTKN/m?/d (TKN: total Kjeldahl
nitrogen). Temperature profiles allowed analysis of the filter buffer capacity in terms of freezing. Under
minimal air temperature of —19 C, no critical operation was observed, although design and operation
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recommendations can be provided to ensure suitable plant performances.
Key words | cold climate, nitrification, temperature, vertical-flow constructed wetlands

INTRODUCTION

French-system vertical flow constructed wetlands (VFCWs)
directly treat raw wastewater on the first-stage filters. They
are extensively developed, with about 3,500 plants in oper-
ation in France. The French VFCW system consists of two
successive VFCW stages - the first filled with gravel and
the second filled with sand (see Molle ef al. 2005, for
media description). The first stage is split into three filters,
while the second stage is split into two filters. Alternation
is done twice a week every 3-4 days.

When VECWs are set up in mountain areas, cold temp-
eratures become an important issue for filter function
(freeze-up of the filter, the sludge layer, the distribution
pipes, etc.) and performances (mainly nitrification). In very
cold climate zones, ice can form when water temperature
nears 2 °C (Kadlec 2001). In rural areas this can be counter-
balanced when sewers are short by relatively ‘warm’
wastewater that hinder the filter’s freezing. Nevertheless, a
swift and intense freeze could form ice over the surface or
even freeze up the filter in depth. Also, the dynamic of the

doi: 10.2166/wst.2015.074

freeze can impact the ice formation. Indeed, as heat trans-
fers in filters essentially take place vertically and only
negligibly horizontally (Kadlec 2001), some authors (Bron-
fenbrener & Bronfenbrener 2010) observed that slow
freeze tends to transfer moisture toward the frozen zone
(i.e. the filter surface). Many factors can impact the freezing
dynamic such as the free water content which promotes heat
losses through evaporation (Wallace ef al. 2001) and the
presence of ice cover (with a four-times higher thermal con-
ductivity than water) which adds further net heat losses and
further risk of filter freeze-up.

However, ice struggles to form when there is snow or
mulch (Kadlec 2001), as snow — once deep enough - effec-
tively provides a degree of insulation. McCarthy et al.
(1997) reported (in Northern Minnesota, USA) a case of
filter freeze-up without snow cover, whereas the filters
had not frozen up in previous years when under snow.
Consequently, experiments have been done with thatch
and mulch layers to provide the filters with surface
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insulation (Smith et al. 1997; Wallace et al. 2001), showing
that a 20 cm-deep thatch layer effectively helps minimize
heat losses, but hinders oxygen transfer inside the filter
matrix. This affected performances (especially nitrification).
When designing a system for cold climate it is relevant to
use basic design strategies (Wallace et al. 2001) to avoid
heat loss to the atmosphere. For example, installing smaller
particle size can help to slow cool-down (Smith ef al. 1997).
As well, adapting operation strategy (alternation frequency,
batches frequency) is a way to shield the filters from freez-
ing. A key factor to bear in mind is that high-altitude
villages already have to contend with winter-round accessi-
bility issues due to road ice and typically heavy snowfalls,
which leads to postponement of some necessary operations
on the treatment plant in favour of higher priority tasks.
Consequently, implementation of automatic operation
(screening, filter alternation) is a good solution to ensure
operational functions and diminish heat losses.

In France, 341 VFCWs designed for a capacity of 20 to
1950 person equivalents (p.e.) are implemented in moun-
tain areas at altitude from 500 to 1,500 m. The operation
and performance problems that might occur in winter are
not known. Consequently, water authorities backed a
research program to determine the altitude threshold
upward of which VFCWs lose applicability or require
specific adaptations. This paper reports the findings of a
national-scale study led on 12 mountain-zone-based
VFCWs ranging from 70 to 1,900 p.e. and altitude of 680
to 1,500 m above sea level over a 2-year period (2012-
2014). As freezing temperatures can have different effects
on VFCW systems according to the maturity of the filters
(deposit layer depth), type of distribution systems or
sewer scheme (combined or separate), a treatment plant
selection has been done to cover a range of critical situ-
ations. Since Molle ef al. (2008) had demonstrated how
total nitrogen was sensitive to low-temperature conditions,
specific attention is given to nitrification, considered as a
good indicator of temperature sensitivity.

MATERIAL AND METHODS
VFCW selection process and characteristics

VFCW selection (Table 1) was a combination of (i) technical
factors, i.e. organic load >50% (as hydraulic load is gener-
ally already >500), altitude >650 m, maturity of the
VFCW (age from 2 to 10 years), and (ii) different building
companies.

Selected VFCWs were of typically French design
(directly fed with raw wastewaters), comprising a series of
two successive vertical-flow filter stages as recommended
by French guideline (Molle ef al. 2005). Only the Roffiac
VECW comprises four filters in the first stage and Mantet
VECW has no second stage. All VFCWs were fed directly
with raw wastewater (coarse-screening only), in pulsed-
batch doses.

Table 1 presents the main plant characteristics. Samples
of filter material were from the first 30 cm at each stage,
which were then analysed for particle size distribution
(French standard NF X 11.507 (AFNOR 1970)) on raw
(unwashed) dry material.

Monitoring
Continuous monitoring

Daily hydraulic loads were recorded and collected by a
pressure sensor placed in the feeding batches system (pump-
ing station or siphon) of one of the filter stages. Recordings
were taken at 1-min intervals. The filter’s alternation dates
were noted by the operator.

Two temperature sensors were installed at each VFCW:
one outside (T,i, in °C), and one inside the first stage filter
(Ttitger, in °C, at 1.5m from a feeding point and 15cm
deep). Recordings were taken at 15-min intervals. The aim
was to capture the range of temperature variation and
their dynamic according to temperature gradient between
in-filter and air temperatures.

24-h flow composite samples

The monitoring covered a 2-year period (2013-2014). One
or two 24-h flow composite samplings were done each
winter in order to gauge the realistically achievable cold-
climate performances possible under different conditions
of load, temperature, snowfall, etc. One 24-h performance
assessment was done in summer (under optimal con-
ditions) as a control, comparing with the Irstea database
(Morvannou ef al. in press). The objective was to gauge
whether the selected VFCWs were running properly in
normal temperature conditions. The temperature-con-
trolled samplers (4 °C) were installed at the VFCW inlet
and outlet of each stage. The chemical parameters analysed
with standard method (APHA 2012) were: 5-day biochemi-
cal oxygen demand (BODs), chemical oxygen demand
(COD), suspended solids (SS), total Kjeldahl nitrogen
(TKN), NH4-N, NO,-N, NO5-N, TP, POy4-P.



Table 1 | General key characteristics of the VFCW treatment plants selected

Frozen conditions 1st stage 2nd stage

General characteristics Air min. temp. Filters Granulometry Filters Granulometry

Agein Capa. Alt. Sewer Daily min. Daily ave. Max. consecutive  Area 1st filtration Area 1st filtration
site 2014 (pe) (m)  network (c) (c) frozen duration (d) (m?%p.e.) layer depth (m) dao deo  (m¥p.e) layerdepth (m) dyo deo
St Pal de Mons 4 1,000 780 Mixture -12 -7 7 12 60 20 31 08 30 03 1.3
St Bonnet le Froid 3 835 1,050 Combined -7 2 2 1.1 60 2.1 3.4 0.7 30 0.4 1.2
St Just Malmont 3 500 790 Mixture -12 -7 6 12 60 24 44 08 30 04 11
Le Pont de Montvert 6 1,500 860  Separate -11 -7 4 1.2 40 3.0 57 0.8 40 0.4 1.8
Roffiac 8 600 810 Mixture -17 -7 5 1.3 30 1.5 37 09 30 03 1.1
Valette 5 230 80 Combined -15 -8 5 1.2 40 36 55 08 30 03 14
Le Lac d’Issarlés 4 1,200 1,000 Combined -19 -9 5 0.6 50 35 54 04 65 0.3 1.0
Issarlés 6 450 950 Separate 16 -8 6 0.6 50 48 82 04 65 03 1.7
Orelle 9 1,200 835 Separate  —11 -7 5 1.0 60 30 54 08 30 03 25
Le Reposoir 10 1,200 980 Separate  —19 -10 7 1.3 30 46 103 0.7 40 02 11
Trescléoux 2 600 680 Combined -13 -8 3 1.3 25 21 31 07 30 02 08
Mantet 73 1,500 Separate -12 -7 4 1.1 80 - - - - - -
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Four specific VFCWs have been equipped for an
additional monitoring. It consisted of the following:

e pH, redox potential, conductivity, NH4-N and NOs5-N
(specific sensors VARION AN/A WTW-Secomam)
online measurements at the inlet and outlet of each
stage (1-min step recording).

e O, contents inside the air phase of the each filter (using a
Drager X-am 7000) were measured in order to assess the
aerobic conditions at several depths inside the porous
media (0-40cm) at 2m from a feeding point and
20 min after delivering a batch. Results are expressed as
percent of the air phase (+0.2%). The objective was to
not attribute a decrease of nitrification to temperature if
aerobic condition was not present within the filer.

RESULTS AND DISCUSSION

The data collected over winter 2013 and winter 2014 were
not significantly different (Student’s ¢-test with a confidence
of 95%, see Table 2) on all parameters and were thus sub-
sequently pooled. Summer-season performances were
normal compared to expected removal (Molle et al. 2005),
which validated the VFCW selection.

Wastewater characteristics

Inlet wastewater characteristics are presented in Table 2. No
statistical difference is observed between each selected
plant. In some cases, a slight dilution is observed in winter
probably due to clear water intrusion into the sewer.

Removal performances for BOD, COD and SS

When looking at outlet concentrations of each stage
(Table 2) and removal rates (Table 3, Figure 1), we observe
that outlet concentrations remained excellent regardless of
season, although measured peaks were higher in winter
for the COD, BODs and nitrogen parameters, which
points to a possible weakness in system reliability when con-
ditions are less conducive to biodegradation. However,
winter-season removal performances were very good overall
and were consistent with observed conventional-system
removal performances (Molle et al. 2005).

Performances appeared to dip slightly in winter com-
pared to summer, particularly for the second stage where
summer-season removal performances outstripped winter-
season performances by 10 and 15 points on COD and

BODs, respectively. However, all in all, this negative
impact is downplayed, as any effective performance gain is
(i) impossible to confirm due to high standard deviations
and (ii) no longer visible on the VFCW’s aggregate perform-
ance balance. In fact, the statistical Student’s t-test shows no
significant differences between winter and summer (Table 3,
p-values >0.23 for COD and BODs for each stage). The
differences in total removals seem to be very low for those
parameters, regarding the means and the confidence inter-
vals. As a rule, then, cold temperatures do not appear to
impact the ability to treat the classic organic and SS
parameters.

Nitrogen removal capabilities
Gas measurements

Oxygen measures done (not shown) during monitoring con-
firmed that no oxygen limitation is present when alternation
is done every 3-4 days. This is consistent with measures
recorded for other treatment plants in both winter and
summer (Molle et al. 2008), which therefore rules out oxy-
genation issues in the VFCWs surveyed here.

24-h flow composite samples

The results (Table 3 and Figure 1) are very close to the
figures reported by Molle et al. (2005, 2008). For the first
stage, no significant difference can be observed regarding
filter temperature. This observation can be linked to the
insulation effect of the deposit layer that forms at the top sur-
face. This point is discussed in the insulation part.

For the second stage, removal performances proved vis-
ibly lower in winter than in summer only for loads above
around 10 g/(m?d). It thus emerges that nitrification per-
formances are relatively slightly affected during the winter
season (see Table 3). Winter-season TKN removal perform-
ances tended to dip slightly for hydraulic loads over the
design load (>0.37 m/d, not shown).

There is recurrent variability in nitrification as it is tied
to different factors such as the hydraulic (preferential
flows), the feeding day of the feeding period (oxygen con-
tent), adsorption capacity of the filter (Morvannou et al.
2014), and thus the age of the system, which can induce con-
comitant impact with temperature. As there is no deposit
layer in the second stage, it is more sensitive than the first
one to temperature losses. The TKN and NH4-N averages
of total global removal rates confirm the slight difference
between winter and summer yields, and the p-value is low
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Table 2 | Influent and effluent characteristics %
@

Raw wastewater 1st stage outlet 2nd stage outlet %

Q
2

Wastewater quality (mg/L)  COD BODs  SS NHsN  TKN COD/BOD;  TKN/COD  COD BODs  SS NHsN  TKN cop BODs;  SS NHsN  TKN 3

Winters 2013-2014 s

Mean 510 242 220 34 47 2.18 0.10 99 31 23 19 23 36 5 4 4 6 §

SD 307 154 185 16 24 0.46 0.04 53 25 13 12 13 11 3 4 6 6 %

Min. 161 62 50 9 0 1.31 0.00 40 9 7 7 7 20 2 1 0.4 1.0 2

Max. 1,530 760 960 58 91 3.13 0.20 241 108 59 54 61 59 13 14 18 19 g

No. of values 23 23 23 22 23 23 23 20 20 20 19 20 17 17 17 17 17 g

Summer 2013 %

Mean 711 306 293 47 70 2 0 127 36 53 22 27 45

SD 410 147 140 18 24 0 0 51 20 30 9 12 18

Min. 220 130 93 17 29 2 0 59 15 15 7 12 24 1 2 0

Max. 1,987 700 608 73 99 3 0 236 71 120 31 46 78 18 22 10 10

No. of values 15 15 15 14 15 15 15 14 14 14 13 14 13 13 13 13 13

Difference between winters and summer: Student’s #-test

p-value 0.12 021 018 0.03 0.01 040 0.56 0.13 051 0.00 043 029 011 070 0.01 0.19 0.30

Classical French values (Molle ef al. 2005; Mercoiret 2010)

Mean 650 267 288 59 68 2.62 0.12 145 - 33 - 35 66 - 14 - 13
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Table 3 | Treatment performances

1st stage 2nd stage Global
Removal rate (%)  COD BODs SS NH,N  TKN cop BOD;  SS NHsN  TKN cop BODs  SS NHsN  TKN
Winters 2013-2014
Mean 77 84 86 38 48 60 82 81 78 77 91 98 97 85 87
SD 9 8 9 18 18 8 8 13 21 16 4 2 2 15 12
Min. 57 67 57 4 0 47 62 46 20 42 82 94 93 51 58
Max. 93 96 97 70 76 72 91 92 99 96 98 100 100 99 99
No. of values 23 23 23 22 23 17 17 17 17 17 17 17 17 17 17
Summer 2013
Mean 80 87 80 52 61 64 86 81 88 84 93 98 97 94 94
SD 7 6 11 20 13 16 9 13 12 11 3 2 2 7 4
Min. 69 72 61 1 32 20 67 57 67 66 86 93 91 76 89
Max. 91 94 94 85 83 86 97 94 100 97 98 100 100 100 99
No. of values 15 15 15 14 15 13 13 13 13 13 13 13 13 13 13
Difference between winters and summer: Student’s #-test
p-value 0.28 0.23 0.12 0.05 0.02 0.44 0.27 0.97 0.12 0.18 0.14 0.45 0.46 0.04 0.04
Classical French values (Molle ef al. 2005)
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Figure 1 | COD and SS load treated in the first and second stages.

(0.04 for TKN total removals). Nevertheless, nitrification
performances of the whole system are good whatever the
temperatures: confidence intervals (95%, confidence inter-
val = mean + 2 x standard error of the mean) of mean
removal rates in winter and in summer seasons are [78;92]

and [83;100], respectively.

SS load applied (g/m?-d)

Scenario

1 i

S

TKN load applied (g/m®d)

This trend warrants confirmation through further comp-
lementary data but is confirmed when studying only winter
data in two groups
>0.37 m/d; scenario 1; n=>5 as one subgroup against the
other winter data as scenario 2; n=16) (see Figure 2, left).
the most challenging

(Ttiyer <6 °C and hydraulic load

situation, yet
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Figure 2 | TKN removal rate under worst-case conditions (left) and daily mean filter temperature (first stage) versus daily mean air temperature (right). Tfilter: filter temperature; HL:

hydraulic load.

is visibly liable to be encountered a quarter of the time in
winter.

Thermic insulation of the filter

As we observed that nitrification can be affected by very low
filter temperature, it is relevant to discuss the dynamic of
temperature within the filter and its thermal insulation.

Inside temperature and outside temperature linkage

The linkage between Ty, and Ty, is established in Figure 2
(right) for the 38 24-h performance assessments. Over the
course of this study, even when daily mean air temperature
was below freezing (down to —6 "C), none of the filters iced
up. The effluent appears to maintain a degree of warmth
inside the filter matrix.

To highlight how the filter can buffer air temperature vari-
ation, Figure 3 plots, on left, the difference between daily mean
filter and air temperature versus daily mean air temperature
and, on right, the loss of daily mean filter temperature per
day according to the difference between daily mean filter
and air temperature. These plot are to be read and interpreted
as set out below. As each point corresponds to a daily mean
temperature, the figure does not reflect the range of extremes
in variation observable within a day.

Scenario 1: no sludge and no snow

The absence of snow and sludge on the top of the filter fails to
insulate the filter, which is highly sensitive to plummeting out-
side temperatures. As soon as there is frost in the air (down to
a mean daily temperature of —7 "C), the temperature inside
the filter drops simultaneously down to —5 “C. This case hap-
pens at the beginning of a plant operation or when the load is
too low to favor deposit accumulation. Consequently, the

sensitivity of the filter is reinforced by the fact that water dis-
tribution is not homogeneous. In this case, the temperature
probe was not in contact with wastewater. No difference
was noted between feeding and rest periods. Hydraulically
it is not problematic as the filter does not freeze where waste-
water infiltrates during feeding period.

Scenario 2: little sludge (<5 cm) and no snow

As soon as a deposit layer is present, wastewater distri-
bution is optimized and a real difference exists between
feeding and rest periods. The warmth of the wastewater
allows the filter to warm up. During resting periods, the
low level of deposit cannot insulate the media very
much and a loss of around 0.6 “C/d occurs until 8 degrees
of difference between daily mean air and filter tempera-
ture. It confirms the benefit of a 2-weekly rotation
regime in order to prevent prolonged periods of heat
loss during rest periods.

Scenario 3: little sludge (<5 cm) and under snow (>10 cm)

Compared to scenario 2, an additional snow layer allows a
better insulation. With 15 cm of snow cover measured at
the VFCW surface, the resting filter buffers extremely well
(+1 to +2 °C) despite sharp drops in daily mean T, (until
—12°C, and down to —7 °C for 3 days in a row).

Scenario 4: with sludge (>10 cm) and practically no
snow (<5 cm)

When the accumulated sludge layer is relatively deep
(>10cm) a high insulation capacity is observed. For all
cases studied, even when daily mean air temperature was
low (—10 °C), none of the filters iced up. Up to 8 "C differ-
ence between daily mean air and filter temperature, the
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filter effectively buffered (almost no drop in filter tempera-
ture) and filter temperature stayed over zero (+2 to +3 "C)
in the resting period.

Design characteristics and operational constraints
versus cold climate

The insulating effect of snow and a deposit layer show the
necessity to favor their presence. Consequently the question
of implementing a compost layer at the construction could
improve insulation problems observed when a deposit
layer is not yet formed. It is often feared that snow would
melt during feeding and then reduce filter insulation. We
observed that the warmth embodied in the effluent quickly
thaws the snow only near the feeding points. Then, the
snow melts from the bottom as water flows below the
snow. It is thus of importance to not favor high ponding to
keep snow from melting. Consequently, it is better to alter-
nate the filter twice a week than once a week.

CONCLUSIONS AND RECOMMENDATIONS

This study showed that French VFCWs do not face big trou-
ble when installed in mountain areas. Over-winter treatment
performances for COD, BODs5 and SS removal are not vis-
ibly impacted by cold-season temperatures, and indeed
prove excellent, on a level similar to summer-season figures,
with more than 90% of removal over the two stages for these
parameters.

Nitrogen treatment, which is sensitive to temperature
conditions, was studied in greater detail. While oxygen con-
tent was not limited for nitrification, there is a drop in
nitrification when filter temperature is below 6 "C. Winter-
season nitrification performances (TKN) average out at
87%, against 94% in the summer season. However, nitrifica-
tion is mainly affected at the second stage when loads are
above 10 gTKN/(m?d). That said, VFCWs serving moun-
tain-area communities perform globally well for TKN
treatment.

These performance observations are linked to different
aspects such as the effluent capacity to deliver enough
embodied warmth to hold feed-phase filter temperatures at
around +5 °C, as well as the insulation capacity of snow
and the deposit layer. Indeed, even for a small deposit
layer a small loss of 0.6 “C per day is measured during rest
period. When the deposit layer is above 10 cm no loss is
measured and filter temperatures stay higher than +1 to
+2°C.

As this insulation effect must have a limit, it is of impor-
tance to minimize heat losses by design adaptation and
operation. For VFCW design, there are a number of evident
common-sense rules, such as siting on an aspect that
receives direct sun and burying all filter-feeding pipework
plus any valves and access hatches as deep into the
ground as possible. There are also practical considerations
to factor in — operatives will often struggle to get to moun-
tain-area VFCWs in adverse weather events (snowfall,
rockslide, landslip), which means accessways should ideally
be designed-in. In terms of operation, alternating the filter
twice a week is strongly recommended. The rationale is to
minimize the risk of freeze-up, especially on less mature
VFCWs (<5 years old) where the sludge layer has not had
the time to grow high enough. The question of using auto-
matic alternation is then of importance as operators can
have some access problems.
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