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Résumé

La méthanisation agricole des effluents animauxiestpratique en fort développement en France. Elle
SURGXLW GH OfpQHUJLH UHQR X R &td auEchdnpPdommidceleddoR
effluents non méthanisés, permet le retour auesoluriments et de matiére organique, ce qui diginu

OH EHVRLQ HQ HQJUDLYV PLENVDGH BEWGHQWRBBW L HQ W UDHW WMRIRQ W
produitV SHXW DXVVL LQGXLUH OfpiPUVYHMLRY GH FRIQWBRH@DQWW /!
agricole influence ces impacts : pour les maitriséaut comprendre comment la digestion des efits

avec des déchets importés modifie les cycles duddd j OfpFKHOOH GH OD IHUPH &HW
WUDLWpPH HQ VIDSSX\DQW VEH XRXFD® OQ/aIRLRIBNM uihexgplbitafidn

agricole avec un méthaniseur traitant les effludetson élevage bovin et divers déchets organiques.

/IRUV GH OYHVVDL DX FKDPS 0pWD OpHWK DO XJ RKWD PRAVRKD \D X RFFRSOLY
culturale fertilisée avec des engrais minéraux lidess et fumiers bovins, ou des digestats is&uses

effluents. Les digestats se substituent bien auyragés minéraux, mais ils sont sensibles a la
YRODWLOLVDWLR§. Leg &R RIR @ricOgeuvdnt étre négativement dtépguste apres
OMpSDQGDJH GH GLIHVWDWRXRQW OLPLPDDLEBEY @OW \S RISIBHW. |V D
matiére organique. Nous avons ensuite évalué ledélm® STICS et SYS-Metha pour simuler
UHVSHFWLYHPHQW OfHVVDLVDXLBEHEBWD WW GH WPRGWOIIRWRWY VG W)
OHV IOX[ GH & HW 1 j O1fpFKHROW VG IHR & Rets Wa\HEHidn B atibnFatike la
substitution des engrais minéraux, le stockage darG les sols, mais aussi les émissions dg NEl
WUDYDLO SHUPHW GH PLHX[ pYD®XHW UR B FRMRQE\Q THQ@F P\ WEKHD
exploitation agricoleHW DLQVL GYfRSWLPLVHU OD ILOLqUH

Mots-clefs

Méthanisation ; Polyculture élevage &\FOHYV G X FDUE R Q Bilai @hvi@rihen@fitl] R W H

Modélisation; Vers de terre.



Abstract

The anaerobic digestion (AD) of animal effluentssisongly developing in France. It produces
renewable energy (biogas). Like undigested efflsighie use of anaerobic digestates in the fielblera
the recycling of nutrients and organic matter msbil, which decreases the need for synthetiitiers

and maintains soil organic carbon stocks. Howeterfreatment and field application of those organi
products can also cause greenhouse gas emissibr®@ataminants. The on-farm AD nfluences #hos
impacts. In order to control them, we need to ustded how the co-digestion of animal effluents with
imported organic wastes influences C and N cydi¢iseafarm scale. We studied this question with the
support of a case study at INRAE in Nouzilly (CentiVal de Loire, France): a crop and livestock farm
where an anaerobic digester treats the cattle egfifutogether with imported wastes. During the
MetaMetha field experiment, we compared N fluxes myrd crop rotation that was fertilized with
synthetic N fertilizers, undigested cattle slurnddarmyard manure, or digestates issued from their
digestion. We found that digestates can substitutthetic fertilizers, despite the risk of ammomié;)
emissions. Earthworms can be negatively impactsdgfiier the application of digestate of slurryt bu
the input of organic matter induced similar postimpacts after two years. We then evaluated the
STICS and SYS-Metha models to simulate the fieldegixnent, and digestate treatment and storage,
respectively. Both models were coupled to simulatad N fluxes at the farm scale. The models showed
that when large amounts of digested wastes arertethoAD promotes substitution of synthetic N
fertilizers and storage of soil organic C, but &\d; emissions. The study enabled us to better evaluate

the consequences of the on-farm AD and therefooptinize the sector.

Keywords

Anaerobic digestion; Crop-livestock farm; Carbord antrogen cycles; Environmental assessment;

Modelling; Earthworms.
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Introduction

|.1 La méthanisation : définitions
La méthanisation correspond a la dégradation en conditions anagsobté substrats organiques

(déchets organiques, résidus de cultures, cultigeges) par des microorganismes, ce qui condait &
production deébiogaz, un mélange principalement composé de dioxydeadmooe (CQ), de méthane

(CHs HW GH YD SHX Ue lsiofndtbaxie extrait de ce biogaz peut étre utilisé comme sourc
GIpQHUJLH UHQRXYHODEOH XiB P®WL\G OHD GA\ IHBgNEThtR HTHRVAMY BXS H (
substrat organique contenant tous les nutrimedisepts dans les intrants, et qui peut étre valdasé

plusieurs facons, incluant sa valorisation en adftice en tant que fertilisant ou amendement omani

(section 1.1). La plateforme ou se déroule la nmégiagion est uméthaniseur (Moletta, 2015).

|.2 Diversité des procédés de méthanisation et des digestats

Il existe une grande diversité de types de méthtiaig ne répondant pas aux mémes contrainteecal
ni aux mémes enjeux. Cette section introduit lestefrs de variations entre les systémes de
méthanisation : la diversité des intrants, desetaille digesteurs, des procédés de méthanisagsn, d

types de valorisation du biogaz, et des modaliéégestion des digestats.

8Q PpWKDQLVHXU VH FD U Drifrsivis Ydgaéine@t noranes SubSrats). Ml Wremiers

intrants pouvant étre méthanisés sont des déches®ws-produits organiques, de nature trés variée
(European Biogas Association, 2020; Guilayn et 2019a; Moletta, 2015). Parmi les intrants
classiques, on peut citer :HV HIITOXHQWY GfpOHYDJH OQEXHMW LVXKXIH \GW
agglomérations (fraction fermentescible des ordumeénagéres, autres biodéchets collectés
sélectivement tels que les invendus des petitewogennes surffaces OHV ERXHV GH VWDWLRQ
des eaux usées (STEU), divers déchets issus destriled agro-alimentaires, $ $ ERXHV GT1.,%$9%
JUDLVVHYV GHV GpFKHWYV [DJHVKRRDXWYV LL \S\RYW IGHHO ¥ LG RAWDLIQ VWY H U
de cultures dédiées (mais ensilage, par exemplejleocultures intermédiaires récoltées pour étre
méthanisées (cultures intermédiaires a vocatiomrgétigue, dites CIVE). Souvent, les mélanges
GILQWUDQWYV VR QWmdtsiWa. pradviqtion 8eRbiddazDoxi répondre a desraintes

techniques telles que la teneur en matiére seemapport C/N, des limitations des éléments inbibg

ou toxiques comme les acides gras volatils R X OTDPPRQLDF
(Esposito et al., 2012; lacovidou et al., 2012; Maltzarez et al., 2014). Chaque intrant a des
caractéristiques variables, qui vont influenceptaduction de biogaz et la nature du digestat. Ces

intrants ont des teneurs variables en matiere @8 matiere organique (MO), différents macro-

et micronutriments (N, P, K, éléments traces métatls - ETM). Les intrants sont également
caractérisés par leur vitesde dégradation et leur potentiel a étre digéré atayre du méthane en

lien avec leurs caractéristiques biochimiques (Baret al., 2019; Fisgativa et al., 2018). Une aaaly

classique des intrants est le potentiel méthanodBMP - biochemical methane potenfialqui
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détermine la proportion de MO qui pourra étre tramaBeen méthane dans des conditions normées.
Le BMP est trés utilisé pour caractériser les ingdRiler et al., 2019; Koch et al., 2020; Oweralet
1979). Le prétraitement des intrants peut permd#rehanger leurs caractéristiques physico-chirsique
et améliorer la production de biogaz (traitementécamiques, physico-chimiques, biologiques)
(Esposito et al., 2012; Fisgativa et al., 2020b;aviallvarez et al., 2014).

(Q SOXV GH OD QDWXUH GHW WQW Q G5AMV i éDlakisp I YEURW Bt rés G 1
variées. Il existe deP pWKDQLVHXUV WUDLWDQW U XIHD TEKW VG WHRXQVQU KN VGW U
100 000 t de déchets par alHV SHWLWYV PpWKDQLVHXUVHjQOM [SRKRHIOXA K He PXRQ G
10 n? de biogaz par an, les méthaniseurs agricoles peaveir une production de 200 a plus 1060 m

GH ELRJD] WDQGLV TXH GHVSPPXWKDRD@L 8 HRGX \Witbidgahia st D X[ P
(Vasco-Correa et al., 2018)

Un méthaniseur peut étre caractérisé par sa tempg&rde fonctionnement. Une température élevée

favorise la digestion : on parle de méthanisati@saphile (30+40°C), ou thermophile (4%60°C).

De plus, plusieurs procédés existent pour rédisdigestion anaérobie. Le procédé le plus cowant

Europe pour la méthanisation de déchets agricadédaevoie humide infiniment mélangée avec
approvisionnement en continaofitinuous stirred tank reactor CSJ'Rdans ce cade résidu dans le
GLIHVWHXU HVW OLTXLGH | ®QHYRWLW HV-@EieNaeE® iV PRIRIFEGpYPWUD
solides HW R <oVifih&nSedt peut étre continu (piston, vis sany (plug-flow reactoj, ou

discontinu (apports par chargésitch. Enfin, la digestion peut avoir lieu dans un wagligesteur, ou

dans plusieurs digesteurs successifs (Moletta, 2015)

Le biogaz peut étre utiis&E RXU SURG XLUH eGédst &dip @ plEsVéallant 8¥qmcié a une
production de chaleucg@génération). Le biogaz peut aussi étre purifié en biométhaoey étre soit

utilisé en tant que carburant ou étre injecté demséseaux de gaz naturigléction).

Enfin, le digestat peut étre post-traité avaatvalorisation. Le digestat dit brut subit souveneun
séparation de phase (par presse a vis, centrifugptir exemple), amenant a avoir a la fois un thges
liquide, pauvre en matiere séche et souvent richezete minéral, et un digestat solide, plus riehe
matiere organique (Guilayn et al., 2019b). Les stigis peuvent la plupart du temps étre simplement
valorisés et épandus au champ en tant que fentiishes digestats peuvent aussi subir différents
traitements (Cesaro, 2021; Logan and Visvanath@tQRvisant a améliorer ou modifier leurs qualités
fertilisantes (compostage, séchage, traitementtiehimiques : gazéification, pyrolyse, carbonmati
hydrothermale). Les nutriments des digestats példgalement étre extraits pour produire des engrais
concentrés par strippireg précipitation de struvites (Palakodeti et al., Z02aneeckhaute et al., 2017).
La bioraffinerie F {4-\GW WxractipQ G H P R Oiptérét@ebkortidue) ds utilisations comme
support de culture pour des micro-algues ou évéatnent GIDXWUHYV RUJDQ lexdmdl®) LQVHF\
sont aussi envisagées, mais en cours de développé@esaro, 2021).
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En conclusion, nous pouvons dire que la méthanisatst un terme qui englobe des procédés tréssdiver
En conséquence, en fonction des intrants et precéele digestats peuvent avoir des caractéristiques

physico-chimiques trés différentes (Beggio et2019; Guilayn et al., 2019a; Stirmer et al., 2020).

|.3 Pourquoi la méthanisation ?

/[T DIJULFXOWXUH HVW #RQIQREDNG H /f B QURIVHOHODWM\ AR Elp GektivrD J H
forestiereHW OHV FKDQJHPHQWYV G 1 X\DDXIW N X3d @i Siovis de igaR WefféatE X H | K
de serre (GES), favorisant EKDQJHPHQW FOLPDWLTXH ,3WKROLVH GHDS O KN XHX
GTHQJUDLYV dultsik\dg Véssquvads miniéres, par exempleauni cencerne les engrais azotés

(Erisman et al., 2008) et les engrais phosphatésdéll et al., 2009). Leur surutilisation cause des
probléemes deSSROOXWLRQ GH @ fHéutL affectdl [e€ écosyStehizX (Erisman e2@08).
ITTXWLOLVDWLRQ GHV HQJU D UWY \B\KRX/$ KidepByaldb BRAb kL |&/rEddneé H V
estimée est faible et tres localise8e RUGHOO HW DO [ - DXV GW XQJRP H U W X
risques de pertes de biodiversités (Dudley and aider, 2017). Dans ce contexte, le concept

G 1D JUL F X GganxeUrate LaQ Wiaddmate smart agriculture a été proposé par la FAO

(FAO, 2021). A travers ce concept, la FAO identifieis principaux défisSRXU OTDJULFXOW.
OYDXJPHQWDWLRQ GXUDEOH ®H MIWHWR R XQF WILFRHRHNEEK BRI H P BQ
diminution des émissions de GESD XVpHYV SDU ODJULFXOWXUH

Pour relever ces défis, de nombreuses solutionpléonentaires sont utilisées. La méthanisation est
considérée comm®O 1 XQH GTHOOH /HV SUHPLHMW WX MWKB@RESENAOM RQW p)
recherche sur ce domaine a augmenté dans les ah®ées lorsque le choc pétrolier a causé une
DXJPHQWDWLRQ GHV FRE€WYV G$F®WKHIOHOMHRHQWR MHHWWSJ LQFLSD X[
a la méthanisation sont le traitemertid GpFKHWY OD SURGXFWLRQHGUYH®WHWILH
des nutriments en agriculture. LApWKDQLVDWLRQ RIIUH XQH VRXSIDFWWNVGYpQHU
« ressources » renouvelables que peuvent étrectdmets organiques et les cultures, dédiées ou non,

dans le plein esprit de la bioéconomie (Hamelial2019; Tsui and Wong, 2019). Le biogaz est une

énergie renouvelabl&& RPSDUp j G 1D Xnahoudélalped, ebidméthan©ef DYDQWDJH GH SR
étre stocké. Un des débouchés du biométhane easage comme carburant pour le transport (Cong et

al., 2017; Scarlat et al., 2018; Vasco-Correa.¢p@ll8) /D PpWKDQLVDWLRQ D DXVVL OfDY

les nutriment&nles valorisant au champ (Sturmer et al., 2020).

|.4 La méthanisation dans le monde, en Europe, et en France

Depuis des années 2000, la production de biogaztenient augmenté dans la plupart des régions du
monde (Scarlat et al., 2018). La production moedi biogaz a été multipliée par un facteur 4 @t e
2004 et 2014 (d'aprés Eurostat, Scarlat et al., 2018Q OM(XURSH SURGXLVDLW OD

mondial, la Chine et les Etats-Unis étant les aupeoducteurs importants (Lu and Gao, 2021;
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Scarlat et al., 2018)lfHVVRU GH OD PpW KD Q ld&sipilitlgRe® ptblties| (obyeRtitslde p S D
réduction des émissions de GES, objectifs de dppelment des énergies renouvelables, objectifs de
développement territorial, objectifs de réducti@s gollutions associées au traitement des déchets o

la gestion des nutriments), et par des incitatigres exemple, des tarifs de rachat du biogaz ou des

crédits alloués a la mise en place de la méthamigavasco-Correa et al., 2018).

En Afrique et en Asie, on retrouve beaucoup deagpetéthaniseurs domestigue | OTpFKHOOH GT1XQ
Sur ces deux continents, de nombreux pays dévahibpges politiques pour promouvoir la
PpWKDQLVDWLRQ | Odupirdkdtriell® Ke@aisubr\et\aL, PU8; Mengistalet2015;

Rupf et al., 2017; Scarlat et al., 2018; Surentled. e2014; Tagne et al., 2021; Tolessa et akp20a
PpWKDQLVDWLRQ VYHVW UDSIHZHPUHIOW GHYWHORS HprHH H X @ KILDOH Q!
croissance entre 2015 et 20&7concerne les méthaniseurs domestiques (environillons en 2017)

et les méthaniseurs industriels (environ 100 00204Y) (Lu and Gao, 2021). En Amérique latine, des

SD\V FRPPH OD %ROLYLH Of(FRDI/HXOJ ROXHOHH [ApXRHX @AW LIDYRUL
méthaniseurs de petite taille @GLY TXH OH %UpVLO OD & RIQPRWPLEIHH RGPW B Q&W
sujet & des installations de plus gros méthanisedustriels, notamment dans les grandes fermles et

palmeraies (Scarlat et al., 2018).

IM(XURSH HVW OH FR Q Wde®ibgaadstRee plOsDmBdutdhte. X € Wémiite dbanéseurs

en Europe était de 18 000 en 2019, dont 11 000idészen Allemagne (European Biogas Association,

2020). La production de biogaz européenne a étépiiék par 2,5 entre 2011 et 2016, avec une trés

faible évolution globale entre 2016 et 2019. Er26®9 et 2019, le nombre de méthaniseurs a été
multiplié par 2,9. Ce développement de la méthaioisacorrespond a des actions de la part des
gouvernements comme la directive européen@R XU  Qef pr€nduvelable de 2009

(Directive 2009/28/EC, 2009), la stratégie pourblaéconomie de 2012 (European Commission.
Directorate General for Research and Innovatiol2?0RX OH UpFHQW SDFWH YHUW
(COM(2019) 640 final, 2019). Cette situation cache grande hétérogénéité dans la mise en place de

la méthanisation entre les pays. Entre autrédHY LQWUDQWYV XWLOLVpY ONDXMQW IF
(Figure 1.1). En Allemagne et en Autriche, plub®&b6 des intrants sont des cultures dédiées ; ecéra

HW HQ 5pSXEOLTXH 7FKgTXH Gp6KNW\Q WW\DXQW B Svdl€ BlldeIHAVX O W X
majoritairement des boues de STEU (> 90%) ; le Royalni utilise des déchets issus des ordures
ménagereR X GH OfLQGXVWULH DIJURDGKPRQWDQUALRBEDXWHNXRFEB W L
plupart des méthaniseurs européens ont des taitlestrielles (Vasco-Correa et al., 2018). Lestpeti
méthaniseurs, traitant quelques tonnes de déctmtsapdans les zones urbaines européennes

(Thiriet et al., 2020; Walker et al., 2017), sont parfois éadnais tres peu répandus.
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Figure I.1 tIntrants utilisés pour la méthanisation dans da#fits pays européens, en 2015. La figure

est issue de Scarlat et al. (2018).

(Q )UDQFH OYDJULFXOWXUH HFMW VIHBPES W aBWHRE @rhissioHs, 45%Gbht

dues aux émissions de méthane {CHdriginaresPDMRULWDLUHPHQW GH OfpOHYDJH
de SURWR[\G HNG) bnppitalement originaires de la fertilisatiamotée. 89% et 68% des

émissions nationales de®etdeCH SURYLHQQHQW GH OfDJULFXOKWXRUMD & 7R 8%
a été avancée comme une des maniéres de rédudmiksions de GES agricoles en France (Pellerin et

al., 2013). Le plan Energie Méthanisation Autonomdgote OLQLVWqUH GH OfYDJUL
GH OfDJURDOLPHQW D la@étél landd e201®pout prahmdivoir la méthaoisatyricole,

GDQV XQH RSWLTXH GH SURG®HAW GA Q QG LbIHU GLIHH QNHDQ B ¥ XOW K U |
de diminutonde PSRUWYV G TH QJddns Iés eploivatiQne/aggedles. En France, lebrem

de méthaniseurs a ainsi augmenté : en 2010, iaif 204 unités de méthanisation en France ; il y en

avait 1 019 en 2020 (SINOE, 2021) (Figure 1.2)H Q R P E U $lvabfisa leWipgaz en injection

augmente fortement : il a par exemple doublé Q49 (93 unités) et 2020 (193 unités, la moitié des
nouvelles unités installées cette ani@ealorisent le biogaz en injection). Les méthanisespnt
principalement des méthaniseurs agricoles a ladegérés par un ou des agriculteurs, et dont laoitap

moyenne de traitement des déchets est de 11 000.tLa particularité de la méthanisation en
H[SORLWDWLRQ DJULFROH HSWQGD JR WBMKN IGARSRVWDQYNHDXHFRBD P S
comme un engrais qui peut bénéficier aux agrictdtelles méthaniseurs dit « territoriaux », ou

« centralisés », utilisent en premier lieu des décménagers, des déchets de collectivités ou dhstdé

issus des industries agro-alimentaires. lIs tragamoyenne 44 000 t de déchets par an (SINOH,)202

On trouve aussi des unités de méthanisation en STEEh industrie. Malgré cette augmentation de
OfLPSRUWDQFH GH OD PpW KD/GIQMKM HRQ OHXH RJDJGAIHODHSWR G X
primaire renouvelable, soit 0.4% dBI SURGXFWLRQ GpQHUJLHSSES, PRQOUH WRWD (
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Figure 1.2 +EYROXWLRQ GX QRPEUH G{XQL\épLes dorm@ed/ pravierindhDdé LR Q H
SINOE (2021)

.5 Controverses liées a la méthanisation

Actuellement, la méthanisation souléve aussi destiqns de la part de la société civile, auxqueléss

réponses doivent étre apportées. Ces questionsro@mt, entre autres, les effets sur les agrosgstem

des digestats. Ce sont des engrais organiquesisiepplus fréquents, et le développement récelat de
PpWKDQLVDWLRQ IDLW TXTL® XM WXQUF R H e Eais QUi IKHYSYHBU H
EHVRLQ GTLRisRfRYRDWUYRIQIHW GHVY GLIJIHVWOGXY VY R/XUPQB URHL B ® RJR.E
leur capacitf HQULFKLU OH VRO HQ PDWL@QHY RQJIJDDQLV XRH) JIORRA K HVR XO
digestat comporte aussi des risques de pollutiaiéaz(nitrate, ammoniac) en cas de mauvaise
utilisation. Le type dhtrant méthanisé est une question importantejlié@D PpWKDQLVDWLRQ /1%
est un pays ou la méthanisation repose en gramtie gar les cultures énergétiques. Cette pratiqse

GHVY TXHVWLRQV VXU O fe¥tNadridui@hce avetllesypidduchohddliméEn@irasoed

montrée FRPPH PRLQV SHUIRUPDQWH G IKIQQSWILA W XGHOY X M/ LHIQL WIDU/RIC
(Hamelin et al., 2014). En France, cette praticgigoescrite et un méthaniseur ne peut pas utiitsesr

de 15% de cultures principales dédiées dans sasiatDécret n° 2016-929 du 7 juillet 2016 pris pour
I'application de l'article L. 541-39 du code de I'eonhement). Cependant, il y a un développement de

O 1 XW L O ICWE YektiRées @ étre méthamsé G R Q Wd©I§ud inicdroration dans les systéemes
decultures estefr R X UV Qimpewexi@etn terme de stockage de C, de seagseciés aux cultures
intermédiaires ou de consommation éventuelle dsotgses. Ces interrogations sont visibles entre
autresSDU OTDXJPHQWDWLRQ i@hté dbjer \deldraethdhisationSlurdhivoéd-degdil D
années., O HVW QpFHVVDLUH GfpWXWSLHWEHW VXHMWT XRIYVHS\WR RH V. @ H (
GH SURPRXYRLU XQH PpWKDQYNVDRQABPHQUWNHWXOB $RKIUp @HH Q

22



Introduction

|.6 Cadre de la thése

Cette premiére section a permis de mettre en éstidiendiversité des procédés de méthanisation. Dans

le cadre de cette thése, nous nous intéress a une implémentation particuliere de la métzsdiun:

la co-digestion a la ferme des effluents bovins de déchets urbains et agro-industriels collectés

localement ,0 VIDJLW GTXQH PRGDOLWGEFIGMpPYH® ISURUVYDWER QG HXE pY H

LPSRUWDQW HW TXL V EeteVrande deputs PHZ) Veés Gypt¥rhke BasES gpépitint

sur la méthanisation de déchets non agricolegeux utilisant de fagon importante des CIVEerest

pas abordés. La méthanisation touche trois seateoromiqgques OD SURGXFWLRQ GTpQHUJLH

GHV GpFKHWYV Lé&3 fjedtiohsEXO /X BHURGXFWLRQ GYpQHQHLIS DXXLGHYV W

la méthanisation,Q 7 Hb&\Wau centre de cette these. En effet, notreecedtfi L Q @étpOf WV SHFW

agronomique de la méthanisationagricole, HQ SDUWLFXOLHU OD JHVWIEBrRQ HW Ofp

champ 0ODOJUp FH SpULPqQWUH GpMG K FOW 8 BIQ Q W/ /iR b/ &6t Ods-tréd DMWY V

étudiés. Nous nous concentrons dans cette thesessefifets de la méthanisation lgsx cycles du C

et du N a la ferme Ces deux éléments jouent un rdle de premier plars da performance

environnementale de la méthanisation. En effet,sdat impliqués dans de nombreux processus

G 1L Q:Wemidsiois de GES, dépendance aux ressourcesivedables,pPLVVLRQV G{DPPRQL

lixiviation de nitrates, fertilité des sols. Cesudecycles biogéochimiques sont également tréseliés

agriculture (Guenet et al., 2021). Pour prendreanpte les effets de la méthanisatiSrD U OfLPSRUW G

nutriments via les co-substratés X U O p S D Q G D étsuddd ehahgeR s indlits dans la gestion

des effluentsG {p O HNOBBIHR QVLGPURQV OfpFKHOOH GX WPWKRBRQLMBHXIUF R
KRUPLV OTDFWLYLWREN&JpOHYDJH HQ HOOH

La thése traitedon©O D TXHVWLRQ GH OfLQW WRmMS e expl&itqrios §ixpQlyeupueK D Q L V F
élevage sur les cycles du C et de N. Pour celg albans utiliser des expérimentations au changu et

laboratoire. Dans un deuxiéme temps, ces expésesmrd permettre de validee HX[ PRGqOHV 'f{DER!
le modéle sl-plante STICS (Brisson et al., 2008) permet de Bmia croissance des cultures et les

cycles du C et de N au champ, incluant les perzeséasYHUV O § H Q Y(aromoQiag H¥H Q W
nitrates). Nous évaluons ici la capacité de STIGSvauler une rotation culturale fertilisée avec des
digestats. Ensuite, le modele de méthanisation B (Bareha et al., 2021b) permet de prédire la
production de biogaz, les caractéristiques desstitge et les émissions gazeuses durant leur stockag

Le modéle est paramétré surfeDV GTpWXGH GX PpWKDQLMWRQU, LRMWDXO B QMXWU
de Nouzilly. Enfin, ces deux modéles sont couplig ffiaire un bilan des cycles biogéochimiques du C

etdel j OfpFKHOOH GH OfH[S O RoaiticDli¢r st &usH thi sUF IR DeHtlu S0 dBvF X V

le cas des vers de terre. La these débute paati@se bibliographique qui améne a la problématiqu

et aux objectifs détaillés de la thése.
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Chapitre 1

1.1 Les digestats sont des Produits Résiduaires Organiques (PRO)

1.1.1 Les PRO : définitions et présentations
Les Produits Résiduaires Organiques (PRO)sont des matiéres organiqués § R U lrésld Qalie
(déchets ou sous-produits) valorisées en agricufpore augmenter la fertilité desds. Les PRO
peuvent étreG TR U L dle Qattlirés \fves variées. On peut citer quelquerigsafamilles de PRO : les
HITOXHQWY GTpOHYDJHV ORVLLHUYH cXrBiefd by Higestdty d8 biadésHets,
de déchets verts ERXHV G p8XUDIRLEBPRULILQH LQG XV WUk idedveit YLQDV
DYRLU VXEL GLIIpUHQWYV W U DIHN HPRIRSARW WDDYJIHQ WP pONHKXDLUQ Lp\EID\WY IGR
(Houot et al., 2014). Traités ou non traités, IBOReuvent étre épandus au champ, pour y appaser d
pOpPHQWYV: Gdla Qatigrdlaryfénique et des nutriments (adofehosphore P, et potassiufn
entre autres)/ f XWLOLVDWLRQ GHV 352 DX FKHRS GGHUHPHWLOGRWE G HIYXIR
des nutriments, pour diminuer les besoins en engi@isynthése oG 1R U L J L QI sbRt\ivelL.deH
sources principales de nutriments en agricultuibique. Pour les agriculteurs, les raisons ppileis
GIXWLOLVDWLRQ GHV 352 VRHUW XQIHWVDP XAE A M QAR DNYah i@ dBOKODHIQ P L
VWUXFWXUH HW OfDSSRUW LGW GIXWOHPBQWVVRDQW IGH\WR @ UE MOy L
XWLOLVDWLRQ RX QRQ - OUUQYHHYVHYRIHW GHV QFRGWO BV QB\DH V
(logistique, temps de travail, portance des sORILQFHUWLWXGH VXU OHV WHQHXL
complexifie le pilotageGH OD IHUWLOLVIODHNRRRYY DYYRYWERRUY SRXU OHV U
de ne pas prendre le risque de contaminer leagetsdes éléments provenant des déchets, en particu
pourles352 G R ULJL @CHsexavdt 2DIFHVoinard et al., 2021).

Lesdifférents PRO ont des caractéristiques physidoticfues trés variées. La premiére caractéristique

est leur teneur en matiere seche : les PRO liquidesont pas épandus de la méme fagcon que les PRO
solides. Les PRO sont plus ou moins riches en neatigganique. On considere que la matiere organique
des PRO est composée environ pour moitié de carBolem masse). Cette matiére organique va étre
plus ou moins riche en azote organiquediNce qui est mesuré par le rapport &JNEn plus de ce

1 RUIJDQLTXH OHV 352 SHXYHQGW BFRYYHHQR X Ve (FiMeRr ok R L QN O
dissous ou adsorbé, ou des nitrates dans le casnggosts), facilement utilisable par les plantess L
teneurs en autres nutriment8 . & Dpewvent varier. Des exemples de caractéristigudsismnées

dans l¢ Tablau1.1].
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Tableau 1.1 +Caractéristiques types de quelques PRO courds caractéristiques pourront étre
comparées a celles des digestat& KD P E UH Gufeid BégoX i@dFrance, 2018; Gutser et al.,
2005; Houot et al., 2014; Levasseur et al., 2018ydvasseur et al., 2021a).

Lisier bovin Fumier bovin Compostde  Boue de STEP Fientes de
déchets verts (épaissie, chaulée volaille

MS 3 +11 14 +30 36 +75 20 +30 40 +85
(%MB)
MO 4 +8 14 +18 16 £33 8 +17 24 +63
(%MB)
N total 145 4 +7 6 10 8 +13 22 +46
(9 kgMB™)
N ammoniacal 05 +2,5 05 +1,5 0 0,5 00 0,1 3 #10
(9 kgMB™)
N ammoniacal 40 60 5 +20 ~0 0 +3 10
(% N total)
C/N 5 +9 10 +15 9 #45 6 +12 8
P (g kgMB?) 0,2 +0,9 04 +2,2 14 +2,6 23 9,6 9 #18
K (g kgMB™?) 11 +3,6 28 18,5 24 +7.8 0,3 +1,6 9 +20
ISMO 45 +57 46 +62 73 +87 32 +66 6 +48
Keg 5 +50% 5 £30% ~ 0% ~10% 10 +60%

MS : matiére seche. MB : matiére brute. MO : matiérganique. Keq FRHIILFLHQW GfpTXLY

engrais. ISMO : indice de stabilité de la matiéiganique.

Figure 1.1 +Présentation de différents PRO, classés selors lpropriétés amendantes ou fertilisantes
Extrait de Houot et al. (2014). TMB : tri mécan@loigique.
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Houot et al. (2014) ont proposé de classer les BR@eux catégories, selon leur utilité et leurstsff
au chamgp (Figure 1}1). Les PRétilisants apportentG H O { D ] R Vtre &RisE¥ HAQUA terme par

les plantes. Les PRO fertilisants vont pouvoirigdestituer aux engrais de synthése. lls sont enrgéné

riches en azote minéral, une forme assimilabladepent par les plantes. Les PRO fertilisants imtlue

entre autrs, les lisiers, les fientes de volailles, les digesliguides. Les PR@mendantssont des PRO

plus riches en matiére organiqueT XL YRQW SDUWLFLSHU | OH RXJIDERGEWH ONMY LR Q
(MOS), ce qui va contribuer a améliorer la fertilii@ysique (amélioration de la structure, diminution

de la densité apparente) et chimique (fournituraezerte accrue, plus grandes réserves de P et §9ldu

aprés des apports répétés a long terme (plusianges). Les PRO amendants incluent les composts,

les fumiers, les digestats solides.

1.1.2 Etude de la valeur fertilisante des PRO

En France, les besoins des plantesswHUPH GH QXWULPHQWY VR®WH QSXUWHAHLH
GIDXWUHV QXWULPHQWY 3 V BFLIRXY QRXVDOERXBHAWWRQLVDQ\
OYDIRWH HVW OfpOpPHQW TWKQMHXV LQWpUHVVH GDQV FHWWH

La valeur fertilisante azotte& HV 352 SHXW VH GplLQLU FRPPSSRL W H B DGH VO] [@
pour la croissance des plantes et donc a se sidrséitix engrais azotés de synthese. On la mesure
souvent grace a des expériences au chadpQ FRPSDUDQW OfDEVRUSWIDRQQHE HIVWR W |
pas fertilisée, avec cell& 1 XQH FXOW XU BoelffitiditvVE DI NYPHQWWH G T8 BBL OGE YOW LR Q
HQJUDLY HVW GplLQL FRPPHNSHDPPISS R DWUHHQMEMR OF PpHRS\DAHPVO D F
SDU OYD]JRWH WRWDO DSSRUWRQ SDN@HEHGRE efiziencNUE) d@d OD LV
apparent N recoveryfANR 3 OXV OH &%$8 HVW pOHYp BIOXNDGBPHQWRYH]R)
OTHQJUDLY 2Q SHXW HQVXpWKLG PIQ B (KEHOGIIFBROHD) inkie leHap Wit G
HQWUH OH &%$8 GH FH 352 HW OGH&BR BEKYY HGHIDLM DHRWPE 6L XC
Keg GH FHOD VLJQLILH TX9XO aies &eRitiaNseBaHquivaldhi & ulk Bpport de

50 kgN ha' avec des engrais de synthése. En anglais, ongemeeral fertilizer equivalencéMFE),

ou encore délitrogen fertilizer replacement valU®FRV). Le pouvoir fertilisant azoté des PRO peut

étre trés faible (Keq proche de 0%, composts) & foe (Keq proche de 100%certaines fientes ou
SURGXLW | B [Oaba@ X Uels @ateurs deKdépendent des PRO, mais aussi du climat, de

la culture, de la périodedtt PRGH GYDSSRUW

Les processus associés a la fertilisation aved®R® sont présentés surf la Figure| 1.2 valeur
fertilisante azotée des PRAHVW G JRERIEUE teDdup en azote ammoniacal {NHirée)

(Gutser et al., 2005), qui est rapidement nitiifi@énsformation sous forme de nitrate) puis utdlegar

les plantes au champ. Cet azote ammoniacal es$tasdgla volatilisation sous formefdd PPRQLDF XQ

polluant atmosphérique, ce qui peut fortement &mi valeur fertilisante des PRO (Frost et al9Q)9
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- WLWUH GYH[HPSOH OB cyriRédnp @hlgénéndiD 5\al2Rigv W DX YjLHU GH OfD

ammoniacal apporté (Hafner et al., 2018). Enfirsdoe la matiére organique des PRO est décomposée

SDU OHV RUJDQLVPHV GX V ROMinAiEE]|(RNEHisatibbdm Q DX & SIHDXMHW H

PLQpUDO SHXW rWUH RUJDQKWP OlHP BRIET ¥ i@ 0 WHE Qe Ralve@ g F

fertilisante des PRO (Bhogal et al., 2016; Deliralket 2012) Le rapport C/N des PRO explique ces

différencesG 1 H UrHrapport C/N faible des PRO est statistiquemsseé a une forte minéralisation

GID]RWH 'H@ep)Q atavadiE@sation de ce phénomeéne se faiest grace a des incubations

au laboratoire : les PRO sont mélangés a du seldiesmconditions controléésW OfRQ VXLW OfDXJP
PLQpUDOLVDWLRQ RX OD GGH L@QMY R RIGsoRABGREDUCeEDMNdYamm @

and Nozawa, 1993). Ces résultats en laborapsngent ensuite étre extrapolés au champ, grace a des

PRGqOHV SDU H[HPSOH /YLPPRBELVOLFQWDRQAFKX OOHPGOEQBMDMQQpt

entre 0% et 50%GH OTD]RWH R U (LBv@uasséit eDab,202WaN p

Comme pourtous les engrais azotés, les apports de PRO peutrentvéX L Ydmissierfs de pO

(Zhou et al., 2017) ode lixiviation de nitrate (N@) (Basso and Ritchie, 200%) (Figure [1.2). Cela
VIH[SOLTXHs pa®la\ifidul® ® WOINHX VW HU OHV GRVHV G DSV R GWM V j 3B XA\
GHV FRQWUDL QWyHaVoBynSifnQ@eG® dufe@LVDWLRQ RX GIDSSRUW GITD]R
périodes de besoins des plantes.

Figure 1.2+ (II1HWV GH OfpSDQGDJH GH 3832 Q HFR XXUMO M\H BXH& HBDVQG X XL
fertilisant)
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1.1.3 Etude de la valeur amendante des PRO
Des essais au champ a long terme ont montré destaggositifs liés a des apports répétés de PRO a
long terme sur la qualité des sols (pouvoir ametdénors de leur épandage, les PRO apportent de la
matiere organiqii DX FKDPS GRQW XQH SDUWIGDAVW PLOYPRYSKYpPH NW >
CO; (Figure 1.3) Contrairement au CQssu de la combustion de ressources fossiles, @ee€t dit
ELRJpQLTXH FDU OH FDUERQJHTHWHWVHMW GR GH PDIW. [ ) 1 BORICILQH
photosynthese. Ces émissions ne sont donc pas coFesdeomme des émissions de GES. Une partie
GH OD PDWLQUH RUJDQLTXHHPHXQW \CTRARHMY gubbhéhEi@En@es\enteéxdde E O
Cdanslesola SURPRXYRLU OfDXJPHQGdd\s0L henG &t \édl. \20LRRHN, VesG H
apports répétés de PRO augmanta matiére organique du sol (MOS) (Bhogal et &11& Diacono
and Montemurro, 2010; Edmeades, 2003; Haynes arduNB998; Maillard and Angers, 2014; Maltas
et al., 2018; Zavattaro et al., 2017), ce qui aduit par une augmentation de la fertilité physidae
sols. Les indicateurs les plus consensd¢RQW OD GLPLQXWLRQ GH 0OPH®&MNMDOW MRQD
GH OD VWDELOLWpP GHV DJUpJV RQVE eEDUYRGMBIXWidhHI®S [qapfadd F
hydriques du sol (rétention en eau, conductivitdraylique), augmentation de la porosité du sol,
DXJPHQWDWLRQ GH OD FDSDRLU(&p GIPEQXWIHRQFG®KMN DRI REWH G|
et al., 2011; Bhogal et al., 2018; Diacono and Monteo, 2010; Edmeades, 2003; Haynes and Naidu,
1998; Oldfield et al., 2018; Sadet-Bourgeteau £t24118) Les apports de PRO augmanttaussi les

teneurs en nutriments du sol comme le N, le P &t (Bhogaletal., 2018; Sadet-Bourgeteau et al.,

2018). Les apports de PRO répétés a long termeepewwussi favoriser la biomasse microbienne

(Bhogal et al., 2018; Sadet-Bourgeteau et al., R@&i8si que la mésofaune dusdlff+ RVH HW .DO

/1D XJPHQW D WE BugmeéEnte 1@ Durbiture en azote par le sol (Bheigal., 2018; Diacono and
ORQWHPXUUR (Q FRQVpPTXHQIRAH ROQHSIHXWFERQ@ VIIHGPWIHO L V D Q
DXJPHQWH ORUYV s&f@n§ &Rid Y\GYMezpMUAAX pt al., 2017 ; Gutsed.e2005). La
séquestration de C dans la MOS est vue comme urssiémnégative de GES ; cependant, dans le cas

GHV 352 FHOD FRQFHUQH XQ QRXHRHDM VO PXOWMILLE UHD/WR B QD GHT X'

valoriséesau champ ailleurs auparavant (Powlson et al., 011

Le potentiel des PRO a augmenter la teneur en reaii@anique du sol est corrélée a la quantité de
FDUERQH DSSRUWpPH DX VROTXRI®@daldindntt\We Eee matiere orgahiqQue.LEN

effet, la proportion de C apporté qui est incorpada MOS differe en fonction des PRO. On distingue

la matiére organique labile des PRO, qui est miis&arapidement et émise sous forme de,@Dla

matiére organique récalcitrante, qui restera darssl plus longtempy SDU H[HPSOH L&EOXV GY{X
SURSRUWLRQ GH & UpFDOFLWWaR&M desncapaid? de Méanyasxl'PRQaN H
laboratoire. Il est ainsi possible de suivre lessémns de C@au cours du temps et le C apporté qui

reste au sol est considéré récalcitrant. Les PR@egmt avoir en général 20% (faible pouvoir amendant

a 100% (tres fort pouvoir amendant) de leur mati@manique qui est récalcitrante

30



Chapitre 1

(Levavasseur et al., 2021a). Pour faciliter la ehéeation du pouvoir amendant des PRO, des analyses

basés sur des fractionnements biochimiques sont utiiséglles permettent par exemple
OTpWDEOLVVHPHQW GILQGLFDHNVBEWDWE LFKRPPH @H ,6020DQGQEH QU JI
Iroc: Indice of recalcitrant organic carbgnlLashermes et al., 2009) 7,602 HVW XQ SUpGLFWLF
pourcentage de matiére organique récalcitrantes iplast élevé, plus le PRO aura un bon pouvoir
amendant. La connaissance de la récalcitrancerdatiare organiqu& HV 352 SHUPHW HQVXLWH
leur effet amendant a long terme grace a des mo@endini et al., 2017; Peltre et al., 2012).

Figure 1.3+ (1IHWV GYpSDQGDJHV UpSpWpB @H 9% jOHRB\F OH GXH& HW

(effet amendant).

1.1.4 Les digestats parmi les PRO
De nombreuses études et essais au champ a long detrnaontribué a améliorer la connaissance et la
gestion des PROGHS XLV SOXVLHXUV GL]DLQHN\ G¥D QRIlp HHR QH @ USDHU \@ HV:
G 7 p O H YI&sJddmpbsis (Bhogal et al., 2018; Diacono and Btootro, 2010; Edmeades, 2003;
Haynes and Naidu, 1998; Maltas et al., 2018; Zanmtthial., 2017). Les digestats, utilisés de manier
LPSRUWDQWH SOXV UpFHPPH®MveQl§ R&EWresld.V HQFRUH pWp pWX
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Les digestats peuvent avoir des caractéristiques variées| (Tabdal 1.2) Pendant la digestion

anaérobie, de la matiére organique est minéralB@€ est exporté sous forme de biogaz, et la neatié
organique résiduelle est plus stable apres digesti€@ RQFHUQDQW OYD]RWH XQ@H SDUWL
est minéralisée. Les digestdtsv V XV G § B IO RitdsiHun rapport C/N plus faible et un oati

azote minéral/azote organique plus fort que lekiafts non digérés (Moéller and Miiller, 2012)
Néanmoins, les autres intrants vont apporter desments et vont affecter la composition des digisst

(Guilayn et al., 2019a). Les digestats bruts iskiyoies humides sont liquides, avec des teneurs en
matiere seche variant entre 2 et 10%, assez seledbkldes lisiers (Beggio et al., 2019; Guilayalgt

2019a; Houot et al., 2014; Stirmer et al., 2026% dligestats issus de méthanisation en voie splfse (

rare) seront plus pateux ou solides.

La séparation de phase des digestats est fréquentappellera par la suitigestat brut le digestat
QTD\DQW SDV VXEL GH VpSDUDMNIRRQ GEHHSKKIVHH $SDg¥YKDNYSHDOL T
digestat liquide, et la phase soliddigestat solide Le digestat liquide sera appauvri en matiéredsoli

(matiére séche, matiere organique, P). Le digestate a des teneurs en matiére séche semblables a

fumier ou a un compost. En fonction de la technielogjlisée, la séparation de phase sera plus oogmoi
HITLFDFH /ITXWLOLVDWLRQLGDX@H YSJ OWOVYN \ HUL V5 HS/HEHKDHHIWKW B W V' C
relativement élev@&sen matiére séche (environ 30% de la matiére ggmltedtre exportée vers la phase

solide). LY XW L O LV D W L R QplGHffidatEs KcEnRifOdatidn khar exemple) vai@en la grande

majorité de la matiere seche (environ 80%) danphiase solide (Guilayn et al., 20190)fD]RWH
ammoniacal, soluble, reste préférentiellement danphase liquide.' D X W U Hreitn&iRs/ {par

exemple compostage ou séchage) peuvent modifieatastéristiques des digestats, mais ne seront pas

étudiés en détail.

Tableau 1.2 +Caractéristiques types de digestats (Guilayn gt24119a)

Digestat brut, Digestat brut, Digestat liquide  Digestat solide

voie humide voie séche (voie humide, (voie humide,
presse a vis) presse a vis)
MS (%MB) 2.5 +10 12 +25 2 +8 20 £35
MO (%MB) 116 5 +11 1415 20 £30
N total (g kgMB?) 2 +8 3 +6 3 8 4 +8
N ammoniacal 05 #4,0 10 2,5 2,0 £3,0 0,7 £3,0
(g kgMB™)
N ammoniacal 30 £70% 10 +40% 30 £70% 20 +40%
(% N total)
C/N 2 10 10 +20 3 6 12 +25
P (g kgMB?) 0,2 +1,5 01 +2,5 0,6 +1,3 1,1 +4,0
K (g kgMB?) 0,1 +4,0 0,2 5,0 1,5 45,0 2,0 £5,0

MS : matiére séche. MB : matiére brute. MO : matiéganique.
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12EIITHW GH OfpSDQGDJH GHOGhFHWWDW G

parcelle
La section 1.2VI\QWKpWLVH OHV FRQQDLVWK¥QGEH \O B B/SKRHOW H\H VGAULD HDWHNY

plus particulierement sur les effets liés aux cycla C et du N au champ.

1.2.1 Digestat et fertilisation azotée

Nous nous intéressons ici a la capacité des digestae substituer aux engrais azotés a court terme

(un an) Les digestats bruts ou liquides issus de métharsisguvoie humide sont en général riches en

azote (ordre de grandeu? a 8 g\ par kg de matiere brute MB), avec une forte proportc 1D]R W H
minéral (@Mire de grandeur est de | GH O 9D J(Raydid atvaR,\BD Guilayn et al., 2019a;

Nkoa, 2014; Stirmer et al., 2020). Ces propriété®et de bons fertilisants azotésHD XFR XS GIpWXG't
ont montré que les digestats liquides ou bruts giem remplacer les fertilisants azotés de synthese

des essais au champ, sur des cultures colmiié, le mais O R Wdrtpr&i¥ % DUayJ HW DO
Cavalliet al., 2016; Chantigny et al., 2008; Fasloet al., 2020; Loria et al., 2007;

Pastorelli et al., 2021; Verdi et al., 2019; Zicktral., 2020). Des exemples de Keq de digestaits so

données dans |e Tabie1l.3 = ONpFKHOMER, BPXQPXSBRVH V &t bh@ridhiacal H O
correspond O ID]RWH DVVLPLODEOH S DNEadribinsScette Qalbiud fertijiseriReXpelty W H U F
étre modifiée par les phénomenes de volatilisa@fiDPPRQLDF DX FKDPS HW GH PLQpUL
organique (Mdller and Mdller, 2012y D G\QDPLTXH GH OYD]RWH PLIHpRIDW GBQV
digestat peut étre suivie grace a des incubatiemsélanges sol-digestat en conditions contréléesc A

cette méthode, en fonction des digestats brutsiquidées pW XGLpY LO HVW SRVVLEOH
PLQpUDOLVDWLR Q(MEfeD-BRVEHt B.U2DDEQTam pidHet al., 2016)ume immobilisation

G 1 D ] Rikétdl (Alburquerque et al., 2012; de la Fuenteaalet 2013) LTLQIOXHQFH GH FHYV
phénoménes sur la teneur en azote inorganiquediotsbl reste souvent faible au regard des quantité
GYD]RWH DPPRQL@BED@Oeroue RaU,\RQ1 R \Cavalli et al., 2017; IMiiStover et al.,

2016).

Les digestats solides sont plus souvent utilisé®@ W D Q Wemekt]EnReffeQI€ur teneur en matiére

organigue est plus élevée et leur teneur en azoteoaiacal plus faible que les digestats liquides ou

bruts (Guilayn et al., 2019b; Houot et al., 2018ur pouvoir fertilisant azoté risque dotfrWUH IDLEOH
(Cavalli et al., 2016; Thomas et al., 2017) (Table.3). Chiyoka et al. (2014), de la Fuente et al. (2013)

et Cavalli et al. Z017) ont montré que certains digestats solides imnsa@ihWw GH OfD]JRWH O]
GILQFXEDWLRQ DYHF sGonhtrdl&OceHi@ pBRraitAimiel IRU® valeur fertilisante.

Néanmoins, certains digestats solides ont été @®nbmme efficace pour remplacer des engrais azotés

sur des légumes (Maucieri et al., 2017).
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Actuellement, nous savons donc que les digestats bt liquides sont de bons fertilisatN®us savons
gue les déterminants de cette fertilité s@f] D HR&h&ur en azote ammoniacetien second lieu la
volatilisationGH OfD]RWH BDWPRD PDLRPODOLVDWLRQ GW RWH]RVB RWD Q

fertilisante des digestats solides semble faiblis paurrait mériter une investigation supplémeastair

Tableau 1.3 tExemple de i de digestats.

Référence Culture Produit Keq (%)
Cavalli et al. (2016) Mai's Digestat liquide ou brut 20 70
Digestat solide 0 £25
Baral et al. (2017) Orge Digestat brut 60
Valeurs proposées par BIé, colza, Mais, prairie Digestat liquide ou brut 60 +70
&KDPEUH GT% Digestat solide composté 10

de Bretagne (2017)

1.22DLJHVWDW HW YRODWLOLVDWLRQ GYDPPRQLI
/ITDPPRQLDFHMW XQ JD] SROOXDQW RIpMR QW PH K WH R SOIDVDL\E L RLG |
et est un précurseur de particulesfine O D GRQF GHV LPSDFWV DOWPETHR YLURQ(
OHV pPLVVLRQV GYDPPRQLDF DGWLVRPHW URIGVY p&/frDPWBQH QW WRYV
Au sein du secteur agricole, les émissions étalees | OfpSDQGDJH G H\MekdthésBLY D]R\
j OD JHVWLRQ GHV HIIOKWQMARERDILYYV EKkWIOAHOWQGDJIH GH

(21%). Les autres sources incluent la pature egdation des effluents animaux hors bovins
(CITEPA, 2020). Les digestats peuvent donc étreeo®sSDU OHV pPLVVLBGQ@UYe@FDPPRQLI
stockage etlors d® T pSDQGDJH 1RXV QRXV FRQFIGGW WGEGRQ WMV WD W X WD R kS

La volatilisation est un processus physiEGKLPLTXH /RUVTX{XQ 352 HVWLEOSEQGE X D X
physico-chimique a lieu entre les ions ammonium,N\#th solution, les moléculeS TfDPP R Q4ddF 1+
solution et les molécules ddH; | OfpWDW JD]JHX[ 6RXV FHWVWWHDEH WHRMWUH ORHJI
HW OTDWPRWSSKHHPUM r@HHLpPLV YEohmeQ IO BRRNBWoqKE® SURFHVVXYV
qui dure quelques heures a quelques jours (Casmtzal., 2013a; Riva et al., 2016). De nombreux

facteurs influencent la volatilisation. La volatdition est directement liée a la concentrationzenea

ammoniacal danslesPROSO XV OD TXDQWLWp G D ]ROWMaRRERIOUFCPHOOL BV W J
volatilisable sera grande /9 D ¥rx&ion du pH du mélange PRO-sol D XJPHQWDWLRQ Gt
température favorise le déplacement des équilibres thermochimiques lershase ammoniacale

gazewse et favorisent donc la volatilisation. Des coratis climatiques venteuses et une absence de
couverture végétale du sol dimimida résistance atmosphérique au-dessus du soletidant la

volatilisation (Hafner etal., 2018\ OfLQYHUVH OHV F Dlgdxaricigtistionss ieePRY, G X VR
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et les pratiques agricoles qui permettent de liwHU OH FRQWDFW DYHF OYDWPR
volatilisation: fadc OLWp GH OfLQILJaW & B3ol IpRi€® eGfblisserieft, mode DSSRUW
limitant le contact entre PRO et atmosphéere (Hakteal., 2018; Sommer and Hutchings, 2001;
Webbetal., 2010)./RUV GIXQ pSDQGDJH OHV IDRM BKUWR QW FRKXWIHRRNV K
FRPPH XQH SURSRUWLRQ apptrt® quDgRWtilisEPPRQLDFDO

/ID YRODWLOLVDWLRQ GHYV pHL G IDHQWV 0D pO\LAN MR i WNDHAP XHSHA/b desB/ X FSHL. O 17 [
GH GRQQpHV GH P HMXNH ton&iipePpavHainBr@dval. (2018). La volatiiisa des

digestats liquides ou bruts a également été étudliée digestats liquides ou bruts sont sujets aux
PPLVVLRQV GTDPPRQLDF jcdneeHiNatibn @il az0te XtdmdriRadalVeéd a leur pH
relativement élevé (Nkoa, 2014). En fonction degsiiats, descondBQV HW GHV PpWKRGHV GY
GHV IDFWHXUV GYpPLVYVLRQUelexexeriies somtoviiées\Wari2 ¢ \Fabldigu 1.4.

La volatilisation concerne une partie importants dgportsGf{D]RWH DPPRQLDFDO HW SHXW

la valeur fertilisante azotée des digestats.

La sensibilité des digestats a la volatilisation camp a celles des lisiers donnent des résultats
ambivalents dans la littérature (Moller, 2015)1 XQ F{Wp OD PpWKDQLVDWRRWNBIXJPH
ammoniacal et le pH, ce qui favorise lavolatiic® 'H ODXWUH téhéuban natided s@cked O D

du PRO, ce qui peut favoriseOfLQILOWUDWLRQ GHV GLJHV@WDWLO IHW WEARC
Moller and StinnerZ009)ne voientSDV GH GLIIpUHQFH GH IDFWGE XIHN & PPV VHAMLF
lisiers ; Nyord et al. (2012) et Nicholson et §2017) observat en général plus de volatilisation apres

épandage de digestalsX 1 DS UQqV p S D Q (Neeratkd et ab, (2013 iddrmiteine volatilisation

plus importante des lisiers en comparaison avele as digestats en conditions de laboratoire.
/ITLQMHFWLR Q digektémantdhRsV&\sDI \& $té démontrée efficace gduire fortement les

émissions GH O TR UG WHrisGHal., 2021; Riva et al., 201&omme pour les autres PRO,
OMTHQIRXLVVHP H Qlnitdy 2 Sdl&dilldat®rid Cahine pouOHY OLVLHUYVY OfYDSSRUW
acidifiés au champ a été proposé (de Franca eR@2]). Cette acidification pourrait limiter la

volatilisation et augmenter le pouvoir fertilisalgs digestats (Mackens et al., 2021).

La volatilisationGH OfDP PR QLD Fd®@Bddujte sblideS, Rl inclaeles fumiers, a été moins

étudiée dans la littératurée HV IDFWHXUV GYpPLVVLRQVU@HW L P>SRRALBBIBIGIH XY H Q)
a 60%, voire GH OYDIRWH DPPRQLDFDO DSSRRBRWY Q% DNVRQY NN XY p
donnée de volatilisation apres épandage de digestdides dans la littérature. Certains auteurs
considérat que la volatilisation apre® fpSDQGDJH Glitids ddit 8tie Vidyligaable par rapport

j OTpSDQGDJH liquides(HAIy ¢t\WID2W17; Nyord et al., 201REanmoins, ceci ne repose

sur aucune preuve expérimentale et des référenaedassensibilité des digestats solides a la

volatilisation serain nécessaires.
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Tableau 1.4+ ([HPSOH GH IDFWHXUV GYpPLVYDRQQVIGTOGRAPRLIHNVAN MVBYPQUNWXLGHY RX EUXWV RX GH OLV

Volatilisation Volatilisation
Référence PRO Détail (% N ammoniacal) (% N total)
Hafner et al. (2018)  Lisiers bovins ~1000 observations 27% (médiane estimée) 13% (médiane estimée)
(0% +>100%) (0 £70%)
Nicholson et al.Z017) Digestats de biodéchets Epandage au pendillarc 48% (estimé) 38%
Moyenne sur 4 épandages.
Lisiers bovins et porcine Epandage au  pendillarc 30% (estimé) 24%
non digérés Moyenne sur 4 épandages.
Rabiger et al.2020) Digestat liquide ou brut Epandage au pendillard. 13% +25% 8% £18%
sites, 3 ans.
Riva et al. 2016) Digestat liquide ou brut Application en surface 30% +46% 18% +29%
Digestat liquide ou brut Injection 9% +11% 5% 7%
Maris et al. 2021) Digestat liquide ou brut Application en surface 17% 8%
Digestat liquide ou brut Injection 4% 2%
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Comme les lisiers, les digestats liquides ou lsatd sensibles a la volatilisation. Les détermindat

cette volatilisation et les méthodes de réducties émissions sont connues. Mieux comprendre les
GpWHUPLQDQWY GH OfLQILOPHWDOMWLIR @ K5 HRY ¢ tEREPEIDEES etV S H U
digestats, ainsi que les différents digestats entxe Lasensibilité des digestats solides est une question
GILQWpUrw SRXU OD FRPPXDWKMPpHQYNWLHQWLILTXH HW OHV SU

1.2.3 Effet des digestats sur la matiere organique du sol
&RPPH OHV DXWUHV 352 RQ D/WD\SERA \GHhQEVESoRRHIN® & \WHAMP X T L O
IDYRULVDQW OYDXJPHQWDWLRQVIGRHY &XW BRNXWY RBLH (2BHQIB DQYW VG F
prendre deux points de vuef X Q H, ipeltessayer de caractériser le pouvoir annédéea digestats
en absolu, en étudiant la concentration et la lgtalie la matiére organique qui les constituegf DX W U H
part, dans le cadre de la méthanisation agricdefirientsG § p O HIe® dudsi pertinent de comparer

le pouvoir amendant des digestats a celui desegffunon digée

7UqV SHX GYHVVDLY DX FKDPEWI'WH GRQ D®FHRPWVRGQGMW BWHUpPDO
preuves directes dOfHIIHW DPHQGDQW GH OfpSDIPGEG h®kneGappodied JHV W D
intermédiaire, Wentzel et al. (2015) ont comparéatesnps dans des exploitations utilisant des $isier

ou des digestats depuis plus de 20 ans : en moylesrahamps fertilisés avec les lisiers ou lesstits

RQW GHV WHQHXUV HQ 026 VIHRQREODL GBDWY VPR MHQGE HR/XiE3.DIQWY O D
Aprés8ansdDSSRUWV GH GLJHVW DO20M) xhen@dt Gkl sugraedt@tibn faiblélds [eD O

MOS en comparaison avec un contréle sans amendergemique 'DQV FHW HVRFEROL GY{DXW
(fumiers, boues, composts) ont le méme effet qggeGeLJHVWDWYV VROLGHV $SUqV D
digestats, Zicker et al. (2020) observent une amgation de la MOS par rapport a un traitement sans

PRO. Les auteurs observent un effet des digestaikaise a celui des lisiers, malgré un plus faible

apport de C via les digestats.

La méthanisation augmente la stabilité de la mat#ganique. AOTDLGH G %le@® EoXditbna/ L R Q
contrdlées (Béghin-Tanneau et al., 2019; Cavakile®2017; de la Fuente et al., 2013; Thomseh et a
2013) de fractionnements biochimiques de type Van Soémt Soest and Wine, 1967) (Tambone et

al., 2009), d D Q B epevtibmétriques (Tambone et al., 2009) ou derfaande enxygéene (Tambone

et al., 2009, 2013) SOXVLHXUV pWXGHV RQW PRWQ @ ©OYL ¢&M@EH GOLIMD X JG3H
organique aprés méthanisation. Avec des incubatibras été montré que la stabilité de la matiére
organique de différents digestats peut étre trémhle : de 0% a 90% de la matiére organique des
digestats est stable seloeslétudes G T$OE XU T X H (R0} LélavaddeDr et al. (2021at
Nielsen et al. Z020) La variabilité de la stabilité des digestats @sifirmée par des études liées au
fractionnement biochimique de digestats issus d@rdnts intrants (Jimenez et al.,, 2017). Aprés
séparation de phase, la nature de la matiére apgapist différente entre les digestats liquideslaes.

De la Fuente et al. (2013) montrent que les digefitpuides possédent une matiére organique moins
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VWDEOH TXH OHV GLJHVWDWRKX Y RSBIDSE M201§)L Tambbdevdt alD(2p8)p W
montrent que les digestats liquides pourraient mesune matiére organique stable, comparable aux
FRPSRVWYV dffaV amexdntOdes digestats liquides pourrait as ptre négligeable.
Levavasseuetal. (2021a) trouvet un ISMO moyen des digestats de 66% (écart-typé4a, 18= 54),

ce qui est supérieur aux effluant G 1 p GeHsfrilalrd ou inférieur aux composts.

La méthanisation peut influencer les propriétésratapesdes PRO via des apports de C par les co-
substrats, des exports de carbone dans le biogameetugmentation de la stabilité de la matiere
RUJDQLTXH /YfHIIHW JOREDOR QG Hfi®BeDa évplueK O Q WaEkinRe) did W G
(2013) semble montrer qu@ D GLJHVWLRQ QTDXUDLW SOMW darsledDéaw VXU O
OTH[SRUW GH & GDQV OH ELRJDX MWHLDA DWHRRRES 8 § V(pDSOWXORE). O L W p
du digestatCette théorie, largement communiquée, demandeftisiteétre validéemuancée ou réfutée

SDU GIDXWUHV APAXIGHVL QBEAQWHXUV GH VWDEL®ddiispet@H OD PD\
(2015) ont modélisé une augmentation Iégéremenhsnforte des stocks de MOS sur des fermes
utilisant des digestati Q FRPSDUDLVRQ DYHF GHV 3RBUPHY XWLOLVDQW G{ILC

(Q UpVXPp OHV GLJHVWDWV0S 6 UPRIPAPW HEWD )XW HBWBEIVHQ LQTOD S
pour déterminer si la méthanisation des efflue@Gt§ p O Havdidait ou défavorisait le stockage de

MOS. Des essais a long terme pourraient complétiee gonnaissance sur la capacité des digestats a
entretenir la MOS. La caractérisation plus finealstabilité des digestats en fonction des procefsus
PPWKDQLVDWLRQ HW GHV LOWQN@WW HH yWXIGQ W p U IVH/ DIQWDIB/VB B X F

a long terme grace a de la modélisation, commeésaguar Jimenez et aRq15)

1.2.4 Effet des digestats sur la fertilité des sols a long terme
&RPPH SRXU OHV DXWUHV 352 @XDWHPHQNBW RRB@ JJH GHV 0216J HV W
la fertilité des sols/IDPpOLRUDWLRQ GH OD IHHVNL OYWPDRAC U 1 FaXBIHGELVF
également été montrée dans quelques études (Mdled5). Dans une étude italienne
%DGDJOLDFFD HW DO O LaamD &S Rethiys &irdu@ unkHavgidhtatiox Be la
VWDELOLWpP GHV DJUpJDWYV |LQHNKNF KHYDAHN GTHX H XCHTOHT KHHW Q@ HPWDT H \
oMb S

Les effets des digestats sur la fertilisation @ltarme (> 5 ans) sont encore peu étudiés avecdase
auchamp$ XFXQ HIITHW GH OIDSSRUWHPW LY p VONWGR QHY MY QXD P
digestats solides (Odlare et al., 20&dbruts (Zicker et al., 2020).

Des essais a long terme pourraient étre trés s¥énes pour compléter notre connaissance sur les
propriétés amendantes des digestats (amélioragda €ertilité physique du sol, augmentation de la

fourniture en azote a long terme).
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1.2.5 Effet des digestats sur la vie du sol
/[THITHW GH OTDSSOLFDWLR D X@&itds &Lehebvewhbl Baracténse (Mbler 220156R |
Seules quelques études se sont intéressée§ & I ITHW GH OfpSDQGDJHn@HsuGlesI HVW D W
populations de vers de terre au champ. Pourtarthd@gement de qualité de la matiére organique
pendant la digestion pourrait influencer sa qualitésitive pour la faune et la microfaune du sain@
et al., 2008; Onrustt Piersma, 2019; Sizmur et al., 2017). BettPutwain, 2017, Clements et al.
(2012) et Koblenz et al2015)ont observé des abondances et/ou des biomassessdée terre plus
fortes apres épandage de digestats par rapportraitement sans apport de PRO. Les abondances de
vers de terre sont en général similaires, en cosguar avec des traitements utilisant des effluents
G 1 p O hohDlipérés, mais les communautés de vers depemeent étre différentes (Koblenz et al.,
2015) 'TDXWUHV pW XGHD ER/RH@W H He XIQIHHOWL PYRXWLRQ GH OTDERQGTE
terre, en comparaison aux traitements non amengéss quelques moisi TXHOTXHY DQ®pHV GTD
répétés (Bermejo et al., 2010; Frgseth et al., 2Bbllett et al., 2020). En plus de ces effetsrglo
terme, une mortalité des vers de terre en surfatEjaaété observée juste apres épandage de digestat
liquide (Burmeister et al., 2015; Johansen et2815; Lges et al., 2014). Ces événements ne seimble
pas affecter les populations aprésX HOTXHY DQQpHV GYDSSRUWYDOMHIHNPW p&MpH
observé aprés des apports de lisiers (Curry, 1Gudfy et al., 1980; Hansen, 1996; Van Vigtde
Goede, 2006). 1 DXJPHQWDWLRQ GH OD WHQHBUJHQWDWW H \DW P RQH DK
possible sur sa toxicité a court terme (Curry, 1#ifghes et al., 2008). Les effets des digestatkesu

vers de terre a court et long terme restent a estplo

De facon similaire, le changement de qualité dmddiere organique des digestats pourrait affeater |

YLH GX VRO - FRXUW WHUPHVLIRQWEWVHBYREGHQ GH FD/SBD FDSSC
(Alburquerque et al., 2012; Odlare et al., 2014plds long terme, Wentzel et aQ15)montreat une
diminutiondela biomasse microbienne rappori¢eD D TXDQWLWp GH & GX VRIQ D\WRWD VW H
SDU UDSSRUW j OfXWLOLVBWXRQYDOEJWIIGCXBRWWYHG Tp@NHN&GEBIYHVHPE
(Moller, 2015). LT H I | H\&paBddges répétés de digestat sur les microsngasidu sol reste encore

peu caractérisé. llestdofigp FHVVDLUH GH FRQWLQXHY GH NAMW WV HAMHO O

1.2.6 Digestat et émissions de gaz a effet de serre, dogle N
Les émissions de J au champ sont liées & des processus microbiangrésente souvent deux
SURFHVVXV j OTRULJL Q®: la Hitvifigafoh \tMhsR @ndtiod de NHen NQ) et la
dénitrification (transformation de NOen N). La nitrification est essentiellement réalisée gas
organismes autotrophes, en condition aérobie, m&ntkes organismes hétérotrophes nitrificateurs
existent. Les organismes dénitrificateurs sonté&@mégal hétérotrophes, la dénitrification ayant keu
présence de matiére organique et en condition albi@éfWrage etal., 2001l pDQPRLQYV LO VIDJLW
vision simplifitce FDU LO H[LVWH GTDXWUHYV HQ@RQji \pelrpntV EnEF&tGEtrd XHV P L

responsables des émissions d© KButterbach-Bahl et al., 2013)es deux principaux déterminants
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des émissionsde@ DX FKDPS VRQW OD WHPSpUDMXBHGHLW D GKKXPR G LW C
disponibilité en oxygene pour les microorganisnigstterbach-Bahl et al., 2013)fDXWUHYV IDFWHX
influencant les émissions de® sont la texture, le pH et la densité apparentsadiula quantité et la
forme de f{DJRWH GDQV OH VRO OD S UlpQyKICEHU GOHH 8 RIOpM¥* Dé3\W (BR RY E
émissions de PD sont particulierement variables spatialementeptpborellement (Williams et al.,

1999), ce qui rend leur estimation complexe.

/IRUV GH OYDSSOLFDWLRQ GHp¥I2XRXR®ITRBVHDYWY BDIR WpQRPU®O XQ
N2O. La fertilisation avec des PRO apporte de la ématbrganique facilement dégradable, ce qui

pourrait favoriser les activités microbiennes aiades émissions de-R (Butterbach-Bahl et al., 2013;

Kdster et al., 2011, 2015). Zhou et al. (2017) a@insi proposé que les effluents fepage auraient

tendance a augmenter les émissions g, ldar rapport aux engrais azoté minéraux, mais gle ce

dépend du type de sol et pourrait dépendre delaendes effluentsSkinner et al. Z014)montrent que

les émissions deJO lors de fertilisations organiques sont inférema cellesspPLVHY ORUV GH OfXW
GYfHQJUDLY GH V\QWKgVH SRXW Xkt P0B s YagpditenE Bl unPniEmy Vv
rendement. LedDFWHXUV GYpPLVVLRQV DVYVR FX pdappoRIEW IQREMD BGHH GOH B35
total apporté, sont assez variables, et peuvent newyenne varier de 0,03% a 4%

(Charles et al., 2017). Un C/N faible et une guérithportante de C facilement dégradable sentble

favoriser les émissions de®. Ces deux points concernent les digestats, quictassés comme des

PRO sensibles aux émissions d®Nde méme que les lisiers, en oppositjolt T DXWUHV 352 FRPPH
composts (Charles etal., 2017HV IDFWHXUV G9RPOLWWRRIQW GO 1IpSDQGDJH GH
présentés dans le Tableau 1.5.

Les émissions de O aprées apports de digestats ont été étsdié facon assez importanfeOfpFKHOOH
de la parcelle (Hafner et al., 2021; Mdller anah&¢ir, 2009; Nicholson et al., 2017; Verdi et 019).

Les émissions deJ® au champ aprés apports de digestats ont été rappatipérieures a celles suivant

OHV DSSRUWYV G YHQ JBUEhen/TséhiskpfeUdd Xal (30RAKOster et al. (2011) et

Verdi et al. 019) et similaires par Kdster et al. (2015) et Pezzetlal. 2012) 7TRXMR XUV j OfpFKH
de la parcelle, les émissions dgONaprés apports de digestats liquides ou bruts émhésurées comme

étant en général plus faibles ou similaires quie cids lisiers (Koster et al., 2015; Méller, 20kpa,

2014; ten Huf and OlIfs, 2020), ce qui pourrait &rpliqué par la présence de moins de carbone

facilement dégradable dans le digestat.

Un certain nombre de pratiques peuvent influenegrémissions de . La séparation de phase des

digestats a été rapportée comme une mesure quinuBmies émissions de @ au champ

(Askri et al., 2016; Méller, 20153 X FXQ HIIHW Q 1D KbStep ePa Y2815 AB Bhidmp, la
TXDQWLWp G bt] R&NcAndDEhS Rddcpimatiques semblent &b grincipaux facteurs

explicatifs des émissions ; en comparaisientype de digestatQ D XUDLW TX{IXQ HIIHW OL
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émissions (Hafner et al.,, 2021) {1 BSRUW UDSSURFKp GH GLJHVWBWVYUBWWGY
DXJPHQWHU OHV IDFWHXUV GUpB8LMYURQWI& & RPA1P/R DONUH FPWKL R Q
des digestats liquides dansVeRO TXL OLPLWH OHV pPLVVYROQMW@&MBAGRRQLDF
de NO (Herr et al., 2019)/D GDWH GYDSSOLFDWLRQ G XH®M HVNWD p\P L P 'S DFE @

N2O, comme montré par Bell et a22015)apres des applications de lisier.

Les émissions de’N2 VRQW VXVFHSWLEOHV GipGRDIEHRUWIVRQPESWWIP Y HGH (
Les émissions de J peuvent ainsi étre influeneg par les épandages antérieurs de PRO
(Rosace et al., 2020).fDXJPHQWDWLRQ GHV VWRFRQJGWHRRH SERXQW DLHM

augmenter le potentiel des sols a émettre g, e qui demande a étre étudié (Guenet et al1)202

La thématique des émissions deONest largement explorée dans la littérature. Unetdindes
connaissances actuelles es¢du fait que les émissions deQNsont sensibles a beaucoup de pratiques,

gue cette sensibilité peut varier en fonction dedés, et que cette sensibilité est souvent maguprée

GHV HIITHWV SpGRFOLPDWLTXIOW Q@ \F RG WHQK\Q F N U CCHXHHWRPWY GH O
de la séparation de phase des digestadtsyYd G D W H V desfdiffSreriisUywweg de digestats, restent

encore peu sdans O T p W idiviaiGsdr¢es actuelles.

Enfin, quelques articles mesuntales émissions de méthane ETFORUYV GH Ofp SBaF@IDJIJH GH G
champ. Les émissions de ¢$bnt en général trés faibletg H OfRUGUH GH ] GHV pPLV\
induiteV SDU O f(C2ib&szek drid Wysocka-Czubaszek, 2018; Holly.,e2@17; Pezzolla et al.,

2012; Rosace et al., 2020; Tiwary et al., 201

Tableau 1.5+4 XHOTXHV IDFWHXUM GVMRAMPHROQNVOAAPWSIDQGDIH GH GLJH)

Référence J)DFWHXU GTpRQPVNREQ)N GH
Charles et al. (2017) 0,9

Nicholson et al. (2017) 0,3 £0,5

Hafner et al. (2021) 0,2 +0,7

Moller et Stinner (2009) 1,3-1,4

(IPCC, 2019) (cattle effluents) 0,6

1.2.7 Digestat et lixiviation de nitrate
/[TD]IRWH VRXV IR UR}Mré&eht @adnsVds Boly &hricb2s peut étre lixividre emporté dans
les eaux de surface et souterrained®. OL[LYLDWLRQ GHV QLW UDWKW HR®B/KX § B VWLHR
eaux de surface, avec, entre autres, des risqupsrtiede biodiversité. Une eau avec une trop forte
concentration en nitrates est impropre a la consatiom ce qui est une cause de fermeture de captage
GTHDX $mayRtald B017; SDES and OFB, 2020).
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La lixiviation desnitratesHVW FDXVpH ORUV GT1XQH SpWeR @Geé pSitde@BLQDJIH
concentration en nitrates dans les sols est immertdans les climats tempérés francais, ceci est
WA\SLTXHPHQW OH FDV HQ ILQ GAHWK R R P X b1 tr AN it EDXMT itk L Y H
consiste a diminuer la réserve en nitrates dansolssavant les périodes de drainage, par exenaple p

OD UpJXODWLRQ HW OfRSWLRXKVODWPRQHGHY 5GCB RNH VGV &SI BPRWW H U \
VRO QX SRXU FDS {(pithtd CafnerpR,\2082)G X VR O

Comme avec les autres PRO, les digestats peuhUH j OTRULJLQH GH (QitHdls6l. DWLRQ
etal., 2017). Celle-ci est principalement influéagar les pratiques agricolegesj OfpSDQGDJH GH 35
(cultures, dates, doses), ainsi que par le typsotlet les conditions météorologiques (Mdéller, 2015;

Rabiger et al., 2020Avec une approche de modélisation, Rabiger et28R@) suggérat T X1y cas
GIDSSRDMWH PLQpUDO VLPLODLH R JR)NHdtgGe, \es@igestais YolekwivV HW GH
causer une lixiviation légérement plus importaetére autre, HQ UDLVRQ GH OD PLQpUDOLVI
organique des digestatsf D]RWH OHVVLYp UHSUpVHQWHGDQV GH QNP XRW M ID

1.3 Modification des flux de CetN OfpFKHOOH GH O¢YH
avec la méthanisation

1.3.1 Comment la méthanisation influe-t-elle sur les flux de C et N a
OfpFKHOOH GH OfH[SORLWDWLRQ

Dans la section 1.1 , nous avons vu que les digeataient des caractéristiques physicochimiques

différentes de celles des effluen®9 p O ohigiétés, et que cela pouvait changer les cyclds et

duCloUV GH OHXU pSDQGDJH DX FKIDRSTXIpH GIPRQRNVW P W I RFEXK B OWL F
déchets a digérer va influencer a la fois les ¢arastiques des digestats, mais aussi leurs géantia

gestion des PRO initiaux, et en particulier leungie et conditions de stockage, peut étre modlifiée
entrainant une modification de leurs caractéristiglLe systéme agricole peut aussi étre influerrse |

GH OTLOQWURGXFWLRQ GYTXQ PhLWHKDR L&H XOD FHWWH. RHP S XYV LG
gestion de la fertilisatiorRX GH OYDVVROHPHQW &HV V@LM@tWV SUp\
influencer les cycles du C et du Nflp F Kde@a@atcelle agricole ne permet pas la considérae

ces effets. AussiD I pFKHOOH G Hse@liHd@OdRItivEiDepUR &halyser les conséqeate

la méthanisationCette section détaille les différents efféddsH OTLQWURGXFWLRQ GXQ PpV
fluxde & HW 1 j OfpFKHOOH GH OTH[SORLWDWLRQ
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Figure 1.4+ /TLQWURGXFWLRQ GIXQ PpW KD HDH X R OG BXQVWXXQHH Hb [BHDRIL
les cycles du C et du N. Le cadre représente tedgels du systemeF THVAN.UH OJH[SORLWDWL
H[FOXDQW OfpOHYDJH TXH OV R \OIYRWD QR Q VWPRREQ IG fi XAR B p WK L

1.3.2%LODQV & HW 1 j OTpFKHOOH Gttt d@thetHUPH H
extérieurs

Lors de la méthanisation agricole, les effluents souvent codigérés et des déchets extérieurepeuv

donc étre importés sur la ferme pour la méthamisaCda a pour conséquence un import de nutriments

avec ces matiéeres organiguetsdonc des flux supplémentaires de MO et N versdissvia les digestats

A OfDLGH GTXQ ELODQ GH PCawndriio ¥t8204 ) ndpthahik que ¢e¥ Bpddits de

déchets extérieurs représentane fraction non négligeable de la matiére orgamidans le digesteur

et donc de la production totale de biogaz. IIs Gbnént également a augmenter les nutriments pigsen

dans le digesteur. La digestion est en généralecaative pour les nutriments comme le N, le Peet |

HW OD PDVVH GH GLJHVWDNWHHG YW EMULE 5/ 2R E; ICAM&iltb € 8., P D

2013; Schievano et al., 2011). On peut donc dieeaps déchets extérieurs causent une augmentation

de la quantité de digestata épand® LQVL TXIXQH DXJPHQWDWORYE GHQ\Q RXWWV L3I

j OTpFKHOOH GH OD déldgtretet déperr 8rialiey \Dagsemblance dedatiié de déchets

LPSRUWpPV HW QYD TXHeWbtleM2®®)X réaleépddsR4timativvipdéelblap de C et N

j OTpFKHOOH GYXQH IHUPH HR RSR @ DRXO WXW sty e vavdigdign Y, id H
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des effluents bovins seul® H YD TXH SHX DIIHFWHU OHVGHL ODQIVH &P HW PD | \O
OTMLPSRUW Geitener wonkaiD sMgmenter les apports de 8 atu champ, avec comme
conséquences plus de fuites azotées et plus deagwde MOS. Cette augmentation de la quantité de
nutriments p&XW FRQWULEXHU j OD GLPLQXOMLFRQQWHKYVEHFKILWV LG HD
OTLQVWDOODWLRQ GYTXQ PpOGKPIQXWXKRQSBKW BHKPWANBY HQIWD L
de 20% dans certains cas (ADEMESOLAGRO, 2018)/TpWXGH QH SHUPHW SDU FRQWUF
j TXHO SRLQW FHWWH GLPL@GVWLR@Q@HGHS K JDOF IGHWQ & WHIQ PUHIQWYV V-
UDSSRUW | Gsfpbssiilds dovhnielleHNgngement de qualité des(BR@ents G TpO Y D JH
digestats\RX OH FKDQJHPHQW GH OYDVVROHPHQW

/IHV 10X[ GH QXWULPHQWYV j O WK HOWIHO IGV) VO 3 RHW PpHY DROQWMA U
environnementale de différentes fermes (Bassartiab,e2007; Haas et al., 2007; van Leeuwen et al.,

2019; Watson et al., 20Q2)s peuvent étre utilisés comme outil de dialoguecdes agriculteurs pour
améliorer les performances environnementales dgdoigations (Fangueiro et al., 2008b). Ces

approches pourraient étre utilisées pour étudgefeiames pratiquant la méthanisation.

133&KDQJHPHQW GH SUDWLTXHYV DJULFROHV C

méthaniseur

A @F KH O QeHex@ditxtiOn agricole en polyculture élevage 1L Q W U R G Mé&tNdhise @ peuf X Q
causer un changement de pratiques agricdld&8 XW GIDERUG OfLQIUDVWQIRWXUH G
en particulier la capacité de stockage des PR@ eguantité de PRO a épandre. Cela peut induire un
FKDQJHPHQW GHV GDWHYV GYDC$%DQ O WRHYWGRX G52 UGIH ISRDUFH P |
logistigues./ f{DVVROHPHQW SHXW rWUH LQGTGRHRBFW KDL \OHX QW DRE XE'
Hesse en Allemagne, Liker-Jans et201(7/)ont DLQVL PRQWUp XQH FRUUp@MWLRQ HQ
PPWKDQLVDWLRQ HW O 9déhiaid, @aooBaWdnii® cEthrdy évexgstioDds Mosien
Allemagne, Mdller et al.Z011)observent aussi une importante augmentation deseside mais sur

IHUPHVY DSUqV OfLPSOD G@aibeud Rpox®nfie PIERWU E DOV W IPHUV GH O I
de ces fermes sont dédiés a la culture de masneémue culture énergétique. En France, les calture
principales ne peuvent pas excéder 15% des intantsethaniseur OH FKDQJHPHQWes&IDVVRO+
donc plus limité. Néanmoins, des cultures intermiéels a vocation énergétique (CIVE) peuvent étre
ajoutees j O 1DV V RADENMEHQSWLAGRO, 2018), ce qui peut tendre a modifierotation Les
effets des cultures intermédiaireS LPLQXWLRQ GH OD OL[LYUDWQBIH GGHO N iER
eau, compétition avec les adventices, stockagedmie, engrais vert) sont également attendus avec
GHV &,9( PDLV OTDXJPHQWDWH RQH&XGW MRHSN GadHaHePNHEBLEV XU H Q V
de récolte peuve?W PRGLILHU O YD P $CohstrkietH ahal)y/2020). HEWiY, les résidus de
cultures, comme les pailles, peuvent étre expaltéshamp et méthanisd¢ SOXW{W. TXTHQIRXL
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Ces changements de pratiques cutwWalS HXYHQW DYRLU GHV HIIHWWVEX) KDHME RYF
DX FKDPS 'X SRLQW B HewenHaftetterdafikijiiahtde nitrate (MOII@0Q15):

- LD VDLVRQ GYDSSOLFDWLRQ GHWg5RSSHRXW \f WAUTHD MPVRSR QLH H
lixiviation par rapport aux apports de printemps.

- Le changement du type de culture intermédiaire péluiencer la lixiviation.

- (Q FDV GH FKDQJHPHQW G1DVOMROUHIPW QWX DHYWQ RXM Y GOKXY R

a la lixiviation par rapport aux anciennes.

Lors de la méthanisation des cultures intermédiaileur export plutdét que leur enfouissement peut
GLPLQXHU OD PLQ@m¢eDOIDMRWHRDQL GYALOH[S RI&E pigesiaW, UumR@B8 OL T X p
moment voire sur un autre champ. CelFKDQJH OHV G\QDPLTXHV ToH. GHXWW I I®XE
sur les émissions de,® (Brozyna et al., 2013Ainsi, Mdller and StinnerZ009) ont comparé des

systemes de culture sur une ferme avec ou sansnigdtion. Les auteurs montrent que la récolte des

cultures intermédiaires diminue les émissions d© Nuste aprés leur récolte et que le report

G 1D S S Odefeér \AzbtR @a les digestats augmente les @mssdie NO juste apres la fertilisatian

au total, la récolte et la méthanisation des cetturontribue globalemeatdiminuer les émissions de

N2O.

8Q FKDQJHPHQW LPSRUWDQW 6H OHD VINXRDGHWPIHOMW SHXWQ JDIDH ¥ WG |
Moller et d. (2011)observent, par exemple, une augmentation des ¥chat H Q J Us2jhrds queriey/ p
surfacesGH PDwV DLHQW DXJP H@EW g GubcQnceraell® wontitatid® HPP R QLD F
OHV URWDWLRQV FXOWXUDW® HM 3SXK bl @ WHIRcRS<RHE o MDSHiORBY G D W H
O YL P SR UWMDIgKsHEtidB FRUakrnack et al., 2012).

Du point de vue du carbon® f{DXJPHQWDWLRQ GH SURGXFWILHR § WsRHF B POYHS & K
du sol via les apports de C racinaire. OYJLQYHUVH OD PpWKDQLYVDWHL[E® L5W XGWH L
biomasse auparavant enfouie (culture interméda@ireésidus de culture). La matiére organique des
végétaux est alors méthanisée puis retournée aogsiforme de digestat. Des interrogations senpose

pour savoir si cette pratique induit ou non uneidirtion des stocks de MOS (ConstargiriLaunay,

2020).

(Q FRQFOXVLRQ OTLQWURGXFWLUR®HRPHYU RPpHV K DA iy HEK LD BIHDAR O
Pour de nombreuses raisons, ceci peut influenseryleles du C et du N au champ. Ces changements

ont des impacts multiples, qui sont encore diffigih synthétiser. Il y a donc un intérét fodtudier
OTHIIHW GX UHPSODFHP HQ per ekl MgddtatOaxét @éy spptofhes duiydkidéren

O %Behdble de la rotation agricoldW GH OD VR OH, & ¢tk Odgher [deOsRubiay quinarRiderent

O TH QV H P E O3 G HRWddhdl®, ouikthteragissent fortement entre eux.
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1.3.4 Emissions gazeuses lors du stockage des PRO, émissionggugitiv

du méthaniseur

Lors de leur stockage, les PRO sont sujets a dessiéms gazeuses, incluant des émissions dg CO

CHs, N2O, NHs. Les émissions gazeuses issues du stockage ides s fumiers ont été intensément

étudiées en différentes conditions, ce qui permet de clireées ordres de grandeur de ces émissions,

et les facteurs qui les influencent (Chadwick et 2011; Kupper et al., 2020; Vigan et al., 2019;

Walling et Vaneeckhaute, 2020b). Ces émissions gazeusedisst différents processus biologiques

et physico-chimiques. Les microorganismes décompdaanatiere organique des PRO, en conditions

aérobies (émissions de @@u anaérobies (émissions de L de CH), ce qui cause également la
PLQpUDOLVDWLRQ GH OfD]RW M BBIEBrQuics Yoat exeXpeldss duttdckageQ G

des PRO solides RX VXU OD FUR€WH GH VXWD¥HHORUYD @ARMER PNQPH |
transformé par les microorganismes par nitrificatidHs* ££NOsY) et dénitrification (NG ANy), a
OYRULJLQH G 1 p® EtVoe¢ NRCh&OWEHetlal.,, 2011) 'H OD PrPH IDoRQ TX{DX VF
pSDQGDJH OHV LRQV DPPRQIOMMPFRRWLBER pDMLOJLEHXH BMKW YROD
de NH). Les PRO liquides (lisiers, digestats bruts, digediquides) sont donc soumis a des émissions

de CQ, CHs, NHs (Amon et al., 2006; Owen and Silver, 201Bgs émissions deJ et de N sont

également possibles, méme si elles ne sont pasutsujiétectées (Clemens et al., 2006; Rodhe et al.,

2015). Les PRO solides (fumiers, digestats soliden} soumisi des émissions de GONHs, N2O et

N2, et dans une moindre mesure aux émissions dgA&rhon et al., 2006; Owen and Silver, 2015). Des
exemplesGH IDFWHXUV G 4 RDVeVNHR oM indiblués lans le Tablehb

Différents facteurs peuvent influencer les émissigazeuses lors du stockage des PRO. Lors du
stockage des lisiers ou des digestats, une crateetie peut se former, ce qui affecte les émissio

gazeuses LO VIDJLW G1XQH duRiMeHes &uhanyes gabekW UEFEDIdse cotoient

des conditions aérobies et anaérobies, ce quiguessi augmenter les émissions d®©NChadwick et

al., 2011). LaFRXYHUWXUH GTXQH ODJXQH GHPULYRKANRIHVG R HBG® O©HIVX
G 1D P P R6D% a 80% de réduction) (Clemens et al., 200@gdeu et al., 2020). Une couverture peut
également diminuer les émissions desCIRDLYV O T HIILFD Rtonvomcée \queé poi LeQNH

(Clemens et al., 2006; Kupper et al., 2020; Rodta.£2015). Il est possible de récupérer le nréha

PPLVY ORUV GX VWRFNDJH G HR XY IHUWHW YWDBAMSjiiEb d]. DROTXHH_ 65 eHesH

sur les émissions de.® sont variables (Kupper et al., 2020 DFLGLILFDWLRQ RX OD GLO>
peuvent également réduire les émissions (Kuppalr,2020) La hausse de la température est connue

pour favoriser les émissions gazeuses au stockBaged et al., 2018; Gioelli et al., 2011; Kaparafnd

Rintala, 2003; Kimura et al., 2019; Sommer, 19973. vitesse du vent peut aussi impacter la
YRODWLOLYVDWB®dJ@ eGall 2PIBRUNE BB conséquences egissibe effet de la gestion

des stocks de digestat sur les émission®@ D SpULRGH GH OfDQQ pddnf soddsti OOH OF

épandus pourrait influencer les émissions, commetmagar modélisation (Ericsson et al., 2020).
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Malgré les nombreuses mesureapportées dans la bibliographie, la diversité des PRI©®
OTHQYLURQQHPHQW GH VWRFNHRE&E) @asLnéRGQIESHIP Méives & Xésp H
méthodes de gestion des effluents (retournememi edmpaction pour les PRO solides, présence et
type de couverture pour les PRO liquides, séparatiophase) complexifie la synthése de ces émission
(Kupper et al., 2020; Vigan et al., 2019). Les éioigs lors du stockage des effluents contribuent de
maniére importante aux émissions de GEO{pFKHO O H (BafaX & Hl., I201BP. e par leur
importance, ces émissions vont donc avoir un sffeta qualité des digestats.

/IRUV GH OTLQWURGXFWLRQ G@WXQGH pont KanatNtiises dir€xtérderi dasX H
le digesteur avec un stockage réduit. Il y a dame néduction des émissions au stockage des effluent
non digérés, mais en contrepartie des émissiondieantau stockage du digestat. Les émissions au

stockage des digestats sont influencées par phsdiecteurs :

La méthanisation induit un changement de teneufs enen N et peut changer la masse totale

de PRO. La quantité absolue de matiére pouvans@tmmise aux émissions sera donc différente

en présence ou absence de méthaniseur.

- La méthanisation stabilise la matiere organidd®y/ PLQpUDOLVH XQiya8duél WLH GH
Ce changement de qualité des PRO peut influensé&mnhéssions.

- En fonction de la nature des effluents (lisier iiguet/ou fumier solide) et de la séparation de
phase ou non du digestat (stockage de digestatobrate digestats liquides et solides), les
conditions aérobies ou anaérobies de stockagensodifiées, ce qui va donc influencer les
émissions.

- Ladurée de stockage peut étre modifiée.

- Les infrastructures de stockage peuvent étre mimdifice qui imace les émissions.

La méthanisation consomme une partie de la matigy@nique le carbone est exporté sous forme de

biogaz. Durant la méthanisation, la matiere orgamigsidudé sestabilise. Les émissions de méthane

au stockage des digestats sont donc en générdlhless que celles des effluents non digérés (Amon

et al., 2006; Clemens et al., 2006; Maldaner ef@ll8) PrPH VL OfLQYHUVH Bo&BUIRLV p\
et al.,, 2015). Les émissions de méthane lors dokage des digestats sont tout de méme non
négligeablesLa concentration en azote ammoniacal est plus éleads les digestats que dans les
HITOXHQWY QRQ GLJpUpV FUHDTOA WBIHXIVX HF XV MR OOBARIOKX MDWLRQ G
2018; Clemens et al., 2006; Neerackal et al., 201BPH VL OTLQYHUV HAMmob &t4l\VL pWp P|
2006) La méthanisation semble augmenter les émissiomé@e ce qui pourrait étre expliqué par la

plus forte teneur en azote des digestats en comparavec les effluent& I p O HohDigétés (Amon

et al., 2006; Clemens et al., 2006 X FXQ HIIHW VLJQLILF Bygper eDd.02020,enW U R X Y p
WHUPH GH IDFWddXO. GfpPLVVLRQ
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Tableau 1.6+t ([HPSOHV GH IDFWHXUV GfpPRVVLRQV DX VWRFNDJH GHV 35

Gaz

PRO
NHs N.O CH,4 CO,

Fumier 6% Nt 2 3% Nt @ 2%C?3 32%C?

Lisier bovin 14 +19%Nymm® 0,1 +0,2%Ng° 0.2 - 0.4 gCH kgVS? (environ 3+12%C)°> 11% gCQ kgMO* (~ 6%C)®
16 +50%° 9%Cd 3494

Digestat liquide ou brut 30 £40% Nynm ©® 0%Not (Uncovered) 1% - 12% (% du CHldans le bioga®" Méme volume que CH
0,24%No: (covered) 0,1 +0,3 gCH, kgMO* j 1 (~ 5 £16% C)9'

Digestat solide 10% - 12% (%N) ¢ 0,1% +0,3% (%No) ¢ 0,5% - 4% (%C} 30% - 40% (%C}Y

2 (Hassouna et al., 2008)(Kupper et al., 2020y (Baldé et al., 2018} (Amon et al., 2006 (Perazzolo et al., 20L6)Rodhe et al., 2015} (Baldé et al.,
2016) " (Hrad et al., 2015; Liebetrau et al., 2013Maldaner et al., 2018) (Dietrich et al., 2021; Li et al., 2018k : azote total. Nnm: azote ammoniacal.

MO : matiere organique.

48



Chapitre 1

La séparation de phase des effluents non digérdsodigestats affecte les émissions : la phagigléq

est moins riche en matiére organiq@D SUREDELOLW p c®bte SalyaliélsQridagufiedde
stockage est plus faible, et la phase solide esk&e en condition aérobie. Sans tenir compte des
émissions de la fraction solide, la séparationttese des effluents non digérés augmente les émgssio
GIfDPPRQLDF DEVHQFH GH FUR&WGED (askriRe QeXckbi@)HKuppér leval. L R
2020) et de CH(moins de matieére organique) (Gioelli et al., 20K@ipper et al., 2020De plus, de
fortes émissions deJ® peuvent étre mesurées lors du stockage de la@ gbéde (Holly et al., 2017)
Concernant les effluents animaux non digérés,darsdion de phase aurait plutét tendance a augmente
les émissions totales de®l et diminuer celles de GHFangueiro et al., 2008a), les mémes conclusions
sont obtenues par Holly et a2Q017)lors de la séparation de phase de digestats. Zdvaat al. 2016)

et Baldé et al. (2018) montrent whL V TaXidginéxthtion globale des émissions de Biptés séparation

de phase des digestats. Baldé et2il18)explique ce résultaS DU O D E V H QG Ha Iéghnd-d¢ R € W H
stockage du digestat liquide, comparé au digestiat b

En plus des émissions au stockage des digestatgnassions fugitives de biogaz peuvent avoir lieu
sur les plateformes de méthanisation (fuites, catidnu incompléte(Flesch et al., 2011; Groth et al.,
2015; Hrad et al., 2014, 2015; Reinelt et al., J0HBad et al. (2015) résument des travaux précédents
et estiment que les fuites de gaz peuvent représk@t 6% de la production de biogaz, ce qui contpre

les émissions au stockage des digestats.

1.3.5 Intérét de la prise en compte des émissions lors du stockage et
OfpSkeg&PRD
La gestion des effluents est composed pWDSHV VXFFHVVLYH)\epandade)l @hatBrie QWYV V
de ces étapes est soumise a des émissions etreodigéigations des caractéristiques physico-chimsque
des effluents, ce qui peut avoir des répercussgmsles émissions lors des étapes suivantes.
Neerackal et al.2015)montrent par exemple que le stockage influence la quadiggdigestats (matiére
séche, azote ammoniacal), ce qui pourrait influefeurs effets au cham@LQ VL O Thpl¥de@exsD W LR
GIXQH QRXYHOOH SUDWLT Xwertive 8eDfosBeie RtQrkage) dedit \cohsidErer
OTHQVHPE htinuBnX d® gestion des effluents » manure management continumm
(Chadwick et al., 2011). Les émissions gazeusesamliage des digestats doivent étreesésn regard

des émissions au champ.

Cing études consacrées aux émissions gazeusetulgteckage puis d® TpSDQGDJH RQW pWp U
(Amon et al., 2006; Baral et al., 2017, 2018; Dabtret al., 2020, 2021; Holly et al., 2017;

Neerackal et al., 2015). Comme vu précédemmeméihanisation diminue les émissions de:@d

stockage, qui sont plus importantes que cejle® T p S D(@n®D étHal., 2006; Dietrich et al., 2020

2021; Holly et al., 2017). La méthanisatioayp impacter de facon antagoniste les émissions el

deNH ] OfpSDQGDJH REAmMDrXet\awy ROB6Y Barad et al., 2017, 2018; Kelt al., 2017;
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Neerackal et al., 2015) $ X FXQH W H Qrauié® Gudnt@iid-b¥nd/des effets de la méthamisair

la volatilisation de N DX VWRFNDJH | O Y p(&rboQ €t 200K XoW Bt\&ID ZD17;
Neerackal et al., 2015). La méthanisation tendvarfser les émissions de,® au stockage et a les
GLPLQXHU ] OfMpSDQGDJH P D Litant O fafi¢ | H3¥lon J@R E&Wes UpV
(Amon et al., 2006; Holly et al., 2017). EnfinJes émissions de Ct$ont toujours importantes dans le

bilan des émissions de GES, L P S Rdé&émigsiohk dexl2 Y D U L Hy ap¥s de@ori3dnhsus pour

dire si les émissions de 8 au champ ou au stockage sont les plus importantes
(Amon et al., 2006; Baral et al., 2017, 2018; Diétret al., 2020, 2021; Holly et al., 2017).

Dietrich et al. 2020, 2021) ont mesur® fHIIHW GX FRPSRVWDJH G pliSiansH& WDW YV V
GES. Les auteurs montrent que le compostage rieduémissions de J0 au champ, mais augmente

celles de CHllors du stockage, avec au final un effet variaieles émissions totales de GES. Nous
QIDYRQV SDV WURXYp G plEn GTH VI HHYWS W DXMQM Y OFHYD WL X XHV GH
(séparation de phase, couverture de fods€) FR Q V L G p udrm@nvdedidur pdekade et de leur

épandage.

Si les ordres de grandeurs et les facteurs infargres émissions lors du stockage des digesthisset

de leur application au champ sont connus (se¢fichg(|1.2.6| gt 1.3.4 ), la résultante de ces émissions
QIHVW SDV E leHED &f@,WbeFwoutibh dans la gestion desstlide peut avoir des effets
RSSRVpV DX QLYHDX GHV GLIQpUastQigvie! ikpdttark de-ddnsider§pl&sLaéikl R
VRXUFHV G {pdrtenmextlHRsQdkage et épanddgeonjointement Néanmoins, les études

expérimentales considérant ces deux sources gest w@ire insuffisanteS RXU ELHQ FRPSUHQGUF

global de la méthanisation sur les émissions gaseus

1.4 Evaluation environnementale de la méthanisation
1.414XHOOHYVY OLPLWHY RQW OHV DSSURI&KHV H[S

environnementale de la méthanisation ?

Les sections 1.1 let 1|3 ont permis de décrire ifééreints processus liés aux cycles du C et du N qu

étaient affect/ SDU OTLQWURGXFWLRQ GIMHBpSKD\G XOMXXU B QW KQIH
OTpYDOXDWLRQ HQYLURQQHPHQW DRQHW IGHRIOWD WUBY LOKHHVR B R H
impacts les uns par rapport aux autdss les hiérarchiser, et de considérer toutes tesactions qui
SHXYHQW LQWHUYHQLU HQWRS$DOGW¥neXIUpQBIQWHY VRXUFHV G

Certaines études expérimentales peuvent proposeppeoches pour répondre a ce besoin de synthése

HW GfpYDOXDWRR&QeRPHNeHPLFH OWHUIFHRQFHUQH OfpSDWi@&dH GH 352
(2016) companmet OTHIIHW GH G L |lafdsthit®ds\soBFfariNit& physique, fertdibiologique,

production agricole), la biodiversité du sol, ocer la contamination du sol. Clements et 201@)
VILQWipIHYWIH|] OTHIITHW GHYV Gdfattlligandd dey citdres &t PriacrdfXude du
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sol. La sectioh 1.3.5 décrit des études qui syisidt les émissions de GES et desMtduitespar la
méthanisation des effluents { p O HeYi bohsidéranOH VWRFNDJH HW OReg®DAah§ DJIJH GH\
OYXWLOLVDWLRQ GH OfH[S puplP Q@YW B WIHRN RENKKDAHW U H GWY D OKXID \
pratique La prise en compte de nombreuses mesures, doainesrpeuvent étre complexes (lixiviation

de nitrates, stockage de carbone dans les sotéle e nombre de traitementd W GH FDM &St pWXGHYV
GRQF GLIILFLOH GTpWH Qe&&/U fWXK\H W p VX PDAKDRRLEEHINESNUtiVESh DR H V
modélisation permettent de résoudre ce probléms.expérimentations permettent de calibrer des

modéles, et ces modeéles permettent de génératiseésultats des expérimentations. Cette section
VILQWpUHVVH G Rde mobéidatdisdhilviRdaleraNer les impacts de la méthanisation.

1.4.2 Les modeles : quelques définitions
Les modéles sont des outils qui, une fois conguzldirés sur des données expérimentales, peuvent
permettre de répondre a des objectifs nouveausxisite de multiples facons de caractériser et de
différencier les modéles. Dans le cadre de cetithége bibliographique, on peut dire que les madéle

sont caractérisés par (entre autres) :

- LesujetmodéliséelR XV GpFULYRQV LFL GHV PR/IGHPW\GHX\XWHWWpU F
0 Ladigestion anaérobie (modéle de méthanisation)
0 Le stockage des PRO (modéle de stockage)
o Lefonctionnement du sol et des cultures (modélekuite)
o /YH[SORDVDWHR@H PRGgqOH j OTpFKHOOH GH OfH[SORLW
- /ITDSSURFKH GH PR G ¢g&thinvsnddeRIrorbine@ hlvstrs approches.
o /HV PRGqOHYVY HPSLULTXHV PRBEKQLZHYWRALNVHRISRBHV XN
dire des relations issié G Y R E V¢ shdDigv bveQla théorie. Ces modeéles utilisent
en général peu de paramétres, mais ne peuventtigasitiéisés en dehors de leur
domaine de calibration.
0 Les modéles mécanistes ou biophysigfeRGpOLVHQW GHV SURFHVVXV j O
issues de lois physiques ou biologiques. lls soniclus facilement généralisables
gue les modéles empiriques.
0 Les modéles de type « boite noire » utilisgn apprentissage « aveugle » sur un grand
MHX GH GRQQpPHV REVHUYpHV BRXLE GRX YR WP P EW UjH
QRXYHOOHYV GRQQPHV GTHQWUMHE HM & H @Ry Bl W \G\W DY
des réseaux de neurones. Leur objectif reste solavprpp GLFWLRQ GH YDULDEOH)
- Leur complexit¢t TXYLO VIDIJLVVH GH OD FRPSPRIPFSWH [GW P &G Y H G-
En général, un modéle complexe (grand nombre davgzres et/ou de processus modélisés)
HVW SOXV FRPSOH[H GTXWLOLVDWLRQ
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- Leur objectif. Différents modéles peuvent avoir dégectifs différents pour un méme sujet
PRGpOLVp /RUV GH OD FRQOAWREXHFWRQ KHWOXBRRI®FOMHXU Fi
O 1 D $1& &1 BeHa complexité utilisée.

La sectiovf 1.4.3 présente la nature et les objedtfquelques modéles de méthanisation, de stockage

ou de modéle sol-plante, qui peuvent étre utilgds étudier la méthanisation. La section 1|4.4¢mée
OLQWpPUrwW GHV PRGQgOHYV jOORIPW KGHO O Hp @& BX GOHi.HE[ 19 MRDL WIDWMLIR@L V D

1.4.3 Utilisation des modeles pour modéliser la digestion, le sto@tage
OfpSDQGDJH GH GLJHVWDWYV

Des modeles de méthanisation ont été développés epyremier objectif, prédire, comprendre et

optimiser la production de biogaz lors de la mégetion. Ces modéles peuvent étre des modeles
mécanistes, incluant entre autres des versionsfi@esliidu modéle ADM1 ou des modéles de type

« boite noire> (Lauwers et al., 2013; Yu et al., 201Bg¢s modeles de méthanisation mécanistes peuvent

étre complexes et demandent, en général, une lolmseeiption des intrants utilisés. Un autre obfecti

des modeles de méthanisation peut étre la prédiciola qualité des digestats, comme le modéle
SYS-Metha (Bareha et al., 2021) & HUWDLQHYV YHUVLRQV G&#'a pré&iRtGridépHY SHI
certaines caractéristiques des digestats, mai€aban se focalisant sur des caractéristiquesaintlia

production de biogaz, comme la teneur et la natigrda matiére organique ou la teneur en azote

ammoniacal (Bareha et al., 2019; Lauwers et al 3P0

'"IDXWUHY PRGQqOHYV, plusisimpley kDt MilssbleRfacilement, @dtcréés, avec des
REMHFWLIV SOXV RSpUDWLRQQRPNTKRPEGH OTpPWWORDWERQ REF G
OfpYDOXDWLRQ patentidlle d& bidgj&z X & W/ dirRe@sionnement du amésleur en fonction

des intrants disponibles, o@4timation des impacts environnementaux assoclasn#thanisation

(Kythreotou et al., 2014). Les principales limitssces modéles simples sont leur grande spécifjaité

les rend peu généralisables, et leur simplicité lioutent leur utilisation pour résoudre des qimss

de recherche précises.

Des modéles de stockage des digestats ont étéadapartir de modéles de méthanisation pour estime

la production de biogaz dans le digesteur, aing dans la cuve de stockage du digestat brut
(Ericsson et al., 2020; Muha et al., 2015; Vergota.€2019) ,O0 H[LVWH TXHOTXHV PRGqgOH
de NO ou NH; lors du stockage de lisiers (Li et al., 2Q1De nombreux modeéles de compostage, dont

certains peuvent modéliser les émissions gazeusasciaes au compostage, ont été développés
(Oudart et al., 2015; Walling et al., 2020). lls paient étre adaptés et utilisés pour modéliser le
stockage des digestats solides. Les modéles dragm@ermettent de comprendre les facteurs qui
influencent les émissions au stockage. Ericssoral.et2020) ont par exemple montrél X 1 X Q H
augmentation du temps de séjour du digestat datigdsteur ou la vidange pluriannuelle de la lagune

de stockage permettent de réduire les émissio@dHde
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6L RQ VILQWpUHYVVH IUiZury odéled/ ok &té Fé/BldhBés Sour évaladiue de C et

N dans le sol (Brilli et al., 2017). lls peuvent coldser différentes échelles, allant du champ (medel
sol-plante par exemple) a la ferme. Les modélesplsolte simulent la croissance de la plante, les
caractéristiques du sol (par exemple, teneur enteaeur en azote minéral, MOS), et certains impacts
environnementaux (par exemple;N NH;, lessivage de nitrate). Certains parmi les pliisés dans

le monde sont les modéles de la famille CERESgpample, Gabrielle et al., 199% modéle DayCent
(Parton et al., 2015)e modéle DNDC (Li et al., 1992) et le modele STIBSsson et al., 2008). Ce
dernier est de plus particulierement utilisé pacdmmunauté scientifique francaise. Ces modeéles
SHUPHWWHQW GTHVWLPHU RXH®XHPEOBYR IDHW OHP\H QOVX [ RXRQHP S
OTLPSDFW GT1XQ FKD Q4aldrg tene/(éaidsiand e Llessiveige de nitrates, stockage
de MOS) (Jégo et al., 2012; Lugato et al., 2018za&2Bonilla et al., 2018b).es modéles sol-plante
peuvent aussi servir comme outil de dialogue age@briculteurs pour proposer des améliorations de

pratiques (Loussouarn et al., 2016).

Quelques études ont utiisgeHVY PRGqOHYVY SRXU HVWLPHH @HMRNWEHWY GH OfpS
(2020) ont, par exemple, modélisé la lixiviationsdatrates au cham@B R XU pYDOXHU OfHIIH\
fertilisation du colza avec du digestat a long &iwoir sectiop 1.2.7 ). Hafner et &20@1)utilisent le

PRGqOH GH YRODWLOLVDWLRQGE 10 PV R-QU(BEHEDE ldiq 20195 @G D J H
estimer la volatilisation aprés épandage de digestas le caaGAQH pWXGH Re FHVY pPLVVLRQ
été mesurées, et estiment ainsi que les émissiditedtes de bD causées par la volatilisation de NH
représentent entre 2 et 6% des émissions de GESYV ORUV GH O fp S.LOQriz derniérH GLJHV
exemple, Launay et al.2Q21) ont utilisé le modéle sol-plante STICS pour estin@ fHIIHW GH
OMDXJPHQWDWLRQ GH O 1$Wnclodnl d@sVdidesdat ldeld tagorisdidi Daendd

localement le stockage de MOS. Des pertes azot@pdésuentaires sont aussi prédites. Les surfaces
impactées seraient restreinesOfpFKHOOH QDWLRQDOH

Les modéles soEODQWH SHXYHQW rWUH GHWLRQVGEIVY X\WMHWW G3D QY p€
digestats, mais ils sont encore peu utilisés datie optique. La capacité de ces modalsisnuler des

systémes de culture utilisant des digestats deyatedent étre évaluée.

1.44/HV PRGgQOHV SHUPHWWHQW GH V\Q&KpWLYV

I TH[SORLWDWLRQ DJULFROH

La section précédente (L.3.&8pFULW FRPPHQW LO HVW SHRW \BIREXQH pGRXGNLIHQL ¥ H
aspects de la méthanisatithW GH OfXWLOLVDWLRQPp®KYWV RKBLAH VWD W X MDEXWF K |
SHXW DXVVL rWUH OfHQVHPEHOH GH OTH[SORLWDWLRQ DJULFR

/IHV PRGQOHV j OTpFKHOOH 6oht tfeg copuattRdow BivdieRe3 eRplditdtiée’ O H
polyculture élevage (Del Prado et al., 2013; Peterst al., 2007; Rotz, 2018; Schils et al., 2007)

Certains modéles sont relativement simples et onation a étre utilisés commB XWLOVW I6 fDLGH
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dpFLVLRQ WDQGLV TXH GYDXWOKV PRRMNQ SEVOWHMW RMSREW\ERXW E
qguestions de recherche (Rotz, 2018glon Petersen et al2Q07) FHV PRGqOHV | OfpFKH
O Y H[S ORLW D petreintDdé pteRAReOdA compte les interactiotre elifférents aspects de

O 1 H[S O RdpdhioutukeRE@vage : alimentation du bétalil, gaales effluents, gestion des effluents,

SDU H[HPSOH &HW DUWLFOHO QFD WL R@WAEHM VIVIHOXDINQ W\O PDXS & KD F
V ég@e\®halement dans la méme réflexion. Cette dptitst particulierement intéressante, nous avons

YX TXH FHV TXHVWLRQV pWPpIOH@WGGELGHFQ QHNS p ULPFRRIGOWLRQ V
Pour Del Prado etal2013) XQ DXWUH DYDQWDJH GHWBRIB HOV/HWW T XI.fCRAKHE O H
XQ VI\VWgPH j OfpFKHOOH GXRXQHOVRQMV SGJLMBALRIOQW B8 H LIBIWHWWW GR

les pratiques pour améliorer le bilan environnemetedh filiére.

/IHV PRGQOHV j OfpFKHOOH GtDOMR DR IARDW WRQV X R\Q W HI S@pPK V L H
LOQFOXUH OYfpOHYDJH OH WHIDOWH®WE WOHWF OFalNN R R HdtdiBHHG/HRVX O \
modeles utilisent un module de « regle de décistoreprésentant les décisions des exploitantsuice q

permet de faire interagir ces différents moduleseeaux de facon cohérente (Chardon et al., 2012;
Vayssieres et al., 2009). Dés[HPSOHV GH PRGQqOHYV | OY RFIOKOQN GHD CPPHWE ORI
GHV HI10XHQan padeptesHixrd EHablea] 1.7.

Les objectifs et les approches utilisesDQV FHVY pWXGHYV VRQW Y D USHDXWD bisW U/MH oSS C
RX PRLQV ILQHPHQW FRQVLG B DMARDQWO & X WQ B-ptR@WIERQ@ \GLH P I
représenter les surfaces cultivées. Certains modsdat trés complexes et utilisent de nombreux

modules mécanistes (Li et al., 2012; Rotz, 201&prnoins, IREMHW GILQWpUrwW GHV PRGq
SDV OH PpWKDQLVHXOD FPpIWKO RLYBWLFRQ HVW Y EB H R OPTH PKHHD G
de la fePH HW LO QYHVW SDV IRUFpPGEIQW RIkMésERddedzHa FRPSD U |
méthanisation. La c LJHVWLRQ GHV HIIOXHQWY QHHVINKVEDN VI R WRQEHID \
considéere OTLQWURGXFWLRQ GH OD P pWWKDQENDNEP RQCcgnt@ De lébU PH HQ
systeme (Baral et al., 2018; Boldrin et al., 20€6sta Junior et al., 2015; Vergote et al., 20Ees

sont associées a une modélisation plus fine deéthanisation et de la gestion des PRO. En revanche,
OTpSDQGDJH GHV GLIJHVWDWD (HW WHRIRVDLAALW F /L PO D HPFRHIPW L VD W |
de compléter le bilan GEDPSUqV OfDFTXLVLWLRQ GH PHVMXURX BXpPKDPSR
(Baraletal., 2018; Costa Junior et al., 2015). De plus, &eides se concentrent surtout sur le bilan

carbone de la méthanisation, et peu sur ses agpexts.

La méthanisation semble induire une réduction désstons de GES au stockage des PRO (Baral et al.,

2017; Rigolot et al., 2010; Rotz, 2018; Weiske et2006) Vergote et al. (2019) monte TXH OTHIIHW
de la diminution du stockage des effluents au tEimpcauséeSDU OTLQWpUrW GH PpWKDQL\
plus frais possible, est un facteur trés importdet cette réduction des émissions de GES.

Costa Junioetal. 2015)nuancet le propos en estimant des impacts au stockagPREssimilaires
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SRXU XQH IHUPH DYHF RX VDDW @i WRDQY IHNHXB/MEeBa3sHghBuBH W G H
les émissions de NHRigolot et al., 2010; Veltman et al., 2018)

La méthanisation diminue les émissions totalesE8.G&es principaux facteurs qui influencent le tila

carbone de la méthanisation sont la productioniogalz, les émissions au stockage des digestats, les

fuites de biogaz (Baral et al., 2018; Boldrin ef 2016; Costa Junior et al., 2015; Vergote et28l1,9;

Weiske et al., 2006) /p S D Q G D JHs @ K patelddsigidds\fthangement des émisdmhsO

au champ, changement du stockage de MOS, dimindésnengrais de synthese) semble étre moins
important en terme de bilan carbone (Baral et24118; Boldrin et al., 2016; Vergote et al., 2019)
Néanmoins,FHFL GRLW rWUH YpULILp jFAWMDY&EH G HHPIRIG\H GHVOJ P X U GBAD

Les intrants extérieurSHUPHWWHQW G 1 DckohRld Qaz et dobS $ D R eLiidd H U

carbone (Boldrin et al., 2016; Weiske et al., 200@) méthanisation des cultures a un effet variable

en cas de bon rendement, le bénéfice issu du sulplproduction de biogaz est plus important gsie le

aspect négatifs liés a la production des culture@ fLQYHUVH SHXW pJDOHPPRMQ¥WWUH F
bon rendement (Weiske et al., 2006).

(Q UpVXPp OHV pWXGHV SUpQRXW pHR/Q /G \W HGVIVD E RAHF O IR QW p
les modéle§ OTpFKHOOH GH OD |HUP HQ@SRXRGHXYFDADLRHL GoH HIDHR\D \@ K DAL

GHV LPSDFWV SULVH HQ FRPS@HI 1@ YHDMHAU pidepie HRMeMQEHSO B © K D
études se sont surtout concentrées sur la gegoRdI OXHQWYV EKWLPHQW GLJHVWLRQ

GH GPFKHWV H[WpULHXUV HWO D H\p \M Kl DI QLD MR @GRE§TERe G H
PRGYOHV j OTpFKHOOH GH OJH[SORLWDWLRQ

2Q SHXW pJDOHPHQW pYRTXH UHIWHl&/ yastibihQl -t éGhidts PR dBiicp®t Hdur R U

but de renseigner des études par analyse de aydlie dACV) (Gentil et al., 2010). Ces modeéles sont

souvent spécifiques de la zone géographigue dgnslla ils sont utilisés. Différents modéles ons de
hypothéses différentes, ce qui fait nécessairewamgr les résultats. ORWARE est un exemple de

modéle qui considére la méthanisation du pointusedes déchets (Dalemo et al., 1998; Eriksson,et al

2002). Ce modele conside® fpSDQGDJH GH GLJHVWDW pPQ VAW RQLVWV Dp@®W VE HR
gazeuses, substitution aux engrais chimiques). ORB/ARuU étre utilisé, par exemple, pour estimer
OTLQWpUrw GH OD PpWKD QHSIN\ENdREKsSOH, 2016) | @ K H/Q\WWM GHXBPRB qOH"
pas pour butéH VILQWpUH YV VdidnomiedDd¥ B rhEtlénsddion et parait plusneett pour

comparer différents traitements de déchets a umelléplus vaste que la ferme.
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Tableau 1.7+ ([HPSOHV GH PRGQqOHV j O Y pFR®VIOGH G B QUM D[S CR MWKDW L RQ W (L FOF \8 H X UM | G KpFQALW V LERTP\O H Y

Modeéle et référence Simulation Simulation de la Simulation du Simulation des champs et de  Objectif de recherche
de méthanisation stockage des OfpSDQGDJH GHV ¢
OfpOH PROs
FarmGHG Oui Equations simples. FE Substitution aux engrais %LODQ *(6 GH OfHI¢
Olesen et al. (2004) Possible co-digestion de FRHIILFLHQW GEpT (bovin)
Weiske et al.Z006) déchets extérieurs ou de Pas de considération du® ou
cultures de la MOS.
Rigolot et al. 2010)  Oui Equations simples. Mona FE, équations Non Comparaison de différentes
digestion seulement mécanistes. pratiques de gestions des effluel
porcins
IFSM (Integrated Oui Equations simples. Monc Modéle mécaniste Cycles du C et du N au champ Comparaison de différentes
Farm System Modgl digestion seulement grace au modele sol-plante pratiques de gestion de
Rotz et al. (2018) DayCent OTH[SORLWDWLRQ
Veltman et al. (2018) champs)
ManureDNDC Oui Equations simples. Monc Modéle mécaniste Cycles du C et du N au champ Comparaison de différentes
Lietal. 2012) digestion seulement grace au modeéle sol-plante pratiques de gestion de
DNDC OfH[SORLWDWLRQ
champs)
Boldrin et al. 2016) Non Bilan de masse, Equatior FE. N2O au champ FE. Bilan GES et analyse économigt
simples. co-digestion. de la méthanisation
Baral et al. 2018) Non Equations simples. co- Mesures Mesures eFE. Inclue une Bilan GES de la méthanisation
digestion. estimation du stockage de MO.
Costa Junioretal. Non Bibliographie. Mesures eFE. Mesures et FE.. Bilan GES de la méthanisation
(2015)
Vergote et al.Z019) Non Modele mécaniste Modele mécaniste FE Effet de la méthanisation et de le
et FE gestion des effluents sur le bilan
GES
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1.4.5 Analyses de cycle de vie et méthanisation
La section précéden@A ) présente des éutdiseint des modele3 OfpFKHOOH gasiH OD IHLU
VILQWPUHVVHQW HQ SDUWGHSXCSMHW RDX[ H®LVMIBRQEGiq&HD QD O\ V'
(Boldrin etal., 2016; Weiske et al., 2006). Néanmoil@z ] D X W ks \énvileriementaux peuvent
également étre étudiés. Les Analyses de Cycle dgACV) sont des outils largement utilisés pour
OTpYDOXDWLRQ Hsgldnun&rpeghete rhatifiiz@ Hormalisée IS AEV permettent
pJDOHPHQW GH UHJDUGHU O HDWelaRISsDiRiWws\WeGafar@e FRoiy RO1LE.L VH XU

De nombreuses études par ACV ont été rasmiour estimer le bilan environnemental de la

méthanisationPlusieursrevues de la littérature sur les ACV de la méthaimsamnontrent une grande

diversité au sein de ces éag{Bacenetti et al., 2016b; Hijazi et al., 2016; #&Lorrea et al., 2018).

7RXW GYDERUG OHV $&9 SHXYHQW Gl SRUHIUMY | BRIFVP R EQMH YW C

méthanisation en fonction des dernieres avancéiemtifigues, OTDPpOLRUDWLRQ GHV SU

méthanisation, o OD FRPSDUDLVRQ GH OD Pgphakiereslde Danet IRsebhetsléu G 1D X V

GH SURGXLUHE®HD QWpGRQQOIPHOD PXOWLIRQRWLBQABREW hR3XH GNP Q

traitement des déchets, application de fertilisangmniques au champ) et la variabilité des systeme

utilisant un méthaniseur, les systémes étudiées @s8nACV sont aussi variables. Les ACV peuvent

ainsi considérer des limites différentes, traites thtrants différents, valoriser le biogaz différeent,

se placer a des échelles différentes allant deemd (Styles et al., 2015) OfpFKHOOH QDWLF

(Stylesetal., 2016). Les unités fonctionnelles utiliséeserg. Elles représenteen général une unité

OLpH j OD SURG XdaWJl, RZh, & fielfolgdz)ldt/eél une unité liée au traitementddebets

(en t de déchets traités) (Hijazi et al., 20T8)s unités fonctionnelles basées UTDSSRUW GH QXWU I

(Avadi, 2020) ou la production de matiere agriq@acenetti et al., 2016a; Knudsen et al., 2014j son

également utilisée§ XDQG OD TXHVWLRQ WU D LD#H t@ntHgue fottMsarsL @diteV LR Q G

PXOWLIRQFWLRQQDOLWpP LQGHAK GIHT QIR EIDHXW 1Y DIXSHV/LWF IDRAQL\R Q

HQ FH TXL FRQFHUQH OHV OLGRWBHW L& RVViNHEasH B RifWultésHV DO

méthodologiques ont également été iderd§iS R XU UpDOLVHU GHV $&9 HQ3GR2HQ DYH
GpILQLWLRQ GHV IDFWHXUW 8 T\Y\TQXdMsRIEiap Bidndh XI§ & spiistitdribry

aux engrais N, P, et K, effet sur la MOS, choix @l@sssions au champ considérées) (Brockmann et al.,

2018) ou avec la production agricol8ULVH HQ FRPSWH GH OTLQWHXFFWYRDQYH\

GLIILFXOWp GIDWWULEXWLRQ & H\X QRHXNMNHG  RQoBHonRdIEsRIS | X

SUR G XFW L R QuehtXd. diféfemtasS @iltures) (Goglio et al., 201Bn fonction des systéemes

considérés, ces difficultés peuvent également corcdes ACV concernant la méthanisation.

Cette diversité dans les ACV induit des résultagables, mais des tendances générales dans les
conclusions peuvent quand méme étre identificecdiBetti et al., 2016b; Hijazi et al., 2016;
Vasco-Correa et al., 2018). Les principales extaésapositives de la méthanisation sont une

diminution des émissions de GES et la diminutios kdesoins en ressources non renouvelables. La
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YDORULVDWLRQ GX ELRJD] HW VO GHP WQLDR- WOHAP IHRQQV GGHH/V S®IDRAKIHTW \
sources de bénéfices sur ces indicateurs, suidaparbstitution des engrais chimiques. Les émissio
IXJLWLYHV GH ELRJD] DXJPHQWMNR@GOIHWpPPRYWLRRYVEIG gV OH
GHV VROV LQGXLW SDU OD XMW @ ANDW. LA KR OW V YIHFHDIXU M X UM O H
de la méthanisation sufIDFLGLILFDWLRQ KaienOehhHoxatiod BuSsidstévhp (arhdldpation

RX GpWpULRUDWLRQ GHV pPHYV VHIRQ X H@QRUW G CHIYIDLMAH @K@ WWG. W
digestat, fertilisation des cultures dédiées leatdant). Un meilleur bilan environnemental esivé

lors de la méthanisation de déchets en comparaigancelle de cultures énergétiques (Bacenetti et a

2016b; Hamelin et al., 2014; Siddiqui et al., 202 ce qui concerne la méthanisation des effluents
animaux, Miranda et al.2015) proposeat XQH UHYXH GH OLWWpUDWaulbtbnGHV $&9
carbone de la méthanisation (mo®@LIJHVWLRQ GHV OLVLHUV G{XDQHMLHWPH D
méthanisation des effluents animaux diminue lessgioms de GES, ce qui est largement dd a la
GLPLOQXWLRQ GIHESHos\Y traRement@es PRO (stockage), puikgaoduction de biogaz

les effets positifs concernant les émissions aunphde la méthanisation sont du méme ordre de
grandeur que les effets négatifs ddsX[ pPLVVLRQV IXJLWLYHV GB H IPRIDW UH BQF
grande diversité de résultats entre les systememwaetre que les ACV ne considérent pas toutes les
PrPHV VRXUFHV GYpPLVVLRQV 9pQrtgrt suQd rHéthenidaiivh aHété mdneés.
Garrigues et al2014)ont réalisé une ACV sur une exploitation en pollyoe élevage (élevage porcin).

/HV DXWHXUV PRQWUHQW MXYd4&r esRuidiss en svdénétatid@moDrlratep|Re
OTpOHFWULFLWp SURYHQDQWL i DQWRWLpW D U Bl H OHHQYWH G H VBV LGHG X0\DW
émissionsde GE¥ RQW IDLEOHV /fpWXGH QH GEFEWHMWEG BHHWPXFDHX WP SR U\

Des ACV récentes se sont intéressées avec pluaiesdux aspects agronomiquedL pV j OTLQWURG X
GH OD PpWKDQLVDWLRQ HQ XWWRMLW DQW KIH\S PRG GOIN VP 8 BfoLH V
ferme pour réaliser leurs inventaires de cycle ide ba prise en compte de fagon plus prédeda

substitution aux engrais, des émissions gazeuses apports de digestats au champ ou du stockage de

MOS, RX GX FKDQJHP HQWeS §iXsVdoskileGHhmeNhRaV, 2014; Vaneeciat al.,

2018). Ces études montrent un impact importantip¢sibstitution aux engrais, stockage de MOS) ou

négatif (émissions gazeuses aprés apports de aligest champ) de ces effets au champ sur le bilan
environnemental général de la méthanisation. Néaranla considération des effets dgp SDQGDJH GH
digestats au champ demande une expertise finemgeacis réels de la méthanisation : par exemple,
Bacenetti et al. (2016b) revendiquent le fait dpag tenir compte de la substitution des engraiskP

par les digestats si ceux-ci sont appliqués dasskiamps ou le besoin en ces nutriments est faible

O 1L Q ¥hhbgvdt al. (2021) réalisent une ACV de la méswitn de lisier porcimt prennent en

compte la richesse des sols en P et K pour lifegeapports de digestat. En foncti@hH OJDPSOHXU G
ces limites, les digestats doivent étre épandusissirsurfaces plus grandes, ce qui augmente leurs
impacts VXU O THQ Y,Lddri® QefeHéuddIW | T[HW GH OJLPSRUW GH GPPKHHWYV j C
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peut étre exploré. Par exemple, Michel et al. (20@0htrext TXTj] OTpFKHOOH GYXQH IHUPH
déchets extérieurs augmente a la fois la produdedniogaz et donc le bilan positif de la méthaiusa
mais aussiOHV HIITHWV QpJDWLIV VXK OVWD\RLaBYdShiipdét BgestatsyIl@ § H X W U F

donc une intensification locale des impacts.

En conclusion, nous pouvons dire que les modéllEeseACV permettent une synthése des impacts de

la méthanisation. La méthanisation peut avoir dgsacts différents en fonction des systemes. Hie a
JpQpUDO XQ LPSDFW SRVLWLHWQGWXW PGILG B VELRQ® @ HFD WEHR/YHR XU F
OfHIIHW JOREDO GH OD PpWRDNQHWDWHR®Y HQW KWEKNREHURMOHO/ FD L

agronomiques de la méthanisation pourraient égaieéte mieux pris en compte.

1.5 Conclusion de la synthese bibliographique et objectifs de la
these

1.5.1 Conclusion de la synthése bibliographique
Au cours deO L QW U R Geti€& Wds® Qous Hvons vu que la méthanisationnestpratique en
expansion dans le mondelW HQ )UDQFH GH IDoRQ UHOWD WQ YIHDRMQ® X Q HHWY M/HA
qui se traduit par une diversité de pratiques.deaséquent, les références en terme de bénéfices et
GILPSOXW OTHQYLURIiQices R ldcQulrirVdareiés Goivent couvrir tlés nombreuses

situations.

ID VIQWKqVH ELEOLRJUDSKLTHKW BHHWNW B HO PIRSD/QGHDU HHGHHY G LJ
la parcelle sont raisonnablement bien caractéridéss avons cependant mis en évidence un manque

de recul sur les effets des apports répétés detdigeau champ a long terme, comme sur le stodege

MOS ou sur la vie du sol. De plus, les differepts | HW YV G H Odgdigefaps@bchainisdnt souvent

étudiés séparément, et peu mis en regard les umaggeort aux autres.

LYLQWURGXFWLRQ GH OD PpWXDRQ VWDV E R Q\&0QW XXUHEffdES ORIV D
VXU OD JHVWLRQ GHV HIIOXWH®WW qPH\S @ GIDXIBIWCH B&R2uBXYHP SR U W
pour la méthanisationl RXV DYRQV PLV HQ pYLGHQFHVEBUYLPOSRUWD\ BHH \G H 1FI
PPWKDQLVDWLRQ VXU dedEROSrhEfahisation VU MW MPHRHQW VWRFEFNDJH
DIJURQRPLTXH OLp j O1psfetQisni2 $bht ad Mid8deAdarfts, entre apaee que le

traitement des effluents bovins et la présenceodsubstrats dans le méthaniseur influence la guetit

la quantité de PRO épandus au chapp FKHOOH GH OD IHUPH ‘eh&UE&uUdier W UH WUQq

méthanisation agricole.

- FDXVH GH WRXV FHV HIITHWWYNKE OQHW HJ)ON UHWH QO Q HEMXVQ S DV
facon synthétique sur les effets de la méthanisaties mesures expérimentales peuvent difficilement
pPWXGLHU WRXV OHV DVSHFWY GIRK&L IR pW KPmU VAHPLLD VWNDRUBAKE XYW RV
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généraliser les résultats a différents contextdies Esont cependant nécessaires pour valider des
modéeles TXL VRQW GHV RXWLOV XVOlgPHY S/RIX/UPR GHDWHWH U GFH\F KSHUGRE
SHUPHWWHQW GYipWXGLHU VVPXID\WHRQRMEW XFOK VLM G YD VP WK
de généraliser les résultats obtenus parles mrestdf H{] SORUHU GHV VFpQDULRYV j SOXV
des pratiques plus nombreuses que ce qui peuttélisé simplement avec les mesures. lls permettent
GILGHQWLILHU GHYV S dprdgdrifexélvandhidted ¢ bilarG0viodné&mkaeda filiere.

&HY DSSURFKHV PRQWUHQW TX®D jYO QORARKHN®DOWH. BH &)X HHRFPMH HW
émissions de CHors du stockage des PRO sont des éléments edsentibénéfice de la méthanisation

HQ WHUPH GYHPSUHLQWH FDUEKERWQH H HOWD IPpSHEFWOQOL WD WRRQPRLJUL F
de la substitution aux engrais chimiques (posiif, effets sur la MOS (mal caractérisés) ou lest®ff

des émissions des digestats lors de leur applicaiochamp (négatifs), peuvent impacter le bilan
HQYLURQQHPHQWDO GH OD PYREW @YX FWR G HE&BIY WXiHPDHWROXH (
DJULFROH PDLV QTRQW HQRRUBH YWHH OB XYW HSWRFEKIHWHY DY

1.5.2 Objectifs de la these

La méthanisation agricole dans une exploitatiorsd@ O\FXOW XUH pOHYDJH D GRRQERUG S
GIpQHUJLH UHQRXYHODEOH HWDQH R\LWQD/L VHIDROHHQ IV pG B O KR IF @ MWG/H
agronomiques, sur lesquelles nous nous cormens dans cette thése. Les cycles du C et du N son

lies & une grande partie des effets agronomiquels aeéthanisation : fertilisation, pertes azotées,
émissions de GES, stockage de MOS. Les effetsmétlaanisation sur la vie du sol peuvent aussi étre

liés a ces cycles, entre autré6L D O 1 D Siiafiete Wrg@hique comme source de nourriture, et
OMpSDQGDJH GH SURGXLWYV WUFERXWHILD DWR WAS D P P B@HsIBER®W DIL Q V |

optique, cette thése veut donc répondre a la quegénérale suivante

Comment la méthanisation agricole en polycultusyale modifie-t-elle les cycles du carbone et de
OTMD]RWH j OfpFKHOG®dite® M UDO O MHQ Y HP E @ @it nOdes Qe IKH TXKT j
OTpSDQGDJH GHEHNANMPRIHVWDWYV DX

Cette question générale regroupe en réalité plssppuestions plus spécifiques :

- Comment les caractéristiques des digestats, irdféeshpar les conditions de stockage ou de
post-traitement, déterminent-elles leurs propri&ésde leur épandage au champ ?

- Peut-on quantifier globalement les effets de lahamdisation sur les différents flux azotés
G T L Q WwomicheWa substitution des engrais chimiques pardigestats, la volatilisation
GIDPPRQLDF OHV(pdrlaMivividRiap deritrales, en considérastddférentes
sourcesGIpPLVNVLRQV

- 4XHO HVW OfHIIHW GH OD Rp\WHKDIQI6V W L RXQDe@XIkiid3eH/MWVRR @ 1 .

azote du sol et la vie du sol ?
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- 4XHO HVW OfHIIHW GH OfLRPRB WD G N DX PR pl W W H BV @ XX DEQXAULWY |
les bénéfices et risques de la méthanisation ?

- Peut-on quantifier et comparer les effets de difiéas pratiques lors du traitement, du stockage,
RX GH Of{pSDQGDJH GHV GLJHVWDWYV "

Pour répondre a ce questionneme@tR XV DYRQV XWLOLVp XQ HrinGeptRtiortudt kH XWLO L
modélisation.8 Q FDV GIpWXGH LQFOXDQWXGNBNVXOALUDRKY BKIDPB QO HW UE
OHV HIITHWV GTXQ V\VWqPH BY GH UMWY DWDW IDRKQOX W X OR WNDI QWX H Q W
synthése, surlecycled@ f{D]RWH GX FKDPS HW VX UGG DQRXH ®XBSWRIEL & HGIHD V
XQ PRGqOH j OTpFKHEPSRFH GB GH)X{HSDUWLHV W{UOQ W NMPUHIILW B
déchets de la méthanisation (méthanisation et sgecka digestat, modéle SY&H W K D OIDXWUH
OYDVSHFW DddpR&QiehRIesTdigestats au champ, modéle STICSyualité et la quantité de
digestatsestatr ° XU GX FRIROSNOLHIHHY GHX[ SDUWLHYV Y/BOROAWI GIW VGEHG HD D
chacune des sous-parties du modele. Des scénatienfin été simulés pour répondre aux questions

de la thése.
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/I TRUJDQLVDWLRQ GH OD WKgVH HVW GpWDLOOpH

Figure 1.%, ainsi que dans le paragraphe suivant.

Chapitre 2tLathgVH VIDSSXLH VXU XQ: RPH VG WAV XSE H [EpMREREHD W DWLR C
Nouzilly (Centre ValdeLoire, France). Ce site est basé sur une explmitate polyculture élevage de

ONRAE. Un élevage bovin fournit ses effluents anséthaniseur exploité par Cap Vert Energie. Les
GLJHVWDWY VRQW HQVXLW H Lp/$D\W G Ye PREpiE&BDSItO M UF DY HI $OWRX G +
DLQVL TXH OH SURWRF RI© 8la %X Qoripsr¥ ek sisientek @eHitilisatibsant

des effluents bovins ou des digestats issus deriéthranisation.

Chapitre 3 £Les résultats de cet essai au champ introduit tlckapitre 2 sont présentés dans ce
chapitre 3. Nous mettons en regard les effeta deithanisation des effluents bovins sur les pétési

fertilisantes des digestats et sur les pertes egaté champ.

Chapitre 4+t &HW HVVDL DX FKD P Slaxafddité Bl Model§ so-planté ISUESmuler
OH F\FOH GH OYD]RWH lOrR& MrtilzdeXaydd deRAgEsiats, RiQsifF XSUpGLUH OHYV
différences entre les systémes de fertilisatioiétu STICS sera donc utilisé comme modéle pour

simuler les épandages de digestats.

Chapitre 5+t /H PpWKDQLVHXU, taxnFdesG cAPMXXGEH DULpY D SHUPLV GYpY
du modéle de de méthanisation SYS-Metha a préaligedlité des digestats et la production de biogaz

SYS-Metha sera utilisé pour simuler la digestiote estockage des digestats.

Chapitre6 = Enfin, nous couplonses modeles STICS et SYS-Metha polr XDQWLILHU OfHIIH
OTLQWURGXFWLRQ GH OD PpAWHKBRQLVDRWXRQ LMPAHORBV GALXI[pGHQW
guantifier les effets dO fLPSRUW GH G peFdeHifiéxente§ \Watiduek! delgi®stion du digestat

du postWUDLWHPHQW j OTpSDQGDJH

Chapitre7 £tNéanmoins, cette quantification desfluxdeCePMl SHUPHW S D Sut@z§eMéd® OXHU O
GH OTLQWURGXFWLRQ GH OBDUPPMWWI/OILYUDMLRI) BWXH[EI®RXN W X C
UHFKHUFKH Qictph dg 1© fhétawddtRiGagricole, nous présenld@ H pWXGH VXU OfHI
OfpSDQGDJH GH GLIJHVWDWDY KU\ G H bRerRdets e X GHRWOW DX WU

Chapitre8 +Enfin, OfTHQVHPEOH GHV UpVette WRBaMAtONRWEW M QWV GABQW B LVE
générale
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Figure 1.5 Plan de la thése
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Chapitre 2
SUpVHQWDWLRQ GX VaNoltilg fH[S

&HWWH WKgVH HVW FRQVWUXDWH[ DXRULRAXDIW G R QF Bl \QuG4RerY KOCHIWXH
INRAE a Nouzilly (CentretVal de Loire) et du méthaniseur localisé sur agree Ce chapitre présente

OH FDV,®HhWYXBMHW GH UHFKHUFKH OpW B DhWKRXD FIKOLP 6 DX b VDX I X pC
FDGUH GH FH SURMHW /HVP$pVXORDWABIGeHhEGHIHYDL DX FKD
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2.1 Contexte régional

2.1.1 Localisation, agriculture et climat
Le site de Nouzilly e8¢ VLW Xp GDQV OH @S2 (3R HERQ OEnttk IV,aleEdiré]
France. Il est localisé a environ 20 km au nordaolars (coordonnées f 1 1 ) (Migygre 2.1

'fDSUQV OYHQTXrWH $*5(67( @eQoird,pd ERfare &gliQoWw Utite (SBU)
représentait 60% de la surface totale en 2016ultare de céréales domine. Elle représente enléron
PRLWLp GH OD 6%$8 1pDQPRLQXOGXUH HDY Vgueksi|EHdiNaLTkDgiLY L
vignoble, des vergers de pommes et de poires, daim& DJH DLQVL TXH GH OfpOHYDJH
lait, ovin, porcin, avicole, caprin) (AGRESTE, 20Q17centre-valdeloire.chambres-agriculture.fr/)

Figure 2.2).

En Indreet-Loire, ] O fH[F H SareRdg dbltdrés spécialiséésHV ERUGYVY GH /RLUH O9YDJL
GRPLQpH SDU OHV JUDQGHW B X1 W B UWHS HUM Y R FHOOME &Y IEDENCHY W G H
de 351 000 ha. En 2018, les principales culturas:so

les céréales (46% de la SAU), dont le blé (31%ad®d8 O TRUJH HW OH PDwV
- les oléagineux (19%) qui inclotle tournesol,

- les prairies artificielles et temporaires (7%)estsurfaces toujours en herbe (10%) (AGRESTE,
2020).

/I fpOHYDJH HVW GRPLQp SDU @OffppHHYYIDISBRESFE|AGP 0D Delcivatest H W
océanique (classification Cfb selon la classifmatde Ko&ppen). A Tours, entre 1981 et 2010, la
température moyenne annuelle est de 11,8 °C eluldométrie annuelle moyenne est de 696 mm
(Météo-France).

Figure 2.1 +Localisation du site de Nouzilly, a) en Francebyen région Centre Vale-Loire.
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Figure 22 + 7\SH GYDJULFXOWXUH €/ RIpUHR Q[\VEHRMWNW G 9D BJULTUHSq
(2017).

2.1.2 La méthanisation en Centre \da oire
En Centre ValeLoire, en 2021, on dénombre 39 unités de méthtmisadont 22 a la ferme (16 en
cogénération, 6 en injection), 11 centralisées (4cegenération, 7 en injection), 2 unités utilisant
seulement une couverture de fosse a lisier avecisation de la chaleur uniquement, 1 unité encstati
GIpSXUDWLRQ GHV avéxrXgloXsatoH te l6chaRur uniquement, etiésien industrie
avec valorisation de la chaleur uniquement (SINZI1). Elles étaient 20 en 2017.

2.1.3 Enquéte sur la méthanisation en Centredédloire en 2016
En 2016, une enquéte a été menée aupres de 18 deithéthanisation a la ferme par la chambre
GITDJULFXOW X U-te ik, danQlis\cddie dDptjet MétaMétha (présemtgeetion 2.3). Le
but était de répertorier les pratiques agricolésdlia la gestion des digestats. Nous en faisons une
synthése ici. Les unités enquétées utilisent tautegrocédé en voie humide mésophile. Elles traiten
entre 5 500 et 22 500 t de déchets par an (moyeh®d00 t ar). Sur les 13 unités, 10 post-traitée
digestat par séparation de phase, par presse aMsV XQLWpV Q X&pdr@iarvde@NEseSDV G
produisent des digestats bruts avec des teneurmtére séche relativement faibles (5 a 10%), ¢e qu
SHUPHW GH OHV pSDQGUH PDIPGHJp NHRQKANS GAICdD@ Ged bG8HQ H UD
XQLWpV VR QwWie pauxeritre deMfossdde stockage des digasuaitiels ou bruts.

Les digestats solides représentent des volumetvesteent faibleslls sont le plus souvent épargdu
avec des épandeurs a fumier. lls sont épahdWV RLW HQ ILQ GYpWp u GUHWYeB QW FRO
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intermédiaires a vocation énergétigt€IVE), soit au printemps (prairies, ou avant less de mais).
Les digestats solides sont typiquement apportés ave dose de 10 a 15 tha

Les digestats liquides ou bruts représentent diesnas importants. La plupart des digestats liquales

bruts sont épandus avec une tonne a lisier etampe a pendillard. Quelques agriculteurs testemt de
VA\VWgPHV G 9 pSDQ @irautdury Enfdh akhRiligal,Hsouvent en prestatie service, pour

éviter les problématiques de tassement de/sfitilisation des digestats est guidée par des doteésa

de volume de stockage et la volonté de valorisar ¢epacité fertilisante. En conséquence, les deux
SPpULRGHYV GHRSDOQGDIWRPQH )ét dWdeRIQduGpXinteipRR fFeNilisation des

cultures). EnlLQ G faldmn® }s digestats sont apportés devant ocalzar prairie, parfois devant

une céréale ou une CIVE. Au printemps, périodesguible étre favorisée, les digestats sont apportés

sur céréale (blé en particulier), devant mais,psairie HW WUqV SHX VXU FRO]JD /HV GF
digestats liquides ou bruts varient de 20 a 35%dmal L Q G  p VdytoRn¢, et Qe 25 a 50 thau
SULQWHPSV /RUV GYDRORIUY\G VYKIUYEHVREKXDXNIUHYWHP &SV VOH RS D
et rampe a pendillard ne permet pas de passetérgpol humide et peu portant), ni trop tard (uisq
GITDEvVPHU O By naxQed/appars/se font surtout juste aeeseinis ou a la place du premier

apport G 1 H Q J U D L(gtaBd 2BpfelMead). Sur blé, les apports sorts&aa la place du premier ou

deuxieme apport, mais jamais en troisieme appa@mses rares épandages sur colza au printemps, les
digestats sont apportés au premier apport, maisapadeuxiéme. Les prairies peuvent recevoir du

digestat a de nombreux momer@sD QV OTDQQpH GqgV TeXivoerpdRavoiH&/tWEB R UW D Q
gue la pluie lave les feuilles avant la patureatgkolte, aprés une coupe au printemps pour &arori

la repousse o HQ QRYHPEUH /D SUDLULH SAWUPHW QRFIEEIZEGNSP RPHH Q M0
OIDQAHIPMHWDLVRQ GH OYDEVHQFH GWYRIRRE&GE H gedorSdRISIBEXY FH G HY
Pour les agriculteurs, les avantages des diggsaatapport aux effluents non digérés sont un mill

pouvoir fertilisantetP RLQV GH S Wik /2017, & fertilisation avec les digasstatencore

mal maitrisée (recul encore faible sur leur utii@a), et beaucougG I DJULFX O W HXdliMe¥ TLQWHU
problémes de tassement de sol.

2.1.4 Evolution de la méthanisation agricole en région Centred&/al-

Loire entre 2016 et 2020
Depuis 2016, le nombre de méthaniseurs agricolgsante, et la gestion du digestat évolue avec le
retourV. GIH[SpULHQFH -DL SX UIDAHF/BU\VSO NP EHNXWYVVGHNVX RKBRBRKU H
du Loiret, GX & KHU HW GH OT,QGUH SHRWX$ WXWYUKHYHGE HWY B @ XMFXROQNWH(
Les projets de méthanisation ont tendance a éteiplportants : parmi les méthaniseurs recensés sur
la base de données SINOE, les méthaniseurs agricogeen service avant 2017 traiten moyenne 9
700 t de déchets par an (n = 11) contre 11 900rt g@ux mis en service entre 2017 et 2020 (n = 8). |l
VIDJLW W R XMR/&NWNEE Kiimdhpmélangée. La méthaiisan voie seche discontinue
QTHVW SDV W dap¥laGdyivriH AvBRnE2ZDpHIles méthaniseurs dgdciaient souvent installés
sur des exploitations en polyculture@éHYDJH SRXU JpUHU OHV nstllatixt vy 6XU
intrants moyens sont : Y0 Geffluents (lisier +I| XPLHU GILOQWHUFXOW X WHKW V GH
(déchetsdeNRQWH GpFKHWYV G 1L Q GX\d&¢hets de BantihB, PaD eéxerrp@ )M bltrel +
type de projet a vu le jour, avec des méthanisgamsla ration est composée par environ 60% dereult
(CIVE, quelques cultures dédiées) et des produiisrieurs (pouvant inclure des effluents animaux).
Ce nouveau systéme concerne des grandes surfaceliutes céréaliéres.

La gestion des digestat@afque trés légerement évoludees agriculteurs essaient de valoriser les
GLIJIHVWDWYVY OH PLHX[ SRVVIRFROH XGH XBDE N LQAW GHR WH DURPWAY OR
desGDWHYVY HW GRVHV GYpSD Q&3 Bpaddddées \aved@étorwed)a hsiel RasevtHoés
problémes de logistique (nombreux allers-retowgsjje tassement des sols. Les épandages se font de
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plus en plus avec des systémes plus adaptés :agmsdns tonne, rampe a pendillard large de 36 m qu

permet de faire moins de traces dans la culttrB. XV QfDYRQV SDV HX GILQIRWPDWLRC
des digestats. La gestion de la charge de traaaéth@niseur, transport et épandage des digeaittsec

GHV &,9( HW GX FR&MR GWM GHYSDXHOODNHRQV GID¥FWXDOLWpP SRXU C

2.2 Description du site de Nouzilly

2.2.1 Description générale
/I18QLWp ([SPULPHQWDOH GH 3K\VDRIERLEG HINRAE, RNOudll, Bance) 1 2
est une unité expérimentale de recherche qui bt des travauxeBURGXFWLRQ D@LPDOH D
agroécologie (www6.valee ORLUH LQUDH IU XHSDR /7180 BY¥D SHRWOHEMRIYH @ L Q VL
caprins, équins et porcins/p T X D8rhhire » deO8( 3$2 D SRXU PLVVLRQ GTH[SOR
DJULFROHV GH OfXe&slidrmgBRnéddssaiteR &uX EleEged ce qui ilacisdorisation
des effluents au champ, entre autre&  H Voés terdeétique se déroulent les projets de rechetch
O 1D JUR paubaRi& fadrragére, itinéraire techniques sanqides, agroforesterie). En 2014, un
méthaniseur, exploité par la société Cap Vert Hagry été construit a proximité des installatioes d
O0M18(3%$2 &H PpWKDQLVHXU UHRAWEHCOCOQHQWM QGHOSIDDWH HGB O, 1"
HVW PDMRULWDLUHPHQW pSDQ@GX OAX U5 $HV DW S U R H.\P LI LG-HR GOHT
méthaniseur et des terres agricoles a contribaéndide en place du projet MétaMétha et de son essai
auFKDPS /fHPSODFHPHQWs@dtimemry eh QdguweA3W U XFW XUH

Figure 2.3 £Photographie aérienne du site de Nouzilly. Coordtims : 47,545377°N, 0,789024°E.
Source : www.geoportail.gouv.fr.
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222LfpOHYDJH
/11,15%( SRVVgGH SO X 8éuits Xauyx dapndlés e iilueHtY sont traités damsdthaniseur du
site sont présentésedélevages bovin, oviat équin.

ITPOHYDJH pTXLQ FRPSRUWH HQWIXPRH@QWYV FKHH YOXIHIRQEWKLQ IUDL
GX PpWKDQLVHXU /fpOHYDJH RELVQHMV WD FRO@QY/SDILVWMWX pE#WH DQLPD
printemps et en été, et restent en bergerie em. hieefumier ovin frais est un intrant du méthanise

/I fpOHYDJH ERYLQ HVW XQ pOWpY BIH ERMLRQOD YWEKH V FRIPISRRL q U H
vaches tariesHXOHYV OHV JpQLVVHV SkWXWHEFWHVPRD VS\&iddiHiD @ @/p M/ D,
EKWLPHQW WRXWH OTDQQp i VS D IGYK @ WIDFOHK UX QY BRXFBHRQW O LV
dans une pré-fosse non couverte). Le lisier estitngompé vers le méthaniseur. Les fumiers bovins

sont assez pailleux. Quand ils sont frais, ils sonintrant du méthaniseur. Alternativement a lstigae

par méthanisation, les fumiers bovins sont stoete$umiere couverte comme les fumiers ovins et

équins. Ces fumiers sont ensuite compostés enragdiaiine plateforme non couverte puis épandus sur

les terres agricoles.

2.2.3 Le méthaniseur
Le méthaniseur de Nouzilly (Cap Vert Bioénergie kithy) a été mis en service en 2014, a proximité
GX VLWH GH O¢Y,15%( ,0 HVWDIB[SGRW@QBEDULAD , ORVFILPWIN G TXQ |
humide infiniment mélangée mésophile. Le biogazaktrisé en cogénération. Le méthaniseur est une
Installation Classé&s R XU OD 3URWHFWLRQ GH OYeQYldfifatnQ Hdaaée ,&3( \
de traitement est de 12 000 t de déchets par an,lanquantité réelle de déchets est comprise @ntre
500 et 8 000 t ah Une partie de la chaleur est valorisée avec diffhge du méthaniseur, une autre
partie est vendug OY,15%( SRXU OH FKDXIIDJH GINWV SERXML XHQ Ysigé KIRQL KL LjY |
agricole en été. La chaleur vendjyeO 7,15%( UHV®W/H O RBEGH) H G-Hthermifueka Q
regard de la production électrique qui se situewauie 1 300 MWh ahélectrique

/IH PpWKDQLVHXU HVW FRQVWLMNXH G X & BW b RRY MR >SIREDCALm U H
(1600 HW GTXQ SRVW 8.6 tenps/ dieXéjour totaPest de 100 jours envidosa sortie,

le digestat brut subit une séparation de phase awlamgpresse a vis. Le digestat solide est stoaké su

place puis envoyé I, 15$( WRXV OHV TXLQ]H MR K&dmpostéla@edtgs/Effients HO O HP

GIpOHYDJH /H GLJHVWDW OQDIXGH RRW IPWRAMYONSEFRgUrek Q H

2.4).

/HV H[SORLWDQWY GX PpWKDQWWYHXGHRNQ®R QR pBIRX & TWRIDRUAF Y WG
SODWHIRUPH GH GpFKHWV HORMGXFOM REDGW EDRUDW LLR& GHH[SR
OYfpFKHOOH GH OD VHPDLQH HQW Su césHrois années, led iwradtsiont été

stables. En moyenne, le méthaniseur a traité 7t 8@0déchets. Les déchets traités sont vaonésn

dénombre une trentaine sur cette périodeO VAeDDILW. HUV ERY L Q0@ds irdr&nts B8 (

masse), de fumiers équin, bovin, et ovin (17 GH ERXHV GpSXEBDWMRWNLROX G{pS>
urbaines (29%), de divers boues et déchets issubAde(18 GH JUDLVVHV s(O@Q®QIHDX[ VLC
d fesues de silos de céréales (8%) ainsi que quettiobets autres comme des déchets de tonte de bords

de route| (Figure 2)5
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Figure 2.4 tPhotographie A) du méthaniseur de Nouzilly, Bledaesse a vis et du stockage de digestat
solide, C) de la lagune de stockage de digestaidi& © INRAE.

Figure 2.5 +Ration moyenne du méthaniseur
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2.2.4 | ¥ploitation agricole
/[HV WHUUHYV DJULFROHV GH QU185 RB(S$YR QOQVVHBIQRLEPHYHSBSORLYV
grandes cultures en gestion conventionnelle dehd07fH[S O R prddDIWML B® OTDOLPHQWDWLF
pOHYDJHYV GH 0¢Y,15%( HW SHWXMHQW \G K Y\D ORUW P\DEKY X \WFKD PG /11
constitué de prairies (32%, dont 4% de prairiesnp@entes), de blé (22%), de mais (17%, dont mais
grain 10% et mais ensilage 7%)G YR UJH GH O X]H Ud@étsité G T HXWV G HX QHX O W X
souvent fourragéres (pois, soja, moha, féverolggimgiticale, avoine). Les prairies restent eoyenne
4 ou 5 ans. Les prairies sont en général des asems de graminées (ray-grass hybride, dactyle,
IpWXTXH DYHF GHV WUQIOHW RQUUPBOLYHDLULHFWRPEMREIKEGDQV O
FRXSH VHUW j IDLUH GH OTHQVQBOY AR RXHFHVRX I MDQ WHYMRDMW G X
prairies ne sont pas paturées.

Le compost de fumier et le digestat solide sonbnitajrement apportés devant mais ou sur praige. L
digestat liquide est apporté majoritairement sairi@;, blé ou mais. Le lisier porcin est principaént
épandu sur prairie. Les périodes R ¥ HV G DGR OWDQQpH VRQW SUpFLVpHYV GDC

Tableau 2.1+t$SSRUWV W\SH GH 352 VXU OTH[SORLWDWLRQ GH 1RX]LOC

PRO Culture B3pULRGH GYIDSSRLl 'RVH GYD¢
Fumier composté Mais Printemps 15 £25tha
digestat solide
Prairie Automne 15 +25t hat
Méteil Automne 15 +25t hat
Digestat liquide  Prairie J)LQ GYKLYHU j ILQ 20 +30tha
Prairie Automne 10 £20 t hat
Blé Printemps 15 25t ha
Mais Printemps 20 +25t ha
CIPAN avant mais Automne 10 20 t hat
Lisier porcin Prairie Automne 20 £35tha

2.3 Description du projet MétaMétha

2.3.1 Objectifs du projet
Le projet MétaMétha est un projet de recherche cooréiparO 18 ( 3$2 ,153%( 1d&udL OO\
participentO 185 B 2INRAE, Orléans)HW O 805 (&26<6 ,15%$Grighk) Y ALY MOHVW
déroulé entre 2017 et 2019. Les chamb&§ DJULFXOWXUH G X-etBoird) ld\abcldtd/deGH O, Q
conseil Evea et la société Cap Vert Energie samepaires du projet. Le projet est financé paétaan
Centre ValdeLoire. Son objectif est de comprendre les impia@a environnementales de
OTLQWURGXFWLRQ GTXQ RaidnhkeD Qdlyeututd)élavxdd. DeQprbjeHd P Evidies
réalieer une enquéte aupres des agriculteurs méthaniseues région Centre Vale-Loire (voir la
sectio ), un essai agronomique et une amdlyycle de vie (ACV). C8 H VHFWLRQ VILQWp
OfHVVDL DJURQRPLTXH

2323UpVHQWDWLRQ GH OfHVVDL DJURQRPLTXH
/IfYHVVDL DJURQRPLTXH OpWDOpRWHWDXDMDLX\WQ BRXWY REWVIHW @V GIfGPISD F
associés a la fertilisation organique (effluentsmanix ou digestat) : rendement des cultures,
YRODWLOLVDWLRQ G19DP®RIQiLi&tibn de Milirdtesl RIQ YeuBdre lobjectifaiét
GIpWXGLHU OD SRVVLELOL Wy DGEH ADHQIHF UXXQ@IHI KR WY IDOALLVREW EFR Q W Q \
GIDSSRUW GTHQUUIDV V DAR hs@2W KA 2019), avec des cultures de blé (2018),
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colza (2017-2018) et blé (2018-2019). Cette rotatsimplifiée a été choisie car elle permet de

VILQWpPUHVVHU DX EOp VXMHW DO DREDAY® D IBlofEHivEaGIRmdy \/ D W

YDORULVDWLRQ GHV DSSRISW\OBHM LG & pWX 8 W >XCH HKIBRG@T /9
HQFRUH DXMRXUGYTKXL

/ITHVVDL EiRgsgesiziids de fertilisation. Trois systémessetilt une fertilisation organique, avec
des lisier et fumier bovin, du digestat brut (sséysaration de phase), ou des digestats liquidssiees
(séparation de phase). Les deux autres traiternenssstent en un systeme témoin avec une feridisat

minérale, et un systéme contréle sans fertilisafiableau 2.2). Les traitements organiques ont recu
GHX[ W\SHV:GYDSSRUWYV

- des apports de lisiers, de digestats liquides,eodigestatE U XWYV HQ VRUWLH G{KLYHU

SURGXLWY OLTXLGHY GRQWQQ¥HpBERRBKH IHQ HWHW WSLAX W DV W D |
OYDIRWH QpFHYVV.Dé tigestatdfutipEud AssilétieVapporté aprésdclalte en fin
GTpWp

- des apports de produits solides (fumier ou digestitde) HQ pWp DI\DQW SRXU EXW G
la matiére organigue au sol.

Chaque traitement correspond a une parcelle d® MBQ75 x 24 m). Les parcelles sont suffisamment

grandesSRXU SRXYRLU pSDQGUH OHYVJ3E5F@oOMdEn Coddihhs r—RaEIESKReQ HYV D
plus, les cing parcelles sont chacune centréearsdrain, qui a été utilisé pour estimer la lixtioa
des nitrates (Figure 2.6

/ITRULIJLQDOLWpP GH FHW HV\W XL GWH $SBRFVWHXXIN XQH FRPELQDLV

- Une approche « systéme », qui mesure les effalfféeents types de fertilisation, en couplant
différents PRO considérés comme amendants (apgorhatiére organiqueju fertilisants
DSSRUW GYfHQJUDLV D]RWpPLRRQOGHFRXHIDWDXUBTXQH VXFFHVV
- 'HV HVVDLYV j JUDQGH pFKHRWHOLYDWILRQHG B XWRKLYHB® VD N
réelles.

- UnVXLYL GH QRPEUHX[ I0OX[ G 1D Rt @Xe&iKMeBS. SHQGDQW D

Tableau2.2 *7UDLWHPHQWY pWXGLpV VXU BPHVVDL DIJURQRPLTXH OpW

Systémes de production schématisés pa Code Apport au printemps Apport en été
traitements
Ferme en polyculture élevage CsSM Lisier bovin Fumier bovin
Ferme en polyculture élevage avecur  RD Digestat brut Digestat brut
méthaniseur, sans séparation de phas
Ferme en polyculture élevage avec ur  LSD Digestat liquide Digestat solide
méthaniseur, avec séparation de phas
Témoin, fertilisation minérale MN Engrais minéraux /
Controéle, absence de fertilisation ON / /
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Figure 2.6 +t30DQ GYH[SPpULPHQWDWLRQ GHWKBVVDL DJURQRPLTXH O¢

Figure 27+t3KRWRJUDSKLHYV GH OfHVVDL DX FKbPIS5$pWDOpWKD OH
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233&DUDFWpPULVDWLRQ GX VRO VXU OfHVVDL DJ
/[H VRO GH OYfHVVD prébDisenWmGPBEMWYFWpUIDV/p OT85 62/6 ,15%( 2UOpI
section résume les principales analyses et condsisurO fpWXGH GHV VROV GH OfHVVDL

En janvier 2017, le sol a été prélevé sur 9 pqiatsparcde et a 4 profondeurs par point. Les teneurs

en C et N total (combustion séche), CaC&zidification et dosage duG@PLY OD FDSDFLWp G
cationique (CEC, méthode de Metson), ainsi que Xtute (sédimentation) ont été analysées par le
LaboratoiUH GY$QDO\VH GHV 6ROV /$6 \YBY( GSHUGEBQVLWY OGRDWRO |
cylindre) ont été faites dans les différents harz@t au cours des trois annéea plus de cette
caractérisation initiale, une campagne de mesulierdsistivite EHFWULTXH D pWp épRs®@ G XLWH ¢
CIBLAGRO en octobre 2016 OHV GRQQpHYV R QWJUR SQLDI@OtaNEgsteEctBdDes O

sont espacées de 6 m, sur trois « profondeurs500cm, 0£100 cm, 0150 cm)./f{DFTXLVLWLRQ V1
faite par des trainés électriques espacés de 6 hurdidité constante, la résistivité est corrélda a

teneur en argile. Ces mesures ont perG§ DQDO\VHU OYKRPRJpQpLWpH®H@H/ ROV
différencier des classes de sols. Trois fosseslpgidaes ont été creusget caractériséds (Figure P.6),

pour déterminer le type de sol du site.

LesoldeaPDMHXUH SDUWLH G lstubLwisdl typidld réaiokisolféstimatinh 7598 U

SOLS), mais il y a aussi présence de Planosol sgghme (estimation 25%, UR SOLS), définis selon le
référentiel pédologique§VVRFLDWLRQ IUDQoDLVH BI8ULaApfofoviti¥u®E ¢ttt 8IHV VR O\
HVW G 1Qof LeRpente sur le site est de[2% (Figfe Res caractéristiques des sols de surface

dans les différents traitements sont présenté&s. Les densités de sols utilisées dans

les calculs de reliquats (entre asjrsont les suivantes : 1,37 g €0 20 cm), 1,55 g crfi(20 +40

cm) et 1,60 g cr (40 £100 cm). Les teneurs en Cagsont tres faibles (< 2 g Ky Sur la surface de
OTHVVDL RQ REVHUYH XQ OpJGNU VROGLHHQWREBQW ¢ B WQDAKHIYV W
légérement en argile et en limon & DS SD XY U L[Wablea@ 2. §)DEoGsHles prélevements
appartiennent a la méme texture (limon fin). Leetanen argile du sol est plus élevée en profondeur
TXTHQ VXUIDFH (Q SURIRQGHKKRHQ@W KN®& LMW XD B SEHD XOIRAMAW W Y
LQWHUSUpWp FRPPH XQH SRSRURMIDQWIE GH ¥Y¥ADQIRAVHROGXMIRXHVW
aussi un léger gradient de CEC et de pH. On obskme des différences entre les parcelles, méme si

les sols restent de méme nature. Cette limite astédmée dés le montage du projet, au regard des
avantages de configuration du plan expérimentati(s$2.3.2).
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Tableau 2.3 xCaractéristiqgues des sols de surfaces{P0 cm). Les résultats sont indiqués sous la famogenne + écart type (n=9). Les parcelles sont
RUGRQQpHY GH OYRXHVW &66FHYGH\OBDWHNMM BRPRPKDEWHQYGE 1D X H ADXW LEYHdA ANDVG T URgy 1eisQ) W

p < 0.05).

Argile (%) Limon (%) Sable (%) pH COS (g kg") C/N CEC (meq 1009
CSM 154 + 1,5a 573+1,3a 272 t1,4a 6,4 +0,2b 146 + 1,3a 103+0,1a 8,5+0,6a
MN 16,1 £ 1,5a 592 +£1,3a 24,7 +0,7b 6,7 £0,3a 14,6 £1,3a 101+0,2b 8,9+0,7ab
LSD 171+ 14a 62,3+ 1,0b 20,6 £2,0c 6,5+ 0,4b 13,3+ 1,0ab 101 +0,1b 8,9+ 0,9ab
ON 20,2 + 3,0b 635 + 3,0b 16,4 £ 0,9d 6,4 +0,bc 13,4 + 0,6ab 101+£0,2b 100+£1,5b
RD 158+ 1,7a 70,6 £1,6¢C 136 £0,7e 6,1 £0,2c 128+ 1,3b 104 +0,2a 6,9%x1,1c

COS: Carbone Organique du S&OS).

Figure 28+ 7HQHXU HQ DUJLOH GX VROQWHORY 6BV UGHMIEYHQWNKBULQE LT X HEBD XWRppiFBOXWQH 1LIXU
Pasquier.
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2.3.4 ltinéraire technique agricole
/THVVDL DJURQRPLTXH HVW J WO E HD R BignLsaiiificd REY®MQNEL R Q Q

Les opérations agricoles sont décrites deJableau 2.4. Excepté au 01/05/2019, les engrais de
synthése azotés sont de la solution azotée GI{D]RWHGEYHVW GID]J]RWH XUpLTXH
nitrique et7, GTD]RWH DPPRQLDFDO pSDUQILGORVHREYD LIG KD IGUXHU S ©BIYE
le digestat liquide sont épandysOTDLGH GTXQH WRQQH | ©& pehdlldrdpI2®)SpH G X
/HV IXPLHUV HW GLJHVWDWL\GHR@WVWMNSQQ$R@ fOpULVYV

2.9). Les PRO épandus ont été prélevés avant moaent de chaque épandage, puis analysés par un

laboratoire externe (Auréa, Orléans, France). beaatéristiques des PRO mesurées sont les terreurs e

matiére seche, azote total, azote ammoniacal, reatiganique, P, Iétle pH. La teneur en C, utilisée

pour calculer le rapport C/N, est supposée étreégia moitié de la teneur en matiere organiqee. L

nombre dedateS fDQDO\VH HVW GH SR XUW DM&GdodHe W3t liyuRi©dt@H HW O
lisier, et de 10 pour le digestat britHV GRVHV GI{DSSRUWYV HW G3HV OO GBVOHON G-H
chapitre|(Tablau2.5, Tableau 2.6). Le Tableau 2.5 est égalemésepté et commenté dans le Chapitre

3. Le Tableau 2.6 est présenté de fagcon synthétigoemmenté dans le Chapitre 3.

Figure 2.9 +tODWpULHO DJULFROH XWLOPRQ liuURIesUet®)geS PROGDIdes D G H \
Victor Moinard, UMR ECOSYS, INRAE
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Tableau2.4 + WLQpUDLUH WHFKQLTXH GH &KPHVVDL DJURQRPLTXH OpWI

Culture Date Action
2016 + 2017 26/10/2016 et Préparation du sol : déchaumeur a disque (15 cm),
Blé 27/10/2016
27/10/2016 covercrop (10 cm), suivi du semis de blé (variété Syllon, 26073yr
22/11/2016 Herbicide (FOSBURI 0.50 | Wa HERBAFLEX 1.56 | ha)
22/03/2017 Fertilisation
19/04/2017 Fertilisation
04/05/2017 Herbicide (NICANOR PREMIUM 30 g hY
15/05/2017 Fongicide (CERIAX 1.24 | 1§
20/07/2017 Récolte du grain (récolte machine et prélevements manuels)
23/07/2017 Récolte de la paille (récolte machine)
2017 + 2018 02/08/2017 Apport des PRO solides
Colza 03/08/2017 Enfouissement et préparation du sol : labour (20 cm), coy@i(10 cm),
rouleau (2 cm)
21/08/2017 Semis de colza (variété Fernando, 40 gy m
21/08/2017 Herbicide (CENTIUM 0.20 | 4, RAPSAN TDI 2.00 | hd)
25/10/2017 Insecticide (PROTEUS 0.63 I’lha, EMULSOL 0.05 | itha
21/03/2018 Fertilisation
23/03/2018 Fongicide insecticide (MYSTIC EXTRA 0,6 | fa
DASKOR 440 0,595 | h})
04/07/2018 Récolte (récolte machine et prélevements manuels)
2018 + 2019 19/09/2018 Apport des PRO solides
Blé 20/09/2018 Enfouissement : covercrop (10 cm)
24/10/2018 Préparation du sol : covercrop (10 cm), suivi du semisdiéabescartes
300 gr nv)
26/10/2018 Herbicide (ARANDA 1,11 | hd, COMPIL 0,167 | h&d, ROXY 800 EC
1,11 | hal)
19/02/2019 Fertilisation
12/03/2019 Fertilisation
26/04/2019 Herbicide (DAYTONA 0.02 kg h& HARMONY EXTRA SX
0.019 kg hd)
01/05/2019 Fertilisation (traitements MN et CSM, ammonitrate)
03/05/2019 Fongicide (COGITO 0.427 | hia
07/05/2019 Fongicide (VELDIG 0.769 L/ha)
22/07/2019 Récolte du grain (récolte machine et prélevements manuels)
23/07/2019 Récolte de la paille (récolte machine)
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Tableau2.5+'RVHV GTHQJUDLY pSDQGXV VXW KE§ Hogas Bdnt dickqurekeR Sretaparéirig). Ce tableau est aussi présenté dans

le chapitre 3 (1/2)

Culture Date Traitements
MN CSM RD LSD
Blé 2017 22/03/2017 fertilizer Solution azotée Lisier bovin Digestat brut Digestat liquide
t hat / 37 38 36
kg Nmin hat 86 23 86 74
kg Nt hat 86 40 169 137
19/04/2017 fertilizer Solution azotée Lisier bovin Digestat brut Digestat liquide
t hat / 60 31 32
kg Nmin hat 43 46 63 63
kg Nt hat 43 59 129 123
Total 2017 kg Nmin hat 129 69 149 137
kg Nt hat 129 99 298 260
Colza 2018 02/08/2017 fertilizer / Fumier bovin Digestat brut Digestat solide
t hat / 35 32 33
kg Nmin hat / 20 66 43
kg Niot hat / 276 133 207
21/03/2018 fertilizer Solution azotée Lisier bovin Digestat brut Digestat liquide
t hat / 27 32 36
Kg Nmin hat 99 34 82 98
kg Nt hat 99 88 166 198
Total 2018 kg Nmin hat 99 54 148 141
kg Nt ha 99 364 299 405

Nmin: azote mineral. N azote total.
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Tableau 25+t'RVHV GTHQJUDLY pSDQGXV VXW KE§ Hogas Bdnt dickqurekeR Setaparéiyig). Ce tableau est aussi présenté dans

le chapitre 3 (2/2)

Culture Date Traitements
MN CSM RD LSD
Blé 2019 19/09/2018 fertilizer / Fumier bovin Digestat brut Digestat solide
t hat / 12 16 16
kg Nmin hat / 10 44 28
kg Niot hat / 105 86 110
19/02/2019 fertilizer Solution azotée Lisier bovin Digestat brut Digestat liquide
t hat 24 12 23
kg Nmin hat 40 47 48 56
kg Nt ha' 64 57 99
12/03/2019 fertilizer Solution azotée Lisier bovin Digestat brut Digestat liquide
t hat / 18 20 18
kg Nmin hat 80 19 44 39
kg Nt hat 80 40 87 75
01/05/2019 fertilizer Ammonitrate Ammonitrate / /
t hat / / / /
kg Nmin hat 41 24 / /
kg Neot hat 41 24 / /
Total 2019 kg Nmin hat 161 100 136 123
kg Niot ha' 161 233 230 284
3 years Total kg Nmin hat 389 223 433 401
kg Nt hat 389 696 827 949

Nmin: azote mineral. N azote total.

Chapitre 2



Chapitre 2

Tableau 2.6+Analyses physic&FKLPLTXHYVY GHV 352 pSDQGXV VXpWE PHWVKDLQ G XGE K B R SstdasiyHe (0f g pauigv WIS H
19/09/2018, n = 3 pour le 12/03/2019)

PRO 'DWH GYD¢MS (%MB) Nmin(gkgMB?1) Nut (g kgMB?) MO (g kgMB?)  pH P (g kgMB?) K (g kgMB?)
Lisier bovin 22/03/2017 1,6 0,6 1,1 11,3 7,7 0,2 0,9
19/04/2017 0,8 0,8 1,0 4,8 7,5 0,1 0,8
21/03/2018 7,5 1,3 3,3 56,1 6,6 0,4 3,3
19/02/2019 4 2,0 2,7 27,6 7,5 0,5 14
12/03/2019 32+0,1 1,1+05 2,2+0,0 22,1+1,1 79+0,1 0,2+0,0 29+0,1
Fumier bovin ~ 08/08/2017 35,0 0,6 8,0 264,4 10,0 2,0 12,9
19/09/2018 301+24 0,8+0,0 8,6 +0,3 195,4 + 14,6 95+03 21+0,1 9,5+0,2
Digestat brut ~ 22/03/2017 6,5 2,3 4.4 43,8 7,9 11 2,5
19/04/2017 6,9 2,1 4,2 47,7 8,0 0,9 2,8
08/08/2017 6,1 2,1 4,2 40,2 8,1 0,8 3,7
21/03/2018 7,1 2,6 5,2 46,6 8,1 1,0 3,6
19/09/2018 76+0,1 28+04 55+0,0 519+1,1 8,2+0,0 1,2+0,1 45+0,6
19/02/2019 6,1 3,9 4,6 42,9 7,9 0,8 3,8
12/03/2019 6,0+0,2 22+0,1 4,3+0,1 43,1 +1,7 79+0,1 08%0,0 4,2+0,1
Digestat liquide 22/03/2017 3,7 2,0 3,8 22,8 7,8 0,6 2,3
19/04/2017 4,1 2,0 3,8 24,5 7,7 0,8 2,5
21/03/2018 6,6 2,7 55 37,5 8,1 1.4 4,2
19/02/2019 4,9 2,4 4,3 30 7,9 0,9 3,9
12/03/2019 4,8+ 0,0 22+04 4,2+0,1 29,3+0,1 8,1+0,1 09+0,0 45+0,0
Digestat solide 08/08/2017 30,7 1,3 6,2 269 9,3 2,3 4,1
19/09/2018 + 23,7+0,7 18%0,1 7,0+£0,2 240,7 + 2,6 94+01 2,7+0,0 3,2+0,0
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Chapitre 2

2.3.5 Suivi du site
/JHV GRQQpPHY PHVXUpPHV SHGIG\D QNXQ IGIIVW D IY HRUDWWH LEB Vi TOKILRIEMH \
du site est synthétisé ici, et est détaillé plécisément dans le Chapitre 3] La FigurDRésume
les dates de mesure des différents indicateurs.

Figure 210 +6 XLYL GH OTHVVDL DX FKDPS 0fMROWRDWRKIL THHN AR/ J pINVGE
FOLPDWLTXH VXU OfHYVVPilanéeo@d hdiqgueds @QOnpir at ed p\e, péspeatient.

Cultures et fertilisation : le blé est indiqué ene, le colza en vert, et les dates de fertilisapar des

points noirs.

Figure 211 +Dispositifs de mesures A) de la volatilisationMlds. et B) des émissions de(N Les
chambres statiques sont rehaussées lors de lasamoig de la culture. A) INRAE. B) Catherine
Pasquier, UR SOLS, INRAE.
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2.3.5.1 Conditions climatiques

Une station climatique a permis de suivre la méigaite du 15/03/2017 au 04/07/2019. Les données
météorologiques avant et apres cette période @ntoBtenes via le jeu de données SAFRAN
(Météo-)UDQFH (Q GHV VRQGHV U5 RRQY SHW BLH VGHHPE X LKRUDL |
du sol. Elles sont placées a 3 emplacements comdapt aux fosses pédologiques (Figure 2.6) et a 3
profondeurs (15 cm, 30 ou 45 cm, 75 cm).

2.3525pFROWH HW DEVRUSWLRQ GYD]JRWH SDU OHVY SODQWHYV

La récolte de chaque culture se fait & la machineéosite la parcelle. Le grain et la paille expsgént

pesés RXU GpWHUPLQHU OH UHQGHPH®WN D FRDODYHHOGH GKHGUKHBP
préléevements manuels sont réalisés pour analystarieurs en azote des grains et des résidustdeecul

23530HVXUH GH OD YRODWLOLVDWLRQ GYDPPRQLDF
/D YRODWLO L Viiecvd EtR Qesarg®apefRchaque épandage (5 tan#) 2 en été), pendant

MRXUV 'HV FDSWHXUV SDVV kK sGrff DR Qur e maEDaGidw Haukurs
(3 mats par parcelld) (Figurell). Ces capteurs sont prélevés et remplacés régmi@nt pendant la
période de mesure. Dans le méme temps, un anéngosw@tigue mesure finement la vitesse et la
GLUHFWLRQ GX YHQges refi@edd condehtraiod ¥n Bigzeux a leur emplacement,
LQWpJUpH VXU OD SpULRGH FRIGILSRWPRQWR H QA XINVDROHSARILAP pV | S
inverse j OfDLGH GX PRGQgOH ),'(6 BRI YHREMERQuUpE BtV 20R0Q V
Carozzi et al., 2013). Les analyses ont été mguerda BU EnVisAGESO 1805 (FRV\V HW O18( 3%

2.3.5.4 Mesure des émissions d®Nsuivi des teneurs en azote et en eau du salréece

Les émissions ded® ont été mesuréé | O DL GH GtatiquisixpreleMdrivent manuel (50 cm par

50 cm) [(Figure 21). Cing chambres sont positionnées dans chaquesligafEigure 2.). Leurs

positions restet identiques durant les trois ans, ces positiongtintléterminées pour représenter toutes

les classes de sols (résistivité électrique). Ldes chaque mesure, les chambres sont fermées
KHUPPWLTXHPHQW 'HV SUpO §YIPHOAU Y UGHPHQW B QGDEDD LK p  /+
enN2 HVW GpWHUPLQpH SDU FKURFBWRWYWU®BWHAWHX S KSIOMH RIIDg WL
/[TDFFXPXO DM tdv®la@hambre permet de déterminer le flux. Lesumes de pO ont été

réalisées lors dd2 dates[(Figure 20). Les prélévements sont plus fréquents apréspisodes de
IHUWLOLVDWLRQ GHX[ IRLH@WU WX\PDARHHKQBXRLW BHDWSPRLY HQY

A chaque date de mesure, la teneur en eau (pert@stera 105°C pendant 48h), la teneur en azote

minéral (extraction au KCI et dosage par colorimegtet la température du sol (sondes) sont aussi
déterminés DX QLYHDX GH FKDTXH FKDPEUH/ &SHDW QBB \¢HE VRIBW 332
09805 (FRV\V

2.3.5.5 Reliquats azotés

Les reliquats azotés ont été mesurés lors de 8 datentrées K L Yuétdbre@&®décembre), en sortie

G T K I(f&virld) et aprés la récolte (juillet). Les prdéenents de sols sont réalisés a 4 profondeurs, sur

9 points par parcelle. Les teneurs en azote soalys#es par extraction au KCI| et dosage par
colorimétrie. Les densités de sol considéréesk8itg cm?® (0-20 cm), 1,55 g crh(20-40 cm),et 1,60

g cm® (40-70 cm et 70-100cm) /HV SUpOqQYHPHQWY HW DQDOY8H V6 R/Q W WWpT 8(
PAO.

2.3.5.6 Suivi de la lixiviation en nitrates

'HV GpELWPgQWUHY pOHFWURPDJQPWLRQAWVS HOPA S THDeSHWWHHU OH
GDQV OH GUDLQ j OD VRUWIHP EGWAKDTI XKB6S9DBFHGOH HWUDUWPp OHY
automatiques (ISCO 3700, 24 bouteilles) ont égabemepeUPHWWUH GH FR O O HdetsHU OYHD
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les K HW GIDQDO\VHU OHXU HNQFHQWHPMWQREY R QW) Ip\W/p DVOH WED C
'XUDQW OTDQQpH WUQge¥ SHX RFRGIWW®W R GHW VO 3 PHVEKYH GH SHX G
O Y& ROT + OH |DL E O HetGlpsproMeBes teDhXiques sur les préleveursgateément

OLPLWpPp OH QRPEprEle®§ p XK D QW L O DKRMWEs mesures de débits et de teneur

HQ QLWUDWH GDQV OfHDX faird ¥es@alddls qeVixiBiaK d& mttafesd Medind,H G H
plusieurs questions ont émergé et ont mis en dawgplité de ces mesures :

- /H GpELW GYHDX Q YEng Ws FansGC XA R VEBIDTXHHOOH j OfDXWUH 8C

différence est expliqué&s DU OH IDLW TX{XQ GHV GUDPLQXHQB HWH D X W
ORQJXHXU HVWLPpH j SDUWLQDG MmxQlazqredtibhQdeScetzfiet GH G U

QYH[SOLTXH SDV WRXWH OD GLIIpUHQFH

- Les débits en eau mesur€H UHSUpVHQWH Q pértionk (BdvQoiH 2D26). de® tebisU R
GIHDX DWWHQGXV j OfDLGHVE NOQU EQD 3Q XYL RIPpWMLLAS 8 W By
potentielle.

- Lamise en route relativement tardive des prélevaunduit une possible sous-évaluation de la
lixiviation,unH SURSRUWLRQ QRQ QpJOLIJKMDDHMK GNY QWXD B X H PL DI

- Lesvaleurs de lixiviation mesurées sont trés é&sipbt sont homogénes entre les parcelles. Cela
QYHVW SDV FRKpUHQW DYHRVOHM HWOVRDZDARAISGY D&M b HQ H
FRPSWH GH OfHDX OL[LYLpH@QWRQH BBORAW p\H QI¥QS/DV H3/HGUIHD
plus cohérentes. Les données hydrigues mesuréepemeettent pas de connaitre les
dynamiques de la napp8 T H D X

Les explications deesmesuresSHXYHQW rWUH OD SUpVHQFBQ®NR O X[O G JdiWDk
SHQWH (Q FRQVPTXHQFH QRXRQDPMHWRGNM SDM Y WXGILRF BWQV

(Q GHV ERXJLHV SRUHXRRY HR QWX WP HQR/RX B Qs3ipieHly WL P D W L
la lixiviation. 4 bougies poreuses ont été instdléur chaque parcelle en décembre 2018 (un
emplacement par parcelle, 3.5 m du drain, 70 ciprdf®ndeur). Des prélévements en eau ont été

réalisés de fagcon hebdomadaire. Malheureusemengniaglyses obtenues ont montré une forte

variation intra-parcellaire et une faible variationier-parcellaire. Les estimations de lixiviation
SRVVLEOH QTR QW é3Ib Ks@t&sxoB8dpeXty a®R I@sQeliquats adatésl (entrée et
VRUWLH GTKLYHU (Q FRQVpPSDXHQ@®H GTRIY SERWY pM\X QI RMWG D Q
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Chapitre 3
Comment la méthanisation des effluents bovins
modifie-t-tHOOH OH F\FOH GH OYD]RYV

culturale de 3 ans ?

Nous avons vu dans le Chapitre 1 que, si les efletsOTpSDQGDJH DX FKDPS VRQW
LQGLYLGXHOOHPHQW SHX GHpWXERBWLWXCWDQW RH FHVIMEWW UH S
DX FKDPS SRXU FRPSDUHU OHVOXHRBWY GRY LgB\D Q & DAIH \G IGHHHYV W D W
F\ F O Hazetel a®dhamp.

&H FKDSLWUH HVW pFULW VRX Y FOLH QRVWJLH H TXHX QKX LS B EYORIAEDWVILR Q |

revue scientifique, aprés adaptation et validadiera stratégie de publication par les tous auteurs
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How does anaerobic digestion of manures modify N behaviour

during a 3-year crop rotation?

Victor Moinardt, Adeline Besnautt Marco CarozZi®, Sophie GénemohtYolaine Goubard-Delaunay
Catherine HénaditFlorent LevavassebyrBenjamin Loubét Jean-Marie Paill&p, Catherine Pasquier
Antoine Savoi& Polina Voylokow3, Sabine Houdt

1: UMR Ecosys, Université Paris Saclay, INRAE, AgraBTech, Thiverval-Grignon, France
2: UR SOLS, INRAE, Orléans, France

3: BU EnVisAGES INRAE, Thiverval-Grignon, France

4: UPR Recyclage et risques, CIRAD, Montpellier,rieea

5: UPR ADI-Suds, ISTOM, Angers, France
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Highlights

X We compared the use of digested or undigested eéftients to synthetic fertilizers

x Crop N uptake wsexplained by mineral N input, volatilization, aathanic N mineralization.
x Digestates induced similar yield andemissions than synthetic fertilizers

x Systems with digestates were the most sensitigenimonia emissions.

X Organic applications in summer induced N lossesatsat likely SOM storage
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Abstract

Anaerobic digestion of animal effluents at the fésrimcreasing in Europe to promote biogas producti
as a renewable energy. The use of digestates amiorgrtilizers and soil amendment is expected to
promote nutrientrecycling, decreasing the need in synthetic fertiszeDigestates have different
fertilizer and amendment properties than undigested anirfia¢efs, and are subjected to different N
losses. We evaluated those differences in a fig@xent located in the center of France, during a
three-year crop succession (wheat - rapeseed -twhemps were managed with five different
fertilization systems : no fertilization, synthehicfertilizers, cattle manure and slurry, raw digés, or
separated solid and liquid digestates. Five apjibica of exogenous organic matters (EOMs) occurred
in winter and spring (chemical fertilizer, cattlarsy, liquid or raw digestates) and two applicasdn
summer (cattle manure, solid or raw digestates)méima volatilization and PO emissions were
measured after each fertilizer application, adddity to crop N uptake and soil mineral N stockee T
dynamics of C and N mineralization from EOMs werseased during incubations in soil under
controlled conditions. Thanks to this complete Nnitaring, we had a good understanding of mineral
N cycle in the field. In spring, the surplus N Ugaby crops compared to unfertilized treatmeasw
well explained by the mineral N content of ferélis, ammonia volatilization and to a lesser exgnt
the mineralization of organic N from EOMs. Compatedynthetic fertilizers (urea ammonium nitrate
solution), the use of digestates induced similatdg, similar NO emissions, and 2 to 3 times higher
ammonia volatilizationln the treatments with organic fertilization, 40%58 % of total ammonia
emissions occurred during summer amendment applicatThe NO emissions were explained by soil
nitrate and ammonium contents, soil moisture, angperature without influence of the nature of the
fertilizers. Because of the imports of N with cagested wastes, the use of digestate should also be

compared to the use of undigested effluents dfiattme scale.

KeyWOI’dSDigestates, NEIN2O, nitrate, fertilizer efficiency, N cycling
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Chapitre 3

3.1 Introduction

Anaerobic digestion (AD) is a process in which aiigasubstrates are degraded by microorganisms
under anaerobic conditions to produce biogas, éurtiised to produce energy. Various organic
substrates can serve as input, such as biowastamlaffluents, sewage sludge, or energy crops. Th
residual degraded matter, called digestate, isioftdued in agriculture as an organic fertilizeD /s

an interesting technology to produce renewablegsn@nd mitigate climate change (Cong et al., 2017,
Hijazi et al., 2016; Lyng et al., 2018). The an&écaligestion of biowastes can also improve nutrien
cycling (Klinglmair and Thomsen, 2020; Moinard et 2021). Therefore, several countries in Europe
and worldwide promote AD (Scarlat et al., 2018;r®igr et al., 2020). The use of digestates asizentd

is currently increasing, with a need to better abtarize their positive and negative effects ditdd

application.

Most of AD plants in Europe are located on farms ¢gean Biogas Association, 2019), where the main
inputs are animal effluents, which can be co-diggksgtith other external wastes or agricultural paisiu

In this case, raw digestates are often liquid pot&l similar to classical slurries (Beggio et 2019;
Guilayn et al., 2019a; Stirmer et al., 2020). Durihe anaerobic digestion, organic matter is
mineralized, with C removeakbiogas (CQ, CHs), while organic N is mineralizeasNH4* form (Mdller

and Muller, 2012). Therefore, digestates often falaver C:N ratio and a higher Total Ammoniacal
Nitrogen to Total Nitrogen (TAN:TN) ratio than uggisted effluents (Méller and Mdller, 2012). The
digestates have a more stable organic matter ttemmput effluents (Béghin-Tanneau et al., 2019; de
la Fuente et al., 2013; Thomsen et al., 20IBe raw digestate may be post-treated with a phase
separation (Guilayn et al., 2019b). The solid phasdled solid digestate, has high dry matter and
volatile solid contents. It is used primarily asal amendment, i.e. a product that maintains cieiase
soil organic matter (SOM) stocks (Houot et al., 20T4e liquid phase, called liquid digestate, hahh
TAN content: it is used a&N fertilizer, i.e. a product that can substitutatsetic N fertilizers (Houot

et al., 2014). For farmers, the introduction of &iis implies the use of digestates instead of dnima

effluents with different fertilizer and amendmenoperties, as well as different impacts.

Multiple studies demonstrated that liquid or raw edigites substitute synthetic N fertilizers
% D Wetat.,)2019; Cavalli et al., 2016; Ferdous et &02@ Loria et al., 2007; Mdller et al., 2008;
Verdi et al., 2019), or P fertilizers (Zicker et,&020). However, their efficiency as N fertilizaay be
influenced by ammonia volatilization and mineraifiaa of organic N, which still needs to be better
characterized (Mdller and Mdller, 2012; Sharifi et 2019). Solid digestates are often applied before
sowing (Houot et al., 2014; Thomas et al., 201Heyl have been sometimes demonstrated to be

efficient short term N fertilizer as well (Mauciest al., 2017). Moreover, as other exogenous organic
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matters (EOMSs) such as compost or solid manuresetieated use of solid or liquid digestates could
increase soil N release at the long term after atgok applications (Gomez-Mufioz et al., 2017;
Gutseretal., 2005)which has been poorly explored concerning digest&tech repeated applicati®n
could increase soil organic matter contents contp@arenineral fertilizers (Odlare et al., 2011)haligh
differences could be very small (Thomas et al.,.920%When comparing the incorporation of digested
and undigested substrates, the total C remainisgilris similar or slightly lower (Bodilis et aR015;
Thomsen et al.,, 2013; Wentzel et al., 2015). Dueth®® diversity of digestate characteristics
(Guilaynetal., 2019a), more studies are needed to betterevdigestate with their efficiencyt a

increasing soil organic matter.

Liquid digestates are subjected to ammonia emisgilue to high TAN contents and high pH (Nkoa,
2014), participating to air pollution and decregdine fertilizing potential of digestate. Liquichdstate
can be either more or less sensitive to volatibzathan undigested slurries (Mdller, 2015; Nichalso
et al., 2017)Ammonia emissions from solid digestates has beenyexplored in the literature. When
assessing environmental performances of manurestiigeusing life cycle assessments, ammonia
emissions are major contributors to the acidifearatpotential indicator, which can be a drawback
(Vaneeckhaute et al., 2018; Zhang et al., 202Bn évthe contrary was also found (Lyng et al., 201
Styles et al., 2015; Wang et al., 202¥pre field references are still needed to bettedjmt ammonia
emissions and improve environmental evaluation Bt As all fertilizers, the use of digestate may
trigger NNO emissions from soils. At the plot scale, loweilONemissions have been reported after
digestate application than after undigestated iskiiMoller, 2015; Nkoa, 2014), even if the contrary
was also measured (Verdi et al., 2019). Fertilimapiractices, including spreading periods (e.gurauat

or spring) and management of crop residues couldieince soil N cycle and XD emissions
(Méller and Stinner, 2009; Nicholson et al., 20IN)O emissions could also be increased in case of
repeated applications (Rosace et al., 2020). Mittahching has been shown more sensitive to
agricultural system changes induced by AD thanigestate physico-chemical properties (Mdller,
2015).

Numerous positive and negative outcomes of theofidégestates are interacting and it is important t
consider the N cycle at the scale of the crop immab correctly understand these interactigh®ller,
2009; Moller et al., 2008; Sieling et al., 1997in8ér et al., 2008)If numerous references have been
acquired on N fertilizing efficiency, ammonia vadliaation, and NO emissions after digestate
application, there is still a need to charactetimir impacts on the whole N cycle to better identify
synergies and tradeoffs induced by the digestauicapion. Most published field studies were done
either at the scale of one year and often witmglsidigestate applications, only focused on feiti$)
and amendment properties (Cavalli et al., 2016afedtt al., 2014), or on N losses without considgri
crop production (Nicholson et al., 2017). Solidiguid products are often applied in different traants
(Cavalli et al., 2016; Mdller et al., 2008; Nichatset al., 2017).
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In this study, we aimed at investigating two linkgdestions: what are the fertilizing properties of
digestates compared to undigested effluents? Simediusly, do the digestate induce higher N logses i
the field? More specifically, we investigated thegesstions: what are the factors that explain the
different N fertilizer efficiencies of the differe®OMs induced by AD introduction? Can digestates
entirely substitute synthetic N fertilizer for amherops? What are the amendment properties (patenti
increase of soil organic C) of digestates compéaweahimal effluents? Do digestates emit moresNH
and NO compared to undigested effluents? Here, we prestiree-year field experiment, where we
measured N flows during a wheat-rapeseed-whediaotidive treatments represented five fertilizatio
systems, with either undigested effluents (solidnfsard manure and liquid slurry), digested efflgent
with (liquid and solid phase) or without separatjgmase (raw digestate), chemical fertilizers, or a
control without any fertilization. The kinetics BOM organic N and C mineralization were assessed
during soil-EOM incubations in laboratory controllednditions to assess their contributittnsoil
mineral Nitrogen (SMN) supply and the stability béir organic matter. The N balance was assessed

considering the entire crop succession.

3.2 Material and Methods

3.2.1 Site and anaerobic digester
The field experiment was realized from Septembefl72@ July 2019 at INRAE, Nouzilly,
Centre+t9DO GH /RLUH )UDQFH f 1 W DfO 1The clBriate TsXdniperatel
(oceanic climate, Cfb) with a mean annual tempeeabf 11.9°C and a total rainfall of 650 mm.
Monthly temperature, rainfall, and windspeed durthg experiments were collected from a local

meteorological station and additional data from Météance (SAFRAN) (Figurg.l).

Figure 3.1 + Monthly average temperature (line, °C), and raihf@dars, mm) during the field
experiment.
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The experimental unit at INRAE (UE PAO) could besidered as a crop-liviegk farm with dairy
cattle Before 2014, the cattle slurry was usually stored covered pit before application, and the solid
cattle manure on an opened platform. In 2014, aerbic digester was installed with a continuous we
mesophilic process, with one main digester andpmst-digesterThe digester treats 7,500 t of wastes
per year (fresh weight), consisting of cattle stfir1% of fresh weight), cattle, sheep, and horaaure
(17%), sewage sludge (29%), agroindustrial wadi®%o)), grease (8%), and cereal middlings (8%). The
remaining inputs consist in site water runoff (983 minor fraction of other wastes (e.g. grasgsila
beet pulp). The total retention time is 100 daygha?2 digesters. At the output of the post-digesie
raw digestate is post-treated with phase separasimy a screw press. The liquid phase is stored in
open lagoon, and the solid phase on an open stptatierm. All the EOMs are approximately stored

six months before their application in the field.

3.2.2 Field experiment design
Five treatments (five fertilization systems, TaBl&) were tested in five plots of 24 x 75 m (180§ m
one plot per treatment) (Supplementary Material T)e crop succession was cultivated under
conventional management (Supplementary MateridMter wheat Triticum aestivup(var. Syllon)
was harvested in 2017, rapesedtagsica napus (var. Fernando) in 2018, and winter wheat
(var. Descartes) in 2019. The wheat straws werergxg and crop protection products were applied
The soil was tilled prior to each sowing, includipigughing (20 cm) before rapeseed sowing but not

before wheat sowing

The five treatments consisted i) fertilization with only mineral N solution in latwinter and
spring, and chemical P fertilizer when needed; (C$fiilization with cattle farmyard manure in
summer and cattle slurry in late winter and sprif®D) application of raw digestate (without phase
separation) in both summer and late winter/sprih§D) application of solid digestate in summer and

liquid digestate in late winter and spring; and Y@ fertilization.

Mineral fertilizer, cattle slurry, raw digestate diglid digestate were applied during late wintad a
spring, twice on each wheat crop, and once on emgkesThe synthetic fertilizers were mostly Urea
Ammonium Nitrate (UAN) solution with 30% N (%w/wl%% urea, 7.5% ammonium, 7.5% nitrate)
We used ammonium nitrate once, which was a soliérilizers with 33.5% N (w/w) (16.8% nitrate,
16.8% ammonium). They were both applied with daditesprayers. The liquid EOMs were applied
usingatrailing hose. The doses of N were determined metion of N demand by the crop, soil mineral
nitrogen (SMN) in the whole soil profile in late wém, and crop N uptake in late winter. The doses of
EOMs were then determine based on this N demandhmndtotal ammoniacal N (TAN) contents.

Variations to calcul@d doses occurred, due to the difficulty to applyecise homogemmisdose with
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a trailing hose, and to small variations in EOMIgs@s. We also tried not to apply too high doses. Th

fertilization dates were based on crop developraadtcapacity of the soil to bear spreading engines.

Cattle manure, raw digestate, and solid digestate applied as soil amendments at the end of summer
once before rapeseed sowing, and once beforedbad@heat sowing. Raw digestate was applied with
a trailing hose, solid digestate and cattle mamunee scattered with a manure spreader. The fivis plo

were tilled 24 h after amendment application toylibe EOMs and prepare the soil for sowing.

3.2.3 Physico-chemical characteristics of the exogenous organic matters
All EOMs were sampled for analysis during each aapion. Thus, the number of analysis were 2 for

cattle manure and solid digestate, 5 for liquidedigte and cattle slurry, and 7 for raw digestate.

The dry matterM) content was determined after 48 h of drying &°00(NF EN 13040). The total
volatile solids ¥/S) (mass loss after combustion) and total nitrogé) contents (total Kjedhal N) were
determined by standard methodology (NF EN 13039N#REN 13654-1, respectively). The mineral
nitrogen (Nnin) was extracted with a 1 M KCI solution then analyzy colorimetry on a continuous
flow analyzer (Skalar, The Netherlands). In the EQt¥s nitrate content was very low and the mineral
N content (Min) was approximately equal to TAN content. The C:Noratas computed assuming that
C content were half of VS content. TotabRd total K contents were dosed by inductively ¢edp
plasma optical emission spectrometry (NF EN ISO8b)&fter dissolution in agua regia (NF EN
13346).

Irocis an indicator proposed by Lashermes et al. (200%9¢present the proportion of EOM organic
matter remaining in soil after each EOM applicatitiris based on the biochemical fractionation of
EOM (Van Soest and Wine, 1967) and on the carboemiized after three days during an incubation
of dried EOM. koc has been demonstrated to be a good predictor M B@endment propertiese.
its capacity at contributing to soil OM stocks (Leaaseur et al., 2020; Peltre et al., 2012)c Was

measured on the incubated EOMs following Lasherrhak €009) and using the equation:
(equation 3.1) doc=44.5+0.5SOL - 0.2 CEL +0.7 LIC - 2.3 C3d

where kocwas expressed in %VS, SOL, CEL, and LIG were tihgdée fraction, cellulose-like fraction,
and lignin-like fractions of organic matter (%V&pd C3d was the proportion of C mineralized from
the dried EOM in soil after three days. The prapartof EOM C contributing to soil C stocks

(recalcitrant fraction) was computed by multiplyitheir C content anckdc.
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Table3.1 +Application of mineral and organic fertilizers ihe different treatments. Doses are reported iat (Fresh Weight).(1/2)

Culture Date Treatment
MN CSM RD LSD
Wheat 2017 22 March 2017 fertilizer UAN solution Cattle slurry Raw digestate  Liquid digestate
t hat / 37 38 36
kg Nmin hat 86 23 86 74
kg Nt hat 86 40 169 137
19 April 2017 fertilizer UAN solution Cattle slurry Raw digestate  Liquid digestate
t hat / 60 31 32
kg Nmin hat 43 46 63 63
kg Niot hat 43 59 129 123
Total 2017 Kg Nmin hat 129 69 149 137
kg Nt hat 129 99 298 260
Rapeseed 201! 2 August 2017 fertilizer / Manure Raw digestate  Solid digestate
t hat / 35 32 33
kg Nmin hat / 20 66 43
Kg Nt hat / 276 133 207
21 March 2018 fertilizer UAN solution Cattle slurry Raw digestate  Liquid digestate
t hat / 27 32 36
kg Nmin hat 99 34 82 98
kg Nt hat 99 88 166 198
Total 2018 kg Nmin hat 99 54 148 141
kg Niot hat 99 364 299 405

Nmin: mineral N. Nyt total N.
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Table 3.1+Application of mineral and organic fertilizers the different treatments. Doses are reported iat (Fresh Weight).(2/2)

Culture Date Treatment
MN CSM RD LSD
Wheat 2019 19 September 201¢ fertilizer / Manure Raw digestate  Solid digestate
t hat / 12 16 16
Kg Nmin hat / 10 44 28
kg Nt hat / 105 86 110
19 February2019  fertilizer UAN solution Cattle slurry Raw digestate  Liquid digestate
t hat 24 12 23
kg Nmin hat 40 47 48 56
kg Nt hat 64 57 99
12 March 2019 fertilizer UAN solution Cattle slurry Raw digestate  Liquid digestate
t hat / 18 20 18
kg Nmin hat 80 19 44 39
kg Nt hat 80 40 87 75
1 May 2019 fertilizer Ammonium nitrate  Ammonium nitrate / /
t hat / / / /
kg Nmin hat 41 24 / /
kg Nt hat 41 24 / /
Total 2019 Kg Nmin hat 161 100 136 123
kg Nt hat 161 233 230 284
3 years Total kg Nmin hat 389 223 433 401
kg Nt hat 389 696 827 949

Nmin: mineral N. Nyt total N.
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3.2.4 Soil description
The soil was characterized at the beginning oetteriment in 2017, with nine soil sampling in each
plot. It was mainly a Stagnic Luvisol, with minor surfadescribed as a Haplic Planosol (WRB, 2015)
Soil depth was 100 cm. We analyzed the followingppries on 9 samples per plot in 2017: particle
size distribution to determine texture (NF X 31-J(étal C and N contents by dry combustion, gas
chromatography, and thermal conductivity detedif (SO 10694 and NF 1SO13878), pH in a water
suspension (NF 1SO 10390), cation-exchange cap&CBC) (NF X 31-130), CaCf content by
acidification and measurement of released G@ume (NF ISO 10693), mass loss after combugtion
SOM (1100 °C), correctedy CaCQ content. The bulk density was measured in the jgyer on
fifteen locations with the core method (NF X31-500Ne characteristics of the topsoil (0-20 cm depth
are described in Tab®2 for each plot. We observed a slight gradient xtiuie between the plots. The
topsoil was silty loamy. The bulk density was 1g3@? (standard deviation: 0.05). The Cagx@ntent
was low (1.4 g kg, standard deviation: 0.3).

Table3.2: Soil physico-chemical characteristics in the apfayer (0-20 cm) of each treatment plot.
Results are expressed as mean * standard devi@tier).

Clay Silt Sand pH SOC C:N CEC

Gow/w)  (wiw) (% wiw) (g kgh (meq 100 d)
MN 16.1+15 59.2+13 247+0.7 6.7+03 146+1.3 10.1+02 8.9%0.7
CSM 154+15 573+13 272+14 64+02 146+13 103+0.1 85+0.6
RD 158+1.7 706+16 13.6+0.7 6.1+0.2 128+1.3 104+0.2 6.9+1.1
LSD 171+14 623+10 206+20 65+04 13.3+1.0 10.1+0.1 8.9+0.7
ON 20.2+3.0 635+3.0 164+09 64+02 134+0.6 10.1+0.2 10.0x15

SOC: soil organic carbon.

3.2.5 Field trial monitoring

3.2.5.1 Aboveground biomass, grain yield and N eint

The crops were harvested on the whole plot sur2880 n?) with classical machinery. The whole
harvested grain was weighted to measure grain.yiéle uncertainty in yield was computed considering
the uncertainty measurement of the balance. Jdistebbarvest, the crops were sampled in 3 pooled
subplots (total 0.2 &y for wheat 2017, 3 subplots (total 3)rfor rapeseed 2018, 5 subplots (total 1% m
for wheat 2019. We measured total aboveground amid giomass. N content in grain and straw, and
protein content in wheat grain were analyzed bpexislized laboratory. We used these measures to

compute the N export in grain at harvest, and tital aboveground N uptake (including straw and
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grain). Detailed calculations are in Supplemenbagerial 3. Their uncertainties were computed using

error propagation formulas.

Aerial biomass and N uptake of rapeseed were alatuaed similarly on 3 subplots per treatment
(total 3 nf) on20" of November 2017 an20" of February 2018 to drive N fertilization.

3.2.5.2 Ammonia volatilization

The volatilization of ammonia wasreasured after each fertilizer applications, usingspse ALPHA
samplers (Adapted Low-cost Passive High Absorptiddh each event, immediately after the
application of the EOMs or chemical fertilizers, asts were installed in each plot uniformly disttéul

in the middle line of each plot. On each mast,alpassive samplers were installed at two heigbt£(3
and 1 m above soil or vegetation). Three maststhite samplers each (3 m - high) were also iestall
in three opposite directions at 300 m from expenitak field, to measure environmental BH
concentration. Samplers were changed regularlyyed® h during 24 to 48 h, then once a day to once
every two days until day 4 to 6. During the wholeasurement period, wind speed and 3-dimensional
wind direction were measured with a sonic anemomestalled at 2 m height on the field site with a
frequency of 20Hz (Gill Instruments, United Kingdpnfiotal cumulated NEivolatilization (kgN ha)
after 6 days and associated uncertainty, were atdin from samplers concentrations and
meteorological data with reverse modelling usirgRIDES model (Carozzi et al., 2013b; Louél.,
2010).

3.2.5.3 Soil mineral Nitrogen

The stocks of soil mineral Nitrogen (SMN) over thhole soil profile were measured in February to
drive fertilizer doses, after harvest to calcuthemineral N left by the crops, and in Novembecénd
and third year), to assess potential winter nitiedehing in winter. At each date and on eachrreat,

9 soil cores were sampled and pooled in 1 to 3 p@bléur depthg0-20 cm, 20-40 cm, 40-70 cm,
70-100 cm). The NNOs and NNH4* contents were analyzed by colorimetry after KQfaotion. SMN
contents were calculated as the sum ofsNNDand NH4*-N contents. SMN stocks (kghkt) were
computed using soil bulk density (1.37 g-&wn 0-20 cm, 1.55 g cfon 20-40 cm, 1.60 g cfon
40-100 cm).

3.2.5.4 NO emissions

N-O emissions were measured with the static chamle¢od (Gu et al., 2013; Jeuffroy et al., 2Q13)
Each plot was equipped with 5 static chambers. dgdéwtion of each chamber was semi-randomly
chosen to be representative of the whole plot sarfhey were located more than 1.5 m from the plot
border, avoiding wheel tracks. After a spring fertdli application, BD emissions were measured twice

a week during 2 weeks, then once a week for onetimamd once a month during late spring and
summer. After a summer fertilizer applicationnONemissions were measured twice a month, and once

a month in late autumn and winter before the n@xlieation event. In total, #0 emissions were
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measured at 42 dates. The static aluminum chamiieaisured 50 cm x 50 cm. They were 25 cm high
in autumn and winter, and 75 cm high in spring whegetation was higher. They were buried 10 cm
within the soil. At each measurement date, chamivers sealed, and air was sampled at time 0 min,
30 min, 60 min, and 90 min.,A emissions started betweeddm and 2 pm. PO in air samples as
analyzed by Gas Chromatography with Electron Cafdbatector (Trace GC Ultra, Thermo Scientific).
When the NO concentration in the chamber was positively coteglavith time (r > 0.9), there was an
accumulation of MO and the slope of the regression line was usedrtgpute NO emission rate. When
the NO did not accumulate in the chamber (correlatiovben NO content and time r < 0.9) .8

emissions were set to 0.

Topsoil sampling (0-20 cm) were realized in thexmmoty of each chamber at each@ emission
measurement date. Gravimetric soil water conteW@p (% w/w) was measured by weighting and
drying soil at 105°C, and converted to fraction @itev-filled pore space (%WFPS) using topsoil bulk
density (1.37 g cr) and assuming that soil particle density is equa2.& g cn?. SMN contents
(i.e, NNHs* and NNOs contents) were measured by colorimetry after K&ragtion (see also

Supplementary Material 4).

To summarize, we estimated the total emissionsitggrating punctual §0 emissions along the time
during 50 days, in late summer/autumn (2017, 204/&), late winter/spring (2017, 2018, 2019). The 5
periods (250 days on three years) were then sumhmésicomputation did not aim to estimate the right
absolute MO emission value nor emission factors, but enalitedompare fertilization systems

integrating emissions during the periods followapplications.

3.2.6 Kinetics of C and N mineralization of EOMs during incubations in

controlled conditions
Each EOM was incubated to follow the kinetics of enatization of C and N. The EOM were incubated
in the same soil as the field experiment (plot ON,20 cm). The soil was sieved fresh to 4 mm. The
field capacity of the sieved soil was measured w&itRichards press (30,990 Pa) and was 25% wi/w.
Raw digestate, solid digestate, and cattle manere wampled orSeptember 19 2018 during field
application. Cattle slurry and liquid digestate &vesampled on March $2 2019 during field
application. Solid digestate and cattle manure wbmped by hand for homogenization. The EOMs
were stored at 4°C in plastic containers during manths before the incubations. The EOMs were
incubated fresh, in non-limiting conditions for msiire, SMN, and temperature. They were mixed
homogeneously into 500 g of soil in the proportaér2000 mg G kg DSL. After soil mixing, KNQ
solution or deionized water was added when necgssdine mixture to reach a minimum SMN content
of 35 mgNnin kgDS?, and a soil moisture of 25% w/w (field capacitly)ixtures were incubated in
darkness at 28 + 1 °C for 175 days.
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The mineralization of organic Carbon was measusetbliowing soil CQ emissions. Four replicates
per EOM were used, as well as an unamended sdilatdreatment and blank treatment without any
material. The mixture of each replicate was plaiced 3 L airtight vessel, along with a plastic \edss
containing 20 mL of NaOH (1 mol -} solution to trap C® emissions. C® was measured by
colorimetry on a continuous flow analyser (Skalre Netherlands). We computed the cumulated C
mineralization, which was then expressed in % fitially present in the EOM, by subtracting €0
emissions in control treatment (soil respiratioe evaluated the proportion of recalcitrant orgdhic
as the remaining C in the soil after 175 days.

The behaviour of mineral N during EOM decompositias measured with destructive replicates. Four
replicates per treatment and per date of measutemeza used. At dates 0, 3, 7, 14, 25, 49, 91 ,d&i5,

we extracted and analyzed SMN as described beforeacdh date, to avoid accounting for initial miriera
N, mineralized NNH4* and NNOs™ contents were computed by subtracting totalliNw" and NNOs
contents by their contents at t=0 day in each treatnNet N mineralization or immobilization was
computed by subtracting mineralizedNMH,* and NNOs™ contents in soil by the one in unamended
control (soil mineralization). Net N mineralizatiar immobilization was then expressed in %gN
initially present in the EOM. We also computed thaikable mineral N brought by the EOM, expressed
in kg Nmin in soils per kg FW of EOM brought, taking into acnbboth mineralization/immobilization
cited above and initial TAN content in the EOM. 8ikt in methods and computations are given in

Supplementary Material 5.

3.2.7 Fertilizer N availability
For each cropping season, we evaluated the N hilaijla(%Noa) Of the different fertilizers. It is
defined as the fraction of total applied N whichn dse usedn the short term by the crop. It was
computed considering mineral N input, volatilizationineralization from EOMs during crop growth.
The period considered in this analysis ranged fwamer (February) to harvest. It was computed as

follow:
(equation3.2)

OaUéAﬁt"—(Z“Ei" o' ——  T'Zf-<Zcett E ecef”fZcett
- BANPEHEMAN. QP
L 6#060F '(¢apdk BANPEHEVAN IEJANSDEV=PEKJ & 0

frfeZf.,<zZ

Nmin fertilizer input (kg N ha) was computed from EOM analysis. Volatilized N (Kgha') was
measured as described in secdh5.2. The mineralized N from EOMs (kg N'avas estimated from
their percentage of mineralized organic N duringolatory incubation (sectiof.2.6.3) at day9.
Indeed, we used the function of EOM mineralizatisadiin the STICS model (Brisson et al., 2008) and
daily air temperature to estimate that the mineaéilbn between first fertilizing event and harweste
equivalent to 60 to 70 days of incubation at 28i2017, 2018, and 2019. FertilizexNinput was the
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total N applied in the field (kgN hHa. TAN:TN is the TAN:TN ratio of the fertilizer. EFa was the
emission factor of volatilization relatively to digal TN. Fertilizer mineralization was the ratio of
mineralized N to applied organic N, and{N\TN was the ratio between applied organic N andl tot
applied N.

We computed surplus N uptake by plant, relative@Nareatment (surplus N uptake, kgNtheSurplus
N uptake was the difference of N uptake by cropsatioveground organs) between fertilized and
unfertilized treatments, from February to harvest.

(equation3.3)

s 2= = TNK Qe o NK B F k2 NKEE D ofe 2 NKETQ: 9

Where crop N was the N uptake in aboveground orgérie crops (kgN hg. N uptake were not
measured on wheat in February in 2017 and 2019.edenyN uptake by wheat at that stage is low, it
was thus neglected. The time of analysis is indatdh subscript. The indication ON in superscript

indicate that the value refers to unfertilized cohtreatment.

The surplus N uptake was compared to the minersipply, to verify whether the crop growth was
correlated to the fertilizer N availability. The meral N supply was defined as the mineral N avkglab
for plant in each plot compared to control, fronbkmry to harvest. We computed the mineral N supply
from the fertilizer N availability. We also consigérthe difference of variation of SMN stocks in each
treatment compared to control plot, which enabdecbnsider the differences in SMN stocks in February
between the treatments. We assumed that mineralizatiSOM was similar in all treatments and that
the effect of incorporation of former crop residaesl organic amendment on SMN stocks occurred
before opening the N balance in February. Therefeeaeglected the N supply from previously applied
organic matter. At last, we computed the mineraulply (kgN ha) with equatior.4:

(equation3.4)
[EJAN=H 0 OQLLHU
LO =R=EH=>EHEPU. A4 BANRBIHEBMANRD/Oyoscgac
F kS/QSégd:é 5/0685éé)aeg
Where N availability was computed from equat®8 (%Nota), fertilizer Notw input was the total N
applied with the fertilizers (kgMa'), and SMN was the SMN stocks in the whole soil iigdqkgN ha

1. The time of analysis is indicated in subscrifte indication ON in superscript indicates thatthkie

refers to unfertilized control treatment.
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We also computed the N use efficiency (NUE) (@@)Nof each fertilizers was then computed as:

®ediRee C ¢4¢0bPY

UgacURQimal&aec

(equation3.5) 07' L

NUE considered only the N applied in late winted apring.

3.2.8 Field N balance

3.2.8.1 Mineral N balance

To verify the consistency of all N flux measurensgnte computed the mineral N balance in the soil
We computed the balance once, during a period eethears that started from February 2017 for the
first fertilizing event of the first wheat until ¢hharvest of the second wheat in July 208@ first
computed the sum of mineral N inputs, i.e. the gsses that supplied mineral N to croj® mineral

N input from fertilizers, the decrease in SMN stodletween the end and the beginning of the
experimentthe mineralization of organic N from applied EOMsddhe mineral N supply from SOM
and crop residues. Atmospheric deposition was otgle Then, we compared the total input to thd tota
outputs of mineral N. The outputs of mineral N alie¢he processes that remove mineral N from tlile so
. nitrate leaching, ammonia volatilization, N imnilidation in SOM induced by EOM decomposition
N uptake by crops (aboveground and belowground agsinThe emissions of X0 and N were

neglected.

The mineral N input from fertilizers and ammonidatiization were measured. So were the N uptake
in plant (aboveground organs) that considered d®gograins and crop residuebhe organic N
mineralization or immobilization following EOMs ajqxtion were deduced from the incubation in
controlled conditions, as previously describedpfrapplication to the end of the experiment. We
estimated nitrate leaching every year by compuitiregdifference of SMN stocks at the beginning and
at the end of winter. The N uptake in wheat rootss wonsidered to be 15% of total N uptake
(Allard etal., 2013). N uptake in rapeseed roots and in deaks, which was not measured, were
considered to be 6% and 11% of N uptake in aesiaseed at harvest, respectively (Malagoli et al.
2005). The difference in SMN stocks was computedeobetween the end and the start of the
experiment. Total N uptake in ON control treatmaate assumed to be a proxy of the net soil N supply
via SOM and crop residues and roots decompositidrerV¥he soil was bare in summer, the mineralized

N was assumed to stay in the soil and to be useledfpllowing crop.

3.2.8.2 Total N balance

We also computed the balance of total N during thp ootation to estimate the incorporation of oigan

N into the SOM. The only input of total N came fréime fertilizers and EOMs. Total N outputs were N
in exported crops (measured), ammonia volatiliraimeasured), and nitrate leaching (estimated, see
above). Emissions of 0 and N were neglected. The balance between input andibwis considered

an input of soil organic N.
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3.2.9 Statistical analyses
Statistical analyses were realized with the R saféwv4.0.2) (R Core Team, 2020).

The uncertainty on agricultural performance was lb&cause the whole plots were measured: wa kne
precisely what the crop yields were. However vgabilities of the crop growth inside each plares
not characterized and no statistical test candgerformed to distinguish the agricultural perfonoa

of the treatments.

At each date, we used a Kruskal-Wallis test to yesihether NO emissions were different between
treatments. If the treatments had significantifed#nt NO emissions, (0 .05), a postKk RF 'XQQ TV
test was used to find which treatment was diffeferh one another (p < 0.05). We used the kruslsal.te
function, and the dunn.test function from thenn.testpackage (Dinno, 2017). Similarly, we verified
whether NH volatilization (total and emission factors) differbetween treatments for each application

event.

Ammonia volatilization was obtained from a revemsedelling approach that provided a mean and
standard deviation of the measure for each tredtrmueth event. Therefore, no statistical tests were
realized to compare the treatments. The cumulatde \Wlatilization and NO emissions cannot be

realized for each replicates, ad no statisticabtegre realized to differentiate the treatments.

We analyzed the major drivers of BlMolatilization after application of liquid EOMs ugj a linear
model. Solid digestate and cattle manure were dedufrom the analysis. The analyzed datasets
contained 17 points, i.e. 5 fertilization dates 8180Ms in winter/spring, 2 dates with raw digestate
summer. The response variable of the model wagdlailization emission factor, i.e. the percentage
of applied TAN which volatilized. Tested explangtmariables were: mean air temperature (°C, 24h,
72h or 6 days), total rainfall (mm, after 24#2h, or 6 days), mean wind speed () during 24h, 72h

or 6 days), pH of EOMs, DM content of EOMs (g*kgTAN content of EOMs (gN kgFW), type of
EOMs, and a Boolean variable indicating whethe&®& was burrowed. Different models were built
successively, using the Im function of the R sofevéR Core Team, 2020We used the stepAlC
function fromMASSpackage (Venables and Ripley, 2002) to selecbésé model, using an automatic
SVWHSZLVH DieativBlpDdea& okvdadve one explanatory vagadit a time. The successive
models were compared using the Aikake Indicatore@an (AIC), and the model with the lower AIC
was selected. The consistency of the model wasiagtby hand. The assumpti®af the linear model

were visually verified.

We analyzed the major determinant afINemissions. The analyzed datasets contained 1 pice.
5 treatments and 37 dates. The response varialttee ahodel were the logarithm of,@ emissions.
Tested explanatory variables were: topsoil watentet (% WFPS), NNH4* topsoil content
(mg kgDS* (dry soil)), NNOs topsoil content (mg kipS?), SMN topsoil content (mg kgD$, mean
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daily air temperature (°C), season (was the laslicgtipn of fertilizer in winter/spring or summer?)
treatment, date expressed in days from the begjnoirthe experiment (to evaluate any adaptation

effect). The best model was investigated as destiiveviously.

3.3 Results

3.3.1 Characteristics of exogenous organic matters
Solid digestate and cattle manure are solid pragudth high DM and VS contents (Tat8e). They
had similar basic pH and similar DM, VS, and P cot#eThe main differences were a higher TAN: TN
ratio in solid digestate (24%) compared to man8fé)( and a higher I€ontent in manure (11.3 gK
kgFW) compared to solid digestate (3.6 gK kgf)/Vand a slightly higher TN content in maau
(8.3 gN kgFWA) compared to solid digestate (6.6 gN kgPWCattle slurry, raw digestate and liquid
digestate are liquid products, with high TAN corggrand similar high TAN:TN ratio (50% td%o).
Raw and liquid digestates were similar, with onbflightly higher DM and VS contents in raw digestate
than in liquid digestate. The cattle slurry had D&, and K contents that were similar or lower than
the one in digestates. The slurry pH was lowen tha one of digestates, and the TN and TAN costent
were more than 30% lower in slurry (2.INykgFW?) compared to liquid digestate (4.8 kgFW?)
or raw digestate (4.6T¢N kgFW?). Slurry also had a lower P content than digestate

The chemical characteristics (DM, VS, TN, TAN, P¢thtents) of solid digestates, cattle manure, raw
digestates, and liquid digestates varied from ara yo another, the coefficient of variations afsth
characteristics were up to 25%. Only pH were lesg@ble with coefficients of variation lower tha®3
The characteristics of cattle slurry were much ma@asgable. This was partly explained because the
slurry was less concentrated in 2017 compared 18 20d 2019; however, the variability of the slurry
was higher than the one in digestate even if wsidened only 2018 and 2019 (Supplementary Material
6). Anaerobic digestion seemed thus to lower théatian of the characteristics of the liquid EOM
through the time. The coefficient of variation flokN content were 47%, 25%, and%3or slurry, raw

digestate, and liquid digestate, respectively.

The decomposition of the EOMs induced a net N miizeatéon for liquid digestate (27% of the initial
organic N Ny at day49), a net N immobilization for cattle slurryl@%) and solid digestate (-28%),
and a variable to neutral N release for raw digestad cattle manure (Figuse&2.A). The N availability

of the EOMs, that considered the net mineral N du€AN inputs and N mineralization, is displayed
in Figure3.2.B. At the beginning of the incubation, the ligdidestate had a slightly lower TAN content
than the raw digestate. The N availability of tiguid digestate increased with the time due to the
mineralization of the organic N, and became sinolahigher than the N availability of raw digestate
Compared to liquid and raw digestate, cattle slwoyld have lower mineral N availability for crgps

mainly because of lower TAN content and, on a lesgtent, of N immobilization. Solid digestate had
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a higher TAN content than manure, but the inducadhhobilization after addition to soil decreased
the mineral N availability from solid digestate amoth solid digestate and cattle farmyard manuce ha

equivalent potential N availability.

All EOMs presented rather large rates of organic {Demalization (Figure3.2.C) with intense
mineralization during 28 days then decreasing aadhing a plateau at the end of the incubation. The
raw digestate presented the lowest mineralizatioretiea with unexpected larger intensity of
mineralization for both solid and liquid phaseseTemaining organic C in soil was calculated as the
difference between added and mineralized orgaiite® 175 days (Tabl@3). The data were consistent
with the koc value measured except for the raw digestate fachwtesidual C during incubation was
higher than measured through theclvalue (F = 0.98, excluding raw digestate). We observed ams#

C mineralization on the first day of incubation figuid digestate and slurry, indicating the preseaof

highly degradable organic matter (Figd2.C). This peak was not observed for raw digestate.

Figure 3.2: Kinetics of C and N mineralization fré&®Ms during incubations in soils under controlled
conditions. For each subfigure, error bars show atendard error. A: Cumulated C released under
CO; form, expressed in percentage of initial organié@n the EOM. B: Cumulated N mineralization
or immobilization, expressed in percentage ofahitirganic N in the EOM. C: Cumulated mineral N
supply by the EOM, taking into account mineral puntogether with organic N mineralization.
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Table3.3: Average physicochemical characteristics of ti@Ms, calculated from the analysis done for eachliagfion. Results are indicated as: mean *
standard deviation (coefficient of variation). S&l fraction during incubation ancdc were analyzed on one sample; the mean was wfiteEwed by the
standard error between square brackets (standardrer

Cattle

manure

farmyard Solid digestate

Cattle slurry

Liquid digestate

Raw digestate

DM (%FW)

pH

VS (g kgFW?)
Stable C (%Gyg)
from incubations
Iroc (%0Corg)
TAN (g kgFWH?)
TN (g kgFW?)
TAN:TN (%)
C:Niotal

P(g kgFW?)

K (g kgFW?)

32.5 + 3.411%)
9.7+ 0.3 (3)
253+ 17 (Ph)
66.5 [1.0]

67.0 [0.3]

0.7+ 0.2 22%)
8.3+ 0.4 ()
8+ 1.0(17%)
15.3+ 1.8(11%)
2.1+ 0.1 (3%)
11.3 + 2.4 21%)

27.2+ 4.9 (18%)
9.3+ 0.1 (1%)
232+ 52 (22%)
60.4 [1.2]

58.0 [1.1]

1.6+ 0.4 Q4%)
6.6+ 0.5 (%)
24+ 4 (16%)
17.8 + 5.4 BO%)
2.5+ 0.3 (12%)
3.6 + 0.6(17%)

3.4+ 2.6 (17%)
7.4+ 0.5 (M)
24.4+19.9 81%)
60.5 [2.3]

56.0 [0.7]
1.1+ 0.5 47%)
2.1+ 1.0 49%)
59+ 16 (28%)
5.2+ 2.2 42%)
0.3+ 0.2 5%)
1.8+ 1.2 63%)

4.8+1.1 (23%)
7.9+ 0.2 (2%)
28.8 + 5.7 20%)
69.0 [1.5]

72.6 [2.4]
2.3+0.3 (13%)
4.3+ 0.7 (16%)
53+ 3 (5%)
3.3+ 0.2 (6%)
0.9+ 0.3 34%)
3.5+ 1.0 R9%)

6.6+ 0.6 (Pb)
8.0+ 0.1 (D)
45.2 + 3.9 (%)
77.7 [0.4]

59.7 [3.5]

2.6 + 0.6 P5%)
4.6 +0.5 (1%)
55+ 13 (24%)
4.9 + 0.4 (86)
1.0+ 0.2 (17%)
3.6 + 0.7 21%)
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Organic matter in the undigested farmyard mafusg:= 67%VS) were slightly more stable than solid
digestatélroc= 60%VS) confirmed by a highekbc and residual C during incubation. On the contrary,
the organic matter stability of the slurry was Istig lower (lroc= 61%VS) than the one of liquid
digestate @oc = 69%VS). According torbc, the stable organic matter remained preferentiallghe
liquid phase during the phase separation. Howether,differences between these organic matter

stabilities were rather small.

3.3.2 Ammonia emissions after application of exogenous organic matters
In summer, 99% to 100% of the total volatilizatmecurred during the first 2 days then stopped bsau
of the EOM burying (data not shown). The quick anmgbortant volatilization for all EOMs were
attributed mainly to high temperature (Fig&8.A). The very high emission factors for cattle mman
and solid digestate (up to 100% of TAN) represeritad 24 kg of N losses despite of the low TAN

content of those products.

After application of EOMs in late winter and sprirgfl% to 100% of the total volatilization occurred
during the first 2 days (data not shown). The EQiése not buried. Across the five events, absolute
volatilization values and emissions factors vadedording to EOM doses, meteorological conditions,
and product characteristics (Figu88.B). The volatilization varied from 0 to 5 kgh&? for chemical

N solution (0 to 7% of TAN brought); from 0 to 8 kgha* for cattle slurry (0 to 40% of TAN applied);
from 7 to 38 kg N hé&for raw digestates (13 to 60% of TAN applied); dram 2 to 16 kg N hafor
liquid digestate (3 to 29% of TAN applied). Considg the five applications, the EOMs had higher
emission factors than chemical solutidRaw digestate was the most sensitive liquid EOM to
volatilization, regarding both emission factorstotal volatilization. Liquid digestate had similar
slightly higher emission factors than cattle slutrgwever, the total volatilization was higher figuid

digestate due to higher doses of applied TAN.

The best linear regression model (adjusted R2 9 @ob@d to explain the percentage of TAN volatitize

after the application of liquid EOMs was:
(equation3.6) ERoai=-245.1+17.1 TAN +6.8 DM +25.8 pH 88T - 13 R-76.0 BURIED.

where ERoar Was the emission factor of ammonia after 6 daysajgied TAN), TAN was the TAN
content of the organic product (gN kgPY¥DM was the DM content of the EOM (g kgFYV pH was

the pH of EOM, T was the mean air temperature duidgys (°C), R was the total rain during 6 days
(mm), and BURIED was 1 if the EOM was buried andf ®ot. Wind speed, application dose
(tFW hal), and type of EOM were not selected in the modéle Elimatic variables were better
explanatory variables when considered on 6 dayswieen they were considered on 1 or 3 days. The
model showed a positive correlation (p < 0.05)ad&tilization to DM content, pH, air temperaturada

a negative correlation (p < 0.05) of volatilizatitmnrainfall and TAN content, and burying.
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Figure 3.3: Ammonia emissions 6 days after the applicatafrisrtilizers in the field, expressed in kgN
ha'! % of applied TAN, and % of applied TN. In eachfiguioe, error bars show one standard error.
For each dates, mean air temperature (T), rainfafid wind speed (WS) during 6 days are indicated
(A, B). A) NH volatilization during winter and spring applicatis. MN: Mineral N. CS: Cattle slurry.
RD: Raw digestate. LD: Liquid digestate B volatilization during summer applications. CM: @at
manure. RD: Raw digestate. SD: Solid digestateT@nl emissions during the three-year period, in
each treatment. No statistical tests were realizedifferentiate the treatments. MN: mineral N. CSM
cattle slurry and manure. RD: raw digestate. LSQuid and solid digestate.
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In 2017, ammonia emissions factors for slurry weve because the applied slurry had a very low DM
content € 2% FW). In 2018 and 2019, slurry and liquid digestaad similar DM contents. The liquid
digestate had a higher pH that promoted high eomdsictors, but higher TAN content that decreased
the emission factors. Therefore, emission factasevgimilar for both products. A negative correlati
was observed between TAN content and emissionracitis could be due to a larger difficulty to
reach a high emission factor when the TAN contsritigh, because it requires the volatilization of a
high absolute amount of ammonia. The liquid digeskead similar or lower emission factors than raw
digestate. We attributed it to its lower DM contdmdttenabled a faster infiltration of digestateha t
soil and therefore reduced volatilization. Conditggraw digestate, the meteorological conditionsewe
more favorable to volatilization in summer thanaimter or spring, but the raw digestate was buried.

Therefore, the emission factors were similar irhbaxinditions.

The total volatilization of the different treatmeruring the three years depended on emissionréacto
and doses of applied TAN. The treatments with EOkss¢nted higher volatilization than mineral
fertilizer (Figure 3.3.C). In CSM, RD, and LSD tnemnts, the summer volatilization accounted for
51%, 40%, and 44% of total volatilization, respesiy.

Phase separation decreased volatilization: theoptiop of volatilized TAN was 33% lower in LSD
than in RD treatment. It was first explained byatibization reduction in winter, mainly due to tfaster
infiltration of liquid digestate in the soil compalto raw digestatd here was also less TAN applied in
summer with solid digestate compared to raw digestehich is a period where emission factors were
high. Total emission factors were similar for CSMI&$D treatments. However, because of the higher
TAN input, total volatilization was 1.8 times hightia LSD than in CSM treatment.

3.3.3 Agronomical performances in the different treatments

Agronomical performances provided by the diffete@atments were assessed through crop yields and
N uptake by crops (Figurd.4). For each year, crop N uptake (aboveground aijgasmre strongly
FRUUHODWHG WR JUBDQ7 20T E= B I 2OAB,Q-0\6UN 2019) as well as to
grain N export #=0.93 in 2017,2=0.99 in 2018,2= 0.90 in 2019) (data not shown). Because we did
not assess the variability of the yield inside epldt, we could not assess if the crop yields were
significantly different in the different treatmentdowever, we observed some tendencies. Excluding
control treatment ON, the highest yield and N uptalere always achieved in MN and LSD treatments,
and the lowest yield and N uptake were always fomn@SM and RD treatment (FiguB4.A and
3.4.B). The highest and lowest yields differed frobtd 20%. The wheat grain quality targe10% of
protein in the grain, enabling for higher valorieatand better sale. In 2017, this goal was oriyeaed

in RD and LSD treatments (higher TAN input), but mLSD (lower TAN input) (Figure3.4.C). In

MN treatment, lower N inputs compared to RD and Lt&atments and the lack athird fertilization

event during the upstream stage (recommendediZatitin practice in France) probably prevented a
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good grain quality. On the contrary in 2019, only MBatment reached a good grain quality, because

of higher winter and spring mineral N inputs tharGSM, RD, and LSD treatments.

The crop N export in the different fertilizationstgms was possibly influenced by the total apgied
doses and the N availability in the fertilizers kgxb in winter and spring, and by possible effeuits
EOMs applied in summer. The investigation of surflusiptake and mineral N supply enabled to
differentiate theedifferent effects. The of surplus N uptake and mahBl supply were well correlated
(r>=0.84) (Figure3.5.A). A first conclusion is that the mineral N slypm winter explained the crop N
export, and therefore that the application of EOMsUimmer had no detectable effects on crop N export
between February and harvest. As a second conalubgcause the mineral N supply was mostly
described by the N availability of EOM, our comgiga of the N availability in the EOMS reflected
well their propertiesasN fertilizers. In other terms, the N availabilities the EOMs were correctly
described by their TAN content, ammonia volatiliaaf and mineralization of organic N. The mineral
N supply was 30% lower than the surplus N uptakeerd@fore, we were able to investigate the
contribution of TAN content, volatilization, and ineralization of organic N to total N availability
(Figure 35.B). TAN content was the major driver of the fiezihg properties of the fertilizer N
availability. The TAN:TN ratio in cattle slurry werhighly variable. The volatilization and N
immobilization during slurry decomposition decrehdke total N availability in the same order of
magnitude. Volatilization significantly reduced tReavailability of raw digestate. For liquid digas,

the decrease of N availability due to volatilizatiwas compensated by the organic N mineralization.

Therefore, volatilization and N mineralization hsidchilar orders of magnitude.

The NUE of the organic fertilizers were lower tithe one of the synthetic fertilizers (Figusé.C).
The NUE of the cattle effluents were slightly highigan the NUE of the liquid digestate. The NUE of
the raw digestate were lower than the one of ligliggestate and cattle slurry.

To conclude, the good N availability and high tdthinput with liquid digestate enabled to achieve

correct crop yield and N uptake. The crop yield &dhdptake were lower with cattle slurry and raw

digestate because of lower doses of applied Nécstirry) or lower N availability (raw digestat&)e

did not highlight any effect of the summer applgatof EOMs on SMN stocks in February (data not
shown). It is possible that the summer applicationld have influenced the early growth of rapeseed;

however, our experiment design cannot concludédanpoint (Supplementary Material 7).
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Figure 3.4: Agronomical performances during the field experimdarror bars show measure
uncertainty A) Grain yield. B) N uptake by crop (abovegroundars), at harvest date. In 2017,
uncertainty could not be computed due to no repiboaof N content measurement. The shown dotted
error bars represent an estimated uncertainty with same relative uncertainiyg N content as for
wheat in 2019. C) Protein content in wheat grai@l2 and 2019). The measure were not repeated and
no uncertainty could have been estimated
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Figure 3.5: N availability of fertilizers applied in late wintand spring. MN: Mineral N fertilizer. CS:
Cattle slurry. RD: Raw digestate. LD: Liquid digatst. A) Correlation between surplus N uptake and
the mineral N supply that were computed betweemuaep and harvest. Solid lines represent the best
regression line passing through the origin. Dotlieés are 1:1 line. Error bars represent one measur
XQFHUWDLQWY waHD34.VE) @&ddmpbsition of fertilizer N availdp into its three
components, TAN:TN ratio, mineralization of the EQMnd volatilization. For each treatment, the
bars represent the N availability in 2017, 2018d&019, from left to right. C) Nitrogen Use Efficoy

of the fertilizers in the different treatments.

3.3.4 Evolution of soil mineral N stocks during the 3-year expaErtm
In 2017, after wheat harvest and before drainagi®gén November, th&MN stocks were similar
within the treatments, even after the applicatibliE@Ms in summer. This was interpreted by a non-
excessive fertilization of wheat and the early Nalp by rapeseed crop. During winter 2017/2018, the
SMN decreased a little similarly in all the treatrtserAt the end of the drainage period in February
2018, the SMN remained similar in all treatmentg(ir¢3.6). High nitrate leaching was unlikely.

In July 2018, after rapeseed harvest, the SMN staak® relatively high (Figure.6). After the
application of organic fertilizer and before theaidage periodthe SMN stocks increased in the
fertilized treatment (CSM, RD, LSD). In RD and CSMédiments, the SMN increase was consistent

with mineral N input from EOMSs, lower volatilizatidhan in the previous year, and N mineralization
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from organic amendments. However, the observed Sidkease in LSD treatment was unexpectedly
high and the N immaobilization observed in contrdl®nditions unlikely occurred. During the winter

drainage period between December 2018 and Feb2041§, the N absorption by wheat was likely low
and the high decrease of SMN were likely explaimgditrate leaching.

To conclude, the investigation of SMN stocks hightlegl the absence of detectable effect of fertilizer
application before rapeseed sowing, the leachidgded by fertilizer application before wheat sowing
and some inconsistency between the incubationliof digestate in controlled conditions and the SMN

stocks in the field.

Figure3.6: A) Soil mineral N (SMN) stocks (0-100cm), on #$@mne x-scale as B) Crop management
Arrows indicate the fertilization dates in late w@nand spring (light gray, MN, CSM, RD, and LSD
treatment), and in summer (dark gray, CSM, RD, aBD treatments).

3.3.5 NO emissions

In all treatments, we observed a peak eDNemission in spring during one month after appibica
events (Figur@.7). Emissions in both treatments using digestates (&&DRD) were similar. The D
emissions of cattle effluents (CSM treatment) wdighly lower. The use of synthetic fertilizers
induced NO emissions that were strongly higher in spring&8dd similar than in other treatment, and
were similar to the one of LSD and RD treatmergpring 2017 and spring 2019. In autumn, th©N

emission were low in all treatments.
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We summed the emissions during the five periodovioilg fertilizers applications (50 days each)
(Figure 3.8). The surplus PO emissions compared to ON during the 250 measurenses were
0.67% + 0.07%, 0.11% + 0.03%, 0.22% + 0.03%, aBdi%.+ 0.02% of total N applied for MN, CSM,
RD, and LSD treatments, respectively. They alscevie87% * 0.06%, 0.38% + 0.11%, 0.41 + 0.05%,
and 0.49% =+ 0.06% of mineral N applied for MN, CSM),Rind LSD treatments, respectively. The
emissions were not measured during the whole yedr therefore these percentages cannot be
considered as emission factors. The EOMs (CSM, RD, l&BD treatments) had similar ratios of
measured PD emissions to mineral N input. The synthetic liedgr (MN treatment) resulted in higher
N20O emissions for similar mineral N input. Therefailee cumulated PO emissions were the highest
on MN treatment (Figur8.8). Cumulated BD emissions were similar on RD and LSD treatmehey
had the same order of magnitude as in the MN treatnCumulated pD emissions were twice lower
on CSM treatment, because of the lower dose of @iérapplied. The emissions in autumn after
summer application only represented 7%, 34%, 19%,1%6% of total emissions for MN, CSM, RD,

LSD treatment, respectively, although it represgdt@% of measured time.

We investigated the driver of the,® emissions with a linear regression model. The bexdel

(adjusted R2 = 0.42) to explain thelemissions was:

(equatior3.7) log(N:0) = -5.379 + 0.026 NH + 0.154 NG@ + 0.048 SWC + 0.048 T + 1.441
FERTILIZED + 1.017 SEASON

where log(NO) was the logarithm of XD emissions expressed in glN ha' day?, NHs*-N was the
content of NH* in the topsoil (mgNk-N kgDS?) , NOs-N was the content of NDin the topsoil
(mgNGs-N kgDS?t), SWC was the soil water content (%WFPS), T wasaiheemperature (°C),
FERTILIZED was equal to O if the treatment was (@Xy 1 else, and SEASON was equal to 1 if the
last application of fertilizer was in winter or ggy, and O else. The model was better when usitig bo
soil NOs and NH* contents instead of total mineral N content. Alplanatory variables had a slope
significantly different to O (p < 0.05). Date, ttegent, and last fertilizer used were not selectethé

model.

The model confirmed and partly explained the presiobservations. The contribution of autumn

emissions to cumulated emissions were low: it virgs &ttributed to lower SWC in autumn than in

spring, but also to slightly lower SMN in soil. Dog late winter and spring, we detected no effect of
fertilizer type on EOM. The low pO emissions in CSM treatment was induced by low Sidhtent.
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Figure 3.7.A: NO emissions, evolution of total mineral N and rigratocks in the upper soil layer ©

20 cm) and evolution of topsoil water content gaessed by the water filled pore space during wheat

cropping season in 2017. In each subfigure, errarslkshow one standard error. All subfigures share

the same x-axis (time): punctual®emissions, topsoil mineral N content, topsorké content, crops

and fertilization dates, soil water content. Ordy N.O emissions, at each date, a Kruskal-Wallis test

followed byaposk RF 'XQQYV WHVW ZDV UHDQMWIGRY R IHWVWVAK BWIK IF D QW
from one another. When no difference were highdidiitetween treatments, no letters are drawn. When
treatment are shown different by Kruskal-Wallist tgsvalue < 0.05), letters are drawn for each
WUHDWPHQW DQG WUHDWPHRIWFDKNA\QG LQ IRH Dt 65 D TRIN WH Y @
period that were considered for total emissionsea@ghlighted in gray.
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Figure 3.7.B: NbO emissions, topsoil minerdl content and water content (rapeseed 2017-2018). See
legend of Figure 3.7.A for more details.
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Figure 3.7.C: NoO emissions, topsoil miner& content and water contents (wheat 2018-2019). See
legend of Figure 3.7.A for more details.

117



Chapitre 3

3.3.1 Mineral N balance

The mineral N balance in the soil showed a comectiracy at the scale of the three cropping seasons
The difference between outputs and inputs of saiknal N were -89 kgN ha(13% of total inputs), 50
kgN hat! (10 %), -5 kgN hd& (1 %) and 105 kgN ha(15 %)in MN, CSM, RD, and LSD treatments,
respectively (Figure 3.9). These imbalance were telatively to uncertainties of measurement (N
uptake, volatilization, leaching, mineralizationorfn EOMs), and neglected processes (e.g.,
inhomogeneous crop residue mineralization apcdm NO losses). The mineral N fluxes in the soll
were the highest with digestates (RD and LSD treats), compared to CSM treatment. It induced
higher N losses as well as higher agronomical perdoaces in LSD treatments. The N losses (leaching
and volatilization) were equivalent to 4 % of cemrial N uptake in the MN treatment, which was lower
than in CSM (18 %), RD (41 %), and LSD (34 %) trezits.

Figure 3.8: Sum of the estimated® emissions. Fluxes represent 250 days of measutdorethree
years and did not represent the real absolute valubhbO emissions. Error bars show one standard
error.
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Figure 3.9: Mineral N balance in the field at the scale bé&tcrop rotation during three cropping
seasons. (I): Inputs, i.e. processes that supplyeral N to the soil. (O): Outputs, i.e. possible
behaviours of soil mineral N.

3.3.2 Amendment properties of the EOMs
There was no surplus of total N in MN treatment (€&4), indicating no supplementary soil organic
nitrogen (SON) storage. In the treatment using miggkertilizers, there were more inputs than ousput
of total N (Table3.4). This balance was assumed to represent the ifiarganic N in soil during the
rotation. This high input represented d.& of initial soil organic N stock (3.7 t R@n average), and
reflected the potential contribution to soil organinatter from organic fertilization, so-called
amendment properties of the EOMote that this corresponded to an input and nat t®t storage,

because the additional mineralization of SOM calmsethese inputs was not considered.

Simultaneously, we estimated the inputs of stabjamicC in soil from the EOM based on their VS
content anddoc value (Table3.4). The input of stabl€ was lower in RD treatment than in CSM and
LSD treatment, due to lower C inputs (no solid EOManure and solid digestates represented 81%
and 71% of total stored C for CSM and LSD treatmeaspectively. It highlighted their higher
amendment effect than liquid EOMs, even if liquidetitates stored more C than slurry.
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Table3.4: Total N balance in the field at the scale of theporotation during the three cropping seasons.
Inputs include total N applied by fertilizers. Outp include crop export, leaching, and volatilipeati
Inputs of C from EOMs come from application dosas analysis. Thexbc Were used to estimate the
C incorporated to SOM.

Flux of total N and C Treatment
MN CSM RD LSD
Total N fluxes (kgN hd)  Input of organic N 0 423 423 537
Input of total N 389 662 863 942
Output of total N 380 373 491 558

Balance of total N: estimation ¢ 9 290 372 384
input of N inside SOM

C fluxes (tC ha) Input of C 0 7389 4064 8455
Input of stable C: estimation ¢ 0 4770 2425 5205
input of C inside SOM

3.4 Discussion

3.4.1 Digestates have higher fer#@izroperties and similar amendment

properties than undigested animal effluents
Guilayn et al. (2019a) proposed a typology of digies. Based on chemical characteristics, raw
digestate fitted type 2 characteristics (Sewagidgaubiowastes, food agro industry residues, pigygl.
Our results confirmed that the large proportionsiaf-agricultural inputs like sewage sludge seemed
to import high quantities of nutrients and to drikie digestate chemical characteristics more thairys
and manure incorporated at relatively low inputedod herefore, when looking at the properties ef th
digestates, both effect of the digestion and ofiygort of nutrients have to be considered. Theitiq
and solid phases of digestate fitted well the etqubtypology associated with low-performance phase
separation. According to the analysis of digesiaegaration phase removed only 27% of DM content
from the raw digestate. Despite the slightly ol content, the chemical characteristics of liquid
digestate were similar to raw digestate. This isnemn for low efficiency separation phase
(Guilaynetal., 2019b).

With the exception of raw digestategsod value was consistent with the mineralized C duting
incubations. The stable fraction of organic C gfeditate were consistent with the one found by aéver
authors (Alburquerque et al., 2012; Askri et aQ1@; Cavalli et al., 2017; de la Fuente et al.,301
Nielsen et al., 2020). As liquid and solid phasase from raw digestate, we expected a degradation
rate of raw digestate between solid and liquid stigges, as found by Askri et al. (2016). It wasthet
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case in our experiment, as well as in the studyf@avalli et al. (2017)Therefore, it was difficult to
conclude if thisvas explained by a difference induced by the diffesampling dates between rawdan
liquid digestate, or another explanation such alsamge in liquid phase properties during storagpe T
application of slurry and liquid digestate tolsihring the incubation in controlled conditions trgged

a quick and important C mineralization, which waesady reported in literature (Alburquerque et al.,
2012; de la Fuente et al., 2013; locoli et al., 2@ isberg et al., 2017). Liquid digestate hadghéi
fraction of stable organic C than solid digestegsplting in a higherbc value for liquid digestate than
raw and solid digestates. It suggests that thdes@lfirom raw digestate remained preferentiallyhia
liquid phase. In the literature, the liquid phaselifferent digestates had a higher (Askri et 2016)
similar (Cavalli et al., 2017; Nielsen et al., 2020 lower (de la Fuente et al., 2013) organic eratt

stability than the corresponding solid phase.

In laboratory conditions, the mineralization of Mried during 50 days and stabilized after. This
dynamics was similar to the one observed by Cagthil. 017) We observed N mineralization after
liquid digestate application but no N mineralizatiafter raw digestate application to soil in cotéa
conditions. Observations varied in the literatuke.mineralization (Tampio et al., 2016), no N
mineralization (Cavalli et al., 2017), or N immabdtion (de la Fuente et al., 2013) were observed
during the incubations of liquid or raw digestateshe soil. Alburquerque et al. (2012) suggeshed t
the less digestates caused C mineralization, thre they induced N-mineralization. Our digestate had
a similar C-mineralizatiomsthe more stable digestate in the latter studyckvig consistent with the
observed N mineralization, on the contrary to ottligestates that could exhibit N immobilization
Consistently to our results, Cavalli et a&20(7) observed immobilization following solid digestate
application to soil, However, contrary to the prasstudy, it was followed by mineralization.
Dela Fuente et al. (2013) also found N immobilizatioss@ciated to solid digestate incubation.
Chiyoka et al. (2014) showed N immobilization andrieralization during solid digestate and solid
manure incubation, respectively. In a more synthagiproach, Levavasseur et &021a) highlighted
the variability of the N behaviour following eackipe of EOMs. They highlighted a neutral N

mineralization for digestates and bovine effluemsaverage. Our study was consistent with thisltresu

We confirmed the different expected effects for solid and llgiEOMs. Here, solid digestates and
manure were poor fertilizers, as their TAN conterg#s low and because they did not induce N
mineralization. However, they brought high amoumegalcitrant C in the soil. The stability of orga

C in manure made it a slightly better amendmem #@lid digestate. On the contrary, the input of
organic C with liquid EOMs waslow. The fertilizing potential of slurry and liqdiidigestates were
primarily explained by their TAN content. Howevalr mineralization increased the fertilizer potential

of liquid digestate compared to slurry and raw sigee.
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3.4.2 Assessing the N balance in a field experiment: limits and strength
In this study, we compared different fertilizatisystems using full-scale machinery. We used a single
large plot per treatment for this experiment, rathan classical bloc-designed experiment with mnal
plots. We assumed that the main drivers in the mdiffecrop performances were the N supply by the
fertilizer. The good correlation between the susptwop N uptake and the N availability from the

fertilizers partly verified this assumption.

Variation of EOM characteristics explained that khapplied differed from the targeted amounts. We

also avoided applying very high dose of liquid E@¥dt would not have been consistent with classical
management. Consequently, the applied N dosegetiffeamong the treatments. N losses and crop N
uptake therefore have to be interpreted in two wayst, we compared the N fluxes relatively to the

applied N, to compare the quality of the differ&@Ms. Then, it was also interesting to interpret the

total N fluxes, to consider the fact that it isieaso apply high total N dose with digestates thatile

effluents.

Despite these limits, thanks to numerous measureofi®éhfluxes, we were able to propose a consistent
soil mineral N balance in the field at the scalettedf rotation. This enables to better understard th
effects of fertilization with digestates. In oungdy, the output of mineral N seemed underestimaee.

possible explanation is the immobilization of mdxe due to crop residue degradation, or an
underestimated nitrate leaching. On the contrduy,inputs of mineral N were lower than outputs in
LSD and CSM treatments. Probable explanations cbelthe underestimation of manure and cattle

slurry mineralization, or the overestimation ofaié leaching.

3.4.3 The use of exogenous organic matters influences N lossesi@idhe f
Due to high N inputs, the use of digestates indudddsses (MO, NHs, nitrate). Méller (2009) also
highlighted the importance to reduce N losses tprawe N efficiency of the different fertilization

systems using digestates thanks to N cycle atielbedcale.

Ammonia emissiofis driven by temperature, wind speed, rainfall, aggilon method, pH, TAN content
(Hafner et al., 2019), but also crop height (Thamagal., 2008) and infiltration in soil (Pedersdral.,
2021). Our findings were consistent with this knegde. Dependingn meteorological conditions and
variation in digestates characteristics, we meashighly variable ammonia emission factors ranging
from 2% to 60% of TAN for liquid and raw digestat&fis was consistent with previous measurement
(Nicholson et al., 2017; Rabiger et al., 2020; Raval., 2016). The emissions factors for cattl@une
and cattle slurry were consistent with the valymreed in the ALFAM2 database (Hafner et al., 2018).
For solid digestate, it was similar to that of leathanure. Considering the high volatilization rafe
solid digestate and despite their lower TAN contem argue thathese emissions should not be
neglected, as is sometimes done (Amon et al., 2006; Holly et &12). To our knowledge, nobody

else already publigld ammonia emission factors for solid digestate. pih@se separation of digestate
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decreased the ammonia emission factors and theatotaonia emissions, during the three years. The
lower ammonia emissions from liquid digestate comagao raw digestate was attributed to higher
infiltration rate. Such reduction of ammonia envssivith phase separation was also found, but for
undigested slurry (Amon et al., 2006; Nyord et20.12). The use of liquid and solid digestates @radi
similar ammonia emission factors than the use tifecaffluents. Digestates had sometimes lower and
sometimes higher ammonia emission factors thangestid effluent in the literature (Moéller, 2015)
Due to the higher TAN applied, the use of digestaseilted in higher total ammonia losses. Digestate
injection could bean efficient way to reduce volatilization and improdigestate N fertilizer efficiency
when applied on grasslands, or before sowing oti@norops (Herr et al., 2019; Maris et al., 2021;
Webb et al., 2010). However, for rapeseed and wtteatligestate was mainly applied on the crop and

other solution could be proposed to reduce votatiion, such as acidification (de Franca et a1320

N.O emissions peaked around 75NN ha! day* in late winter and spring. This was consistenhwit
measures reported in the literature, evenJDNMuxeswere sometimes three to four times higher for
digestates (Moller and Stinner, 2009; Nicholson.e817; Verdi et al., 2019) or undigested effisen
(Bell et al., 2015; Williams et al., 1999)/e measured less emission in summer and autumn,lodtew

10 gNO-N hat! day?!, which was attributed to soil dryness. This wasststent with the findings of
Pezzolla et al. (2012), who used digestates, anthBdeau et al. (2009), who used other EOMs. On the
contrary, other studies measured higher emissioastumn or summer compared to spring with animal
effluents (Bell et al., 2015, 2016), which were lakped by relative high rainfall and soil moisture
Using a linear model, we highlighted the effecsoil moisture, soil minerdl content, and temperature
on N.O emissions, which were known as important varslebeplaining NO emissions (Butterbach-
Bahl et al., 2013). We did not highlight any addiibeffect of the nature of the fertilizer. The éypf
digestate was also found as a minor factor to @xpNaO emissions (Hafner et al., 2021). In ourdiel
conditions, the effect of SMN could have meglany quality effect of the different EOMs that have
been reported in other studies (Charles et al.720¥e did not find any effect of phase separat{on.
the contrary, Askri et al. (2016) and Mdller (20Xd)served that the phase separation of digestate
decreased MD emissions One impact of fertilizer type was the form of mialeN applied

i.e. ammonium or nitrate. This likely influenced®emissions if the conditions favored®production
through nitrification or denitrification. PO emission was lower in CSM treatment than in other
treatment, mainly due to lower N inputs (similasNemissions to applied TAN ratio to RD and LSD
treatments). At the scale of the crop rotationONemissions were similan LSD, RD, and MN
treatments. A higher amount of.@® from digestate compared to mineral fertilizerssviaund by
Buchen-Tschiskale et al2Q20 and Koster et al.2011) Other publications described a lowesON
emission with digestate than undigested slurry {(&0st al., 2015; Mdller, 2015; Nkoa, 2014he
strong emission peak in spring 2018 in MN treatneestirred in a period with higher soil nitrate cante

than in other treatments. The soil moisture way tggh, a condition where D emissions are usually
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mainly attributed to denitrification than nitrifitan (Senbayram et al., 2009), and therefore tigé hi
soil nitrate content could have induced stron@® Mmissions. In spring 2019,® emissions in MN
treatment were not higher than other treatmentspittea higher nitrate content, similarly to 2018.

However, the conditions may have been less favdeifab denitrification in 2019 than in 2018.

We found that applying EOMs in autumn before wheatiisg both promoted nitrate leaching and did
not improve wheat yield, in accordance to Sielinhgle (1997). During the crop rotation, estimated
leaching represented 1%, 3%, 2%, and 8 % of totedpNts for MN, CSM, RD, and LSD treatments,

respectively. This was lower than measure by Netwlet al. (2017), who estimated a leaching
representing 15% of total N for slurry or digestapmlications. It was consistent with the modelling
from Rabiger et al. (2020), who estimated a leagloih5 to 18% of total N input, with more leaching

using digestate than mineral fertilizers.

3.4.4 Digestates are able to substitute chemical fertilizers to growinrops

field conditions

The application of EOMs had to occur when the saié\dry enough to prevent soil compaction due to
heavy spreading engine, adding a constraint oitiZation date. Doses could be less easily fraetied,
and no third fertilization occurred on wheat (bnt2019 for MN and CSM), as it is classically
recommended to improve protein content in graire Ui$e of combined digestate and mineral fertilizers
at different dates could solve this problem, asaaly proposed (de Franca et al., 2021; Odlare,et al
2014). We observed a slightly higher NUE for calerry than for liquid digestate. It was mostly
attributed to its slightly higher TAN:TN ratio. Hawer, because of their respective TN contentoitikh

be easier to apply the right dose of N with digestahan with slurry, and therefore to achieve the
targeted yields. These results are similar to thdysfrom Baral et al.2017)on barley. The NUE of

raw digestate was slightly lower, due to higheatitzation.

In this study, we estimated the NUE of cattle slannd digestate. The repetition of EOM application i
spring and in summer possibly affects NUE. Estimhd&E ranged from 22% to 41% of N applied for
raw digestate, and 37% to 57% for liquid digestatee NUE of the raw digestate was consistent with
the NUE of raw digestates measured on barley byriHscet al.Z017)and Baral et al. (2017) (19% and
37%). We did not find NUE digestates on rapesedhdriterature.

We here explained crop yield only with fertilizepirts, without considering amendment application in
autumn. It is possible that the application in swenrbefore rapeseed could have improved early
rapeseed growth in RD treatment, and, to a lessgrred, in LSD and CSM treatments, but this effect
was not highlighted. The rapeseed N uptake in C&Bltriment was higher than expected, which could

also be an effect of manure application in late rmg@mbefore sowing.
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The TAN content of digestates is often used asoaypof their fertilizer efficiency (de Franca et,al
2021; locoli et al., 2019; Tampio et al., 2016)wéwer, it is a simplified understanding of theifexgr
potential of digestate which could also be influsshtby ammonia emissions and the mineralization of
digestate organic nitrogen (Moéller and Mdller, 2012mmonia volatilization could decrease its
fertilizer efficiency (Frost et al., 1990; Quakechaet al., 2012), whereas the mineralization ofaoig

N in digestate could increase N supply for cropsul@aker et al., 2012; Cavalli et al., 2017) andaou
make digestate efficient EOMs for N fertilizationtive short-term. The potential of digestate talizet
crops was often investigated without consideration of \vitifattion or mineralization. Here, we
highlighted the importance of these two processeescribe digestate fertilizer potential. TAN canit
was the main factor driving fertilizer efficiencyfollowed by volatilization and then
mineralization/immobilization. A lower volatilizath and a higher mineralization explained the better
agronomical resultsn LSD treatment compared to RD treatment. It alspliied that reducing

volatilization could have both environmental andoagmical benefits.

We found a good correlation between the estimatetkmrai N supply that included data from the
incubations, and N uptak€avalli et al. (2017) also showed a good corretatdd N availability
calculated from incubation or field experiment. Bwelution of mineral N stocks in soils during autu
and winter was consistent with incubation resultsw digestate and manure, which highlighted kit
mineralization of organic N. However, the N immddation during solid digestate incubatiomsinot
observed in the field with both high N uptake itelavinter by rapeseed, and high increase of SMN
stocks during autumand early wheat growth. This result was unexpectedabse of the use of the
same soil, and the use of fresh digestate in tbebmtion. SMN were high, and did not inhibit the
decomposition of solid digestate. One explanatiomd be that during autumn, the soil is less moist

than during incubation, and therefore would harsgtéd the decomposition.

The use of EOMs instead of mineral fertilizers inedibigher total N input in the field. The main résu
was the probable SOM storage. However, such effemtild be studied at a longer-term than our

experiment (Bhogal et al., 2018).

3.5 Conclusion

We presented here the results of a three yearsdigddriment using different fertilization strategjie
with cattle effluent, digestates, or synthetic Nifigers. The main N flows in the field were investigated,
and we were able to estimate a consistent soil nalirié balance at the scale of the crop rotation,
highlighting a good understanding of mineral N #gxat the field scale. The use of digestates irdtluce
similar N.O emission factors as cattle effluents. Concerttiediquid EOMs, slurry and liquid digestate
had similar NH emission factors. The NHemission factor of raw digestates was higher. Nk
volatilization after application of solid EOMs wesignificant at the scale of the three years. Tdpaidi

EOMs were efficient N fertilizer. Their NUE were Wekplained by TAN content, ammonia emissions,
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and then mineralization of EOM&iquid digestate and slurry had simil&AfUE. The NUE of raw
digestate was lower, due to higher volatilizatidfe did not find any effect of EOM applied in summer
on rapeseed or wheat yield. The application of E@Mummer before sowing wheat induced nitrate
leaching. However, the use of solid EOMs likely pded high input of organic matter in the soil. In
practice, because of higher TAN contents, the fisigestates induced higher input of mineral Nnie t
soil. Therefore, we were able to reach similardgalising digestate compared to mineral fertilizass,
well as to bring organic matter in the sdil the same time, the ® emissions were similar and the
ammonia emissions were higher when we used digsdtatead of mineral fertilizers. Phase separation
decreased ammonia volatilization, and improved rgmtical performance of digestates. The use of
slurry as N fertilizer did not enable to achiewmitir yields. AD transforms the organic fertilizebait
also imports nutrient via external co-substratémréfore, the real impact of the introduction of &D

a dairy farm should be realized at the farm sdale;onsider the change of treatment, quality, and
guantity of the EOMs.
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Chapitre 4
Conséguences de la methanisation des effluents
GI{pOHYDJH VXU OHV IOX[ GYD]R
culturale de 3 ans : évaluation du modele sol-plante
STICS

Lors du Chapitre 3, nous avons étudié, dans uri aasehamp original, les effets d@ fpSDQGDJH GH\
GLIJHVWDWYV DX FKDPS VXU OB p\W®XEBHGSDOWLRMSH &8 T\IFSEKLV LW
OTXWLOLVDWLRQ DJURQRPLOXHXGHVFE PIHNW B yuiddia@ B AKUYV H
les impacts associés liés aux IKTD]RWH 1pDQPRLQV LO VIWJOWWBHEKOXEDV G
peuvent étre généralisés sans précaution. La nsatléh des systemes sol-plante est un outil qui peu

étre utilisé pour évaluer des pratiques agric@pees une étape nécessaire de validation de sastésp

de prédiction. Ce Chapitre 4 a pour but de valideapacité du modéle de culture STICS a prédge le
UpVXOWDWY DJURQRPLTXHV BDW[OHW XBEDY AWV DMV RQ RPN G Q' V

Ce chapitre évalu@rtre autre, le module de volatilisatid@ 9 D P P RIESLPRO de STICS. Ce travall

D SHUPLV GH GYTLVROHUOH WT & HS IHD IGUHH GLpHY PRO@\S iy éhbsl €@ Wioduld. 6 7 , & 6
Au moment de la soumission du manuscrit de thésdug YHQ DLW @d] eétdiHenYddudsLde

correction : la volatilisation comptée comme joligra serait en fait horairéa performance de STICS

j SUpGLUH OD YRODWLOLVDWDRERGKEDMRRQRDY BAWBID GEH BWH FH
démarche de la these ¥6H YDOLGH HW SHUPHW PrPHGHH OMR XOIQIQEHOWOR |
modéles.

/H &KDSLWUH HVW pFULW WRXR/QODF LRIQRH. IG TXEGIH TBXLE OQ¥®FD W LR
unerevue scientifique aprés adaptation. Le cas éthidaversion corrigée de STICS sera évaluée dans

la publication.
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Consequences of anaerobic digestion of cattle effluents on N fluxes
in a 3-year crop rotation: evaluation of the STICS soll-crop

model.
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Abstract

The short-term and long-term impacts of anaeroigiesiate application in the field as organic feit
need to be further characteriz&wil-crop models are an interesting tool to evauwabpping practices.
We tested the capacityf the STICS soil-crop model to predict crop growstweell as soil mineraN
content and ammonia volatilization during a threesy arable crop rotation (France) with five
fertilization systems: no fertilization, chemical fidrtilizers, undigested cattle effluents (slurnyda
farmyard manure), raw digestate, or solid and digligestates. The C and N mineralization from oigan
fertilizers were parametrized from laboratory inatibn of soil +organic fertilizer mixtures under
controlled conditions. Two models predicting amnaordlatilization after organic fertilizer applicatis
were compared: STICS, and ALFAM2 (for slurry, liq@dd raw digestates) associated with emission
factors (for manure, solid digestates). The ALFAM&dal coupled with emission factors performed
better (rRMSE = 70%) than the STICS volatilizatiodmedule (rRMSE = 109%STICS predicted
crop vyield and N content at harvest and soil minsravith similar accuracy than for other systems
without digestates (e.g., rRMSE = 83%, 15%, and 2&6f4dpsoil mineral N content, grain yield, and
N uptake, respectively). STICSaasensitive to the ammoniacal N content of the agfamtilizers The
simulations confirmed and completed the resultsftbe observations: the use of digestates instead o
cattle effluents increased total N input, leadindpigher crop exports, higher N losses, and sinsibéir

organic N storage. STICS can be used to simulater gcenarios using digestate as fertilizers.
Keywords

Anaerobic digestion; Exogenous Organic Matters:a@ip model; STICS; ALFAM2; ammonia.
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4.1 Introduction

Exogenous organic matters (EOMSs) are organic wasteg-products (e.g., animal effluents) issued
from human activities that are applied on croppeissSome EOMs such as animal slurries can
efficiently substitute synthetic N fertilizers, lzerse of their input of ammoniacal N readily avdaab
for plant at a very short-term and because of tdssiple release of mineral N during EOM degradation
(Bhogal et al., 2016; Gutser et al., 2005). Theyusmed as organic fertilizers. Other EOMs (e.g. Yainch
manures) have higher organic matter contents dotiig term, the repeated applications of such EOMs
on soils promote soil organic matter (SOM) storagkich is often associated with an increase in
physical soil fertility and nutrients release (Bhb@t al., 2018; Diacono and Montemurro, 2010;
Edmeades, 2003; Haynes and Naidu, 1998). Theysae as soil amendments. On the other side, the
use of EOMSs is subjected to environmental riskshagammonia (NkJ volatilization (Minoli et al.,
2015; Sommer and Hutchings, 2001XNemissions (Charles et al., 2017; Zhou et al.7/20t nitrate
leaching (Basso and Ritchie, 2005)

Anaerobic digestion of livestock effluents and béstes has been promoted in many places in the world
including Europe (Scarlat et al., 2018), as a veagrbduce biogas, a renewable source of energy, and
as a way to recycle the nutrients from unvaluedtegsrlhe introduction of anaerobic digestion in a
farm induces the substitution of animal effluents the residual digested organic matters, named
digestates, which are seen as valuable EOMs (Cake22%/). Digestates are increasingly being used
in the field (Stirmer et al., 2020). They have alifint properties than the undigested effluentsaaad

thus associated with different advantages or risks.

During anaerobic digestion, the organic mattereégrdded and a fraction of the initial organic C is
exported through biogas. Therefore, digestates hdeaver dry matter (DM) and volatile solid (VS)
contents, a lower C:N ratio and a higher total amiao N (TAN) content compared to undigested
effluent (Moller and Miller, 2012). Digestates havimeir organic matter more recalcitrant than
undigested effluents (Moller, 2015). Animal effluerdre often co-digested with external wastes.
Depending on the characteristics of the digestédesits and co-substrates, digestates can have very
diverse properties and nutrient contents (Beggab. e2019; Guilayn et al., 2019a; Stirmer et2420).
Digestates can also be post-treated, which infleetsccharacteristics. In particular, digestate ban
treated with a phase separation. The resultingdighase, namediquid digestaté, has good fertilizer
properties (e.g., high TAN content). The solid ghasamed3olid digestaté has good amendment
properties (high VS contents) (Guilayn et al., 201 ®igestates (raw or liquid) are usually effididh
fertiizers % DU&ayJ HW DO 2016&H2rd@uOdDdL., BOR0)Dpa@rtly due to high TeaNtent.
The mineral N release after digestate decompositicine soil can increase the fertilizing propestof
digestates, while ammonia volatilization may desekertilizing properties (Méller and Mdiller, 2012)

Indeed, because of the high TAN and high pH, rawiquid digestates are sensitive to ammonia
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volatilization (Nkoa, 2014; Rabiger et al.,, 2020yd& et al., 2016). The digestates are often more
sensitive to ammonia volatilization compared toigadted effluents (Nicholson et al., 2017; Nyord et
al., 2012), even if the contrary was also found ttua faster infiltration into the soil (Mdller, 261
Neerackal et al., 2015). Field® emissions from digestate could be lower tharmtiefrom undigested
effluent, even if this can vary from one study twther (Méller, 2015). Apart from environmental
conditions, the origin of the digestate could sm=eond-order factor to explain® emissions (Hafner
etal., 2021).

A few short-term studies argued that digestate ccaniprove soil physical fertility compared to
unamended soils (Badagliacca et al., 2020; M&et5). However, few studies with mid- to long-term
digestate application (e.qg. five years or more)raported. In a 8-year field experiment, Odlaralet
(2014) found a similar positive effects of digestan SOM compared to other EOMs. Zicker et al.
(2020) described a field experiment where digestatdurry were applied in the field during 6 years
They measured a similar increase in SOM contenbth tseatments. Digestate led to higher risks of P
losses, and a slightly lower soil pH compared torgl Wentzel et al. (2015) investigated farms using
slurry or digestate for more than 15 years, anddono difference in soil quality when they were
fertilized with one EOM or the other. Consideritge thumerous combinations of types of digestates,
agricultural practices associated to their use,eaandronmental conditions of fertilized fields, tlag-
term amendment efficiency of digestates (poter@iastorage in soil after repeated applications of
digestate) has not been well characterized andaweat conclude on the better amendment properties

of digestates compared to undigested effluents.

Recently, a 3-year field experiment was designeéexpore the integrated effect of fertilizing a jgro
succession with digestates instead of untreatdbt @ifluent on the N cycle in the field (Chapter 3
The study showed that the use of digestates wasias=d to higher N applications in the field, inohg
higher yields together with higher N losses @NN-O) compared to undigested cattle effluents. Such
study was limited to describe some N fluxes thatdficult to assess (XD emissions, nitrate leaching),
and did not allow to compare the amendment pragsedi EOMs due to the relatively short-term scale.
The use of modelling can be useful to generalizé deepen results obtained from former field
experiments using digestates as fertilizers. Tleeofisnodelling can help to estimate variables #nat
difficult to measure: for example, Rabiger et &0Z0) used a model to estimate nitrate leaching
occurring in fields fertilized with digestates. Mdlid® can also simulate the effect of a practicettom
long term: as a second example, Bodilis et al. §2@Valuagd the long-term SOM storage induced by

repeated applications of digestates.

STICS (Simulateur mulTIdisciplinaire pour des Crdtsl Standard) is a common one-dimensional crop
and soil model running at the daily time step (&vis et al., 2008}t has been desigualto predict crop

growth and soil characteristics (water, N, and Gteots) under different soil and climatic condigpn
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as well as different crop managements (e.qg. tillégrilization, irrigation). STICS simulates van®
processes from soil C and N cyclexil C and N mineralization, nitrate leaching, anmmo
volatilization, NO emissionsand soil organic carbon (SOC) storage. It has ladready extensively
used to evaluate the environmental performancelvefse cropping systems such as nitrate leaching
at a territorial scale (Jégo et al., 2012), N léagheduction induced by catch crops (Constantial.et
2015), N losses induced by the use of legumes dBamilla et al., 2018a), greenhouse gas emissions
in different cropping systems (Autret et al., 2Q2f)) potential C storage at the French nationdesca
(Launay et al., 2021).

STICS has been able to simulate multiple arablesrim a variety of pedoclimatic conditions
(Coucheney et al., 2015), in a comparable way tither soil-crop models (Sansoulet et al., 2014;
Yin etal., 2020) With a new EOM mineralization submodule, STICS hasnbalso able to simulate
crop yields and SOC storage in a 20 years longrerpat using organic amendments (urban composts
and manure) (Levavasseur et al., 2021b). Howevevould be interesting to evaluate the ability of
STICS to simulate cropping systems that strondiyar the use of organic fertilizers such as digiest.

We can also wonder if STICS is sensitive enouglepoasent the difference between undigested slurry
and digestate. In such case, STICS could be ussthtdate crop rotations to quantify the effectshaf

introduction of anaerobic digestion in a crop litoek farm.

Therefore, we propose here to evaluate the abilitiie soil-crop model STICS at simulating the 3uye
field experiment described in Chapter 3, which carefd the N cycle in crop succession with different
fertilization systems based on digestates or umstigeeffluents. This presented work addresses three
objectives. First, we aimed to evaluate two subrtexdaf STICS related to digestate behavior in soil
(the EOM mineralization and ammonia volatilizatialbsodules) and to quantify the influence of the
parametrization of those submodules on the othgyutgl of STICS. Then, we aimed to evaluate the
ability of STICS model to simulate the crop andl s@iriables in crop rotations based on organic
fertilizers. At last, we aimed at highlighting tlaelvantages of the use of a crop model to estimate
indicators such as4® emissions, nitrate leaching, and SOM storagesatfeatlifficult to measure in the
field.

4.2 Material and Methods

4.2.1 3-year field experiment and EOM characterization
We used a 3-year field experiment located on a tvegtock farm, at Nouzilly, Centre-Vale-Loire,
France f 1T 1 f 1 (thelB®YR Beptember 2016 to ti8dst of July 2019 (Pasquier et al.,
2019). The climates temperate oceanic, with an average annual megetature of 11.9 °C and annual
total rainfall of 650 mm. The sas mainly a Stagnic Luvisol, with a minor surface désed as a Haplic
Planosol (WRB, 2015), with an average depti00 cm. It was a silty loamy soil with the followg
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characteristics in the upper horizon (0-20 cm) (mea standard deviation)17% = 3% clay,
63% + 5% silt,20% + 5% sand, pH 6.4 + 0.3, 23.8 + 2.3 ¢'i8OM, C:N ratio 10.2 + 0,2aCQ
content 1.4 + 0.3 g Kg bulk density 1.37 g cth

The crop rotation was winter wheafrificum aestivup (2016/2017), rapeseedrassica napus
(2017/2018), and winter wheat (2018/2019), withveartional management (ploughing at 20 cm, use
of crop protection products) and with wheat straamnoved. The goal of the experiment was to
characterize the N cycle under different fertiliaatsystems. The treatments were testeplots of 24

X 75 meach The five treatments consisted of (MN) fertilizatiasith only Urea Ammonium Nitrate
(UAN) solution at the end of winter or early spring, and chemicdkeRilizer when needed; (CSM)
application of solid bovine manure in summer aqdit cattle slurry in late winter or early spriggD)
application of raw digestate in summer and in lailater or early spring; (LSD) application of solid

digestate in summer and liquid digestate in lategaviar early spring; and (ON) no fertilization.

The used EOMs were either undigested dairy cdttleeats, or digestates. The raw digestate canma fro
a local anaerobic digester (continuous stirred taictor, mesophilic process) that treated 7,500 t
wastes per year (cattle slurry 11%, manures 17¢a®e sludge 29%, agroindustrial wastes 18%, grease
8%, cereal middlings 8 %, water runoff 9%, mindrest). The raw digestate was post-treated by phase

separation (screw press) to obtain liquid digesiatesolid digestate.

UAN solution (MN treatment), cattle slurry (CSM treent), raw digestate (RD treatment), and liquid
digestate (LSD treatment) were applied at the éndrder or early spring, twice on wheat and onoe o
rapeseed (Tabl.1). Their doses of application were calculatedrtwvjgle similar available mineral N
to crops as mineral fertilizeCattle manure, raw digestate, and solid digestame wapplied in late
summer before crop sowing (once in 2017 beforesegu: and once in 2018 before wheat) (Tdklg.

The objective was mainly to bring organic matter ie freld to improve soil fertility at a longer-term.
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Table4.1 +Average characteristics of EOM during the threargeand application doses. Characteristics aresered as mean * standard deviation.

Treatment EOM or DM pH VS C:Notal TN TAN Period of Average Nminera applied
fertilizer (%FW) (g kg*FW) (g kg'FW) (g kg'FW) application  dose (Ntotar applied)
(t hal) during 3 years
(kgN ha')
MN UAN solution winter/spring 389 (389)
CSM Cattle slurry 46+37 7.4+05 24+20 52+22 23%1.0 1.1+05 winter/spring 33 193 (315)
CSM Cattle manure  30.8+3.9 9.7+0.3 253+ 17 153+18 74+15 0.7+0.2 summer 24 30 (381)
RD Raw digestate 6.7+1.0 8.0+0.1 454 49+04 51z%1.2 2.8+0.8 winter/spring 27 323 (608)
summer 24 110 (219)
LSD Liquid digestate 4.7+1.0 7.9+£0.2 296 3.3£0.2 4407 24+05 winter/spring 29 330 (630)
LSD Solid digestate 25.5+4.5 9.3+0.1 232+52 178+54 6.6+04 1.8+05 summer 25 71 (317)

FW : fresh weight.
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Total aerial and grain biomass and their N cont&re measured at harvesting for each crop. Climatic
data were followed with an on-site meteorologitatiesn, completed with daily data from Météo-France
(SAFRAN). The topsoil water content, and topsoil mineral kteat(0-20 cm) were assessed on 45
dates during the three years, with time intervadenfthree days (after EOMs or fertilizer applicagpn

to one month. Soil water content (SWCasicontinuously monitored during the third year oé th
experiment using time-domain reflectometry (TDR)ishare sensors at depth 15 cm, 35 (or 45) cm,
and 75 cm, at two locations. The mean volumetrioildity from the sensors were used to estimate the
water content (in mm) in the @825 cm, 25+60 cm, and 60100 cm horizons. Soil mineral nitrogen
stocks (SMN) on the whole soil profile @0 cm, 20+40 cm, 40£70 cm, 70£100 cm) were measured

7 times in three years: in early winter before mizgie, at the end of winter after drainage, after
harvesting. Ammonia volatilization ag measured after each application event with passwaplers
and reverse modelling (Carozzi et al., 2013b; Lowbel., 2010). The XD emissions were measured
on 39 dates with manual static closed chambetbgatame dates than topsoil water content anditopso

mineral N content.

The EOMs were sampled and analyzed at each spreddieg DM, TAN, Total N TN), VS, pH
(Table4.1). The EOMs were also incubated in soil in labamatontrolled conditions: mixture of sieved
soil and fresh EOMs were incubated during 6 moatt23°C with optimal SWC and SMN conditions,

to measure the kinetics of C and N mineralizatiatuced by their decomposition.

More details about field experiment monitoring, &@Ms analyses have been described in Chapter 3.

4.2.2 Simulating the three-year crop sequence with STICS

We used the STICS model, version 10.2751, to simulae field experiment in Nouzilly. Input
meteorological data, soil data (soil depth, bulkgiy, texture, CaC¢ C:N, SOM, pH), initial
conditions (SWC, SMN), and crop management (datedapth of tillage, date and density of sowing,
date and dose of fertilizer applications, charasties of fertilizers, date of harvest) came froeld
experiment monitoring (Chapter 3). The charactedgsbf EOM included C content, Cgiy ratio
(organic C : Ng), TAN content, DM content. The soil water contef88VC) at field capacity and at
wilting point were estimated for each horizons 1f® £20 cm, 20 cm+40 cm, 40 cmx70 cm, 70 cmt
100 cm) from the highest and lowest SWC measured iy moisture sensor during the cropping
season, as suggested in STICS documentation (Su@plary Material 1). Other soil parameters were

fixed from soil characteristics as proposed in &riset al. (2008).

Some soil parameters (the maximal soil depth aftebly soil evaporation and a parameter defining the
soil contribution to evaporation versus depth) wamtisted to improve soil water content prevision i
the (MN) and (ON) treatments. The density of volentapeseed were also adjusted by hand to improve
topsoil mineral N modelling on (MN) and (ON) treaims We selected the crop cultivars that provided

the most accurately simulated yields and plant bkefor each year on (MN) and (ON) treatments.
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The other parameters (including plant parameteesgwept at their default values, to preserve model

consistency.

Additionally, the simulation of EOMs required to ibahte the EOM mineralization submodule

(sectiond.2.3), and to investigate the ammonia volatilizatioodel (sectiort.2.4).

4.2.3 Calibration of the STICS submodule modelling the C and N

mineralization after application of EOMs
STICS models the SOM with two compartments: inerMs@nd active SOM. Inert SOM (c.a. 65% of
SOM) is assumed to not evolve with the time at tadesof few decades. The active SOM decomposition
is modelled by a first-order kinetics (const&a}. Ko depends on topsoil CaG@nd clay contents, and

is influenced by soil temperature and moisture.

STICS includes a submodule to simulate the dynaofiesolution of organic C and N from EOMs and
crop residues. For crop residues, the submodutesepts the applied organic product within one pool
of organic matter, as described in Justes et @D9R For EOM, a new submodule has been proposed
recently by Levavasseur et al. (2021b, 2021a) torave the simulation of the kinetics of C and N
release from EOMs. The submodule uses eight paemsneib describe EOM degradation.
Levavasseuetal. (2021a) proposed default sets of parametedifierent EOMs, but also argued that
the use of the incubations of EOM in soil in corfgdiconditions could improve the simulation of EOM
decomposition. Therefore, we compared two sets ashmeters for each EOM, to evaluate the
consequences of the calibration from laboratoryliations. The first set of parameters, named
(EOM__cal), was obtained with the calibration of f@arametersusing the incubation of EOM in soil

in controlled conditions, similarly to Levavassetral. (2021a)The second set of parameters, named
(EOM_def), was a default set of parameters only dejng on the type of EOM (Levavasseur et al.,
2021a).

The submodule that simulates the dynamics of orgaraoN in soils considers two organic pools for
EOMs, i.e.alabile organic fraction andrecalcitrant organic fraction (Supplementary Male2)aThe
proportion of labile organic CRES]) is defined for each EOM. The repartition of orgahi in both
pools is defined by the parameteks, which is the ratio between Cgly ratio (organic N) from labile
pool of organic matter and total Giiratio from the EOM. The labile organic fraction isgiaded
following a first-order kinetics (constant of dedagion Krs). The degraded carbon is either
incorporated into a pool of zymogenous microbiahiass (proportiolY), or released in the atmosphere
asCQ,. The pool of zymogenous microbial biomass is aegraded following a first order kinetics
(constantKpic) and the C is either incorporated inside the S@kbgortionH), or released in the
atmosphere as GOThe N from the EOM labile fraction is first incanated into zymogenous microbial
biomassthen to SOM following C fluxes. Exchanges of N betweymogenous microbial biomass and

SMN can occur to respect the constraints of C:Msabf zymogenous microbial biomags3\yi,) and

137



Chapitre 4

SOM. The recalcitrant fraction is also degradetbfwihg a first order kinetics (constatesy), with C
entirely released as GQand N mineralized. Finally, each EOM was paramedtrizising eight
parameterdRES, acni, Krest, Y, Kbio, H, CNbio, andKes2. Values ofH, Kpio, CNbio Were fixed and constant
for all EOM. Kespwas set to be equal K.

The calibration of the parameters in the (EOM_cat)wsas realized independently from the whole

STICS model, using only the EOM mineralization sudoie and the incubations of EOMs in soil. It

was realized in three steps with the R softwar€(Re Team, 2020), similarly to Levavasseur et al.

(2021a) On the first stepKa was calibrated using kinetics of C and N minesdian during soil
LQFXEDWLRQV ZLWKRXW (20 78W LRPS WKIPAWDL W QRAL W ¥ BREEKIW KR BRH Q
1973) (Supplementary Material 2). On the second, step other parameters of the EOM submodel

(RES, acng, Kres, Y) ZHUH FDOLEUDWHG XVLQJ W RKRBFRESW LIPH WK@RBN R Q & LH
al., 1995), which use lower and upper bounds foh garameter. These bounds were chosen according

to Levavasseur et al. (2021a) and are describ8dpplementary Material 2. The calibration parameters
minimized the sum of RMSE (root mean squared esection4.2.6) of mineralized C (% of added

organic C with EOM) and RMSE of mineralized N (% dflad organic N with EOM), as described in

Justes et al2009) Once calibrated, the found valuesRES, acni, Kresi, Y were used in the general

STICS model.

4.2.4 Simulation of ammonia volatiation after EOM application using
STICS or ALFAM2

STICS uses a semi-empirical submodule to simulati@ania (NH) volatilization. Briefly, the model
considers two pools of ammoniacal N, one thatdselo the surface and can be volatilized, and one
that cannot. The proportion of ammonium within epolel depends on tHeM content of EOM and
recent soil tillage: the more liquid the EOM is, thster it infiltrates the soil, and infiltratioredreases
volatilization. The pH of surface soil changes miser EOM application, assuming that all EOMs have
a pH equal to 8.6, because the pH of EOM is nanaut of STICS model. The pH then regularly return
to its original value at a rate proportional to Nidlatilization. Then, the equilibrium between three
ammoniacal forms (NH in aqueous phase, Nkh aqueous phase, Nk gaseous phase) is calculated
using the equilibria equations, whose constanexjoilibrium depend on soil temperature, SWC, bulk
density, and soil pH. Volatilization is computedthwa resistive approach, aerodynamical resistances
depend among others on wind speed and crop develdpiEmission is stopped after a tillage event.
More detailed equations are described in SupplemeMaterial 3. This submodule was designed to
simulate volatilization of liquid slurry after s@eing. However, it is used by default for all sadid
liquid EOM. Because of such limit, we also estimaa@tmonia volatilization of EOM with a second

method.
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ALFAM?2 is a simple semi-empirical model (Hafner &t 2019) to simulate volatilization after field
DSSOLFDWLRQ RI VOXUU\ 7ZRHSRRGCGUVHYVHDMARQLOPNM®W "1 DMAG 3V (
volatilization rates. It was parametrized on a ctatgpdatabase of ammonia volatilization measuresnent

from slurries (Hafner et al., 2018). Therefore atitization can be predicted from EOM charactersstic

(TS, pH, TAN), meteorological conditions (air temperat wind speed, rainfall), application rate,

technic of application (open slot, broadcast, itvgilhose, trailing shoe), injection (deep or shajlo

Compared to STICS, it only required one additianplit variable, i.e. EOM pH. We used ALFAM2

model to predict ammonia emissions from slurry, digestates, and liquid digestates, whosd

content are below 15% (Hafner et al., H XVHG 3$/)$0 " 5 SDFNDJH +WIRHU HV
predict NH; emissions after 3 days and assumed that it camnessal to the total volatilization. ALFAM2

was not designed to predict volatilization fromiddtOMs. Therefore, we used the mean emission

factor measured in the field experiment to estimhi volatilization of solid manure and solid
digestates, i.e. 66% of applied TAN (Chapter 3)sBmission factor is consistent with other emissio

factors measured after solid manure applicatiothénfield with similar burying (ALFAM2 database)

(Hafner et al., 2018).

At last, we also forced the values of ammonia vi@ation to be the same as the measured values. It
enabled to evaluate the performance of STICS mudtblout considering the errors on ammonia

volatilization.

In summary, we compared three submodules of amnvatédilization inside the crop simulation with
STICS: 1) (NH3_meas) used measured volatilizatiothe field experiment (Chapter 3), that were
injected into STICS model; 2) (NH3_STICS) simulatetatilization of both liquid and solid EOM with
STICS submodel; 3) (NH3_ALFAM2) simulated volatiliman of liquid EOM by ALFAM2 and
estimated volatilization of solid EOM by an emissiactors then modelled values were injected into
STICS model. The volatilization of mineral fertdizs were simulated specifically in STICS, it was no

modified and only briefly evaluated.

4.2.5 Evaluation of STICS soil-crop model
Six classical statistical indicators were used/duwate STICS model, as well as the EOM minerabizati
submodule and the volatilization submodule: rooamequared error (RMSE), relative root mean
squared error (rRMSE), mean differen@dD), relative mean difference (rMD), squared Pearson
correlation coefficient &, and model efficiency (EF). MD and rMD indicatée ias in the simulation.
r2 indicated if the difference between years or tneatts were well reproduced. RMSE, rRMSE, and EF

were indicators of the global error of the simwas.
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They were computed as:
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Where Q are the observed values,tBe simulated valuesﬁthe mean of observed values, abthe

mean of simulated values.

EOM mineralization submodule was evaluated direetigh incubations of EOM in controlled
conditions. Two simulations of the submodule (@ee per set of parameters) were run for each EOM.
The simulated C and N mineralization of organicdmet during incubation were compared to the

observed one. The five EOMs were pooled to comngtendicators of performance.
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Volatilization of ammonia after EOM applications silated with both (NH3_STICS) and
(NH3_AFLAM?2) were compared to measured volatilizat{@ dates and 3 organic fertilizers per date).
The evaluations were made considering the volatibn of both liquid and solid organic fertilizees
well as the volatilization of liquid fertilizers &n Volatilization of synthetic fertilizers, simuked with

a separate submodule, was evaluated separately.

Finally, STICS was evaluated on the five treatments the three years. The evaluated variables were:
SWC (0 £20 cm), SWC (0+£100 cm), SMN (0£20 cm), SMN (0£100 cm), aerial plant biomass at

harvest, aerial plant N content at harvest, graidmhass at harvest, grain N content at harvest.

We analyzed four series of simulation runs. Theregie2 one used (EOM_cal) EOM mineralization
submodule and (NH3_ALFAM?2) volatilization submodulée effect of EOM calibration on STICS
performance was quantified with a second seriesimfulation runs thaused (NH3_ALFAM2)
volatilization submodule and (EOM_def) set of parsrefor EOM mineralization submodule. The
effect of the choice of volatilization submodule 8hICS performance was evaluated with the last two
series of simulation runs, using (EOM_cal) set ofapweters for mineralization submodule,dan
(NH3_STICS) and (NH3_MEAS) volatilization submodulespectively.

4.2.6 Sensitivity of STICS output to EOM parameters.

We assessed how much the parametrization of digesdatécattle effluent influenced the main outputs
of STICS. We realized a local oata-time sensitivity analysis, as defined by Monodlef2006) The

reference simulation runs used (EOM_cal) and (NH3FAI2).

We investigated the following inputs: applicatiortejaDM content (without change in VS oAN
applied) TAN content, C:Nyg ratio, VS content (constant CJN ratio). These parameters were first
modified one at a time for all EOM applications imter/spring during the crop rotation on one side

(five applications). They were then modified fdrBOM applications in summer (two applications).

We used six additional simulation runs for eachistlithput parameter. Application date was modified
by -4, -2, -1, +1, +2, and +4 days. The other patans were modified by -20%, -10%, -5%, +5%,
+10%, +20%. Indeed, Chapter 3 showed that EOM chlexistits could vary up to 20% between two
applications, and application date could easily@rone week around ideal application date due to

meteorological data and logistical constraints.

The impact of these changes were assessed onltheirig outputs: yearly average SMN in the upper
horizon (0 £20 cm), yearly average SMN in the whole profile £@00 cm), aerial plant biomass at
harvest, N content in plant aerial organs at hanggain yield, N in grain at harvest, yearly amnaon
volatilization, yearly NO emissions, yearly nitrate leaching. We analyzed dbnsequences of the
change of each input on each output, considerioly eapping season (i.e. 2016/2017, 2017/2018, and
2018/2019) and each organic treatment (CSM, RDL&mitreatmentsNitrate leaching was measured
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only in 2018/2019, as leaching were null or veny lduring the first two years. The impact of EOM
characteristics applied in summer was not evaluate2D16/2017 (no EOM application in summer
2016).

We draw the response profiles of outputs to varyimuyts for each treatment and cropping season.
Then, we computed a sensitivity indicator for eackiple of input X and output Y. Because some
response profile were not linear, the classicadlg af local derivatives were not adapted, and veel us
an indicator based on the range of output valuessache different runs (Monod et al., 2006). We used
the index proposed by Bauer and Hamby (1991) coeclas:

R k-v:OE:Uéi;é?tjcgl:Q:Ué‘l;ét;;
; O.,4 _ P
(equation4.7) N->a-——E VG Uaiac)

where NO: > a isthe index of sensitivity of output Y in responseriput X, on treatment t and year vy,
and Yx(i,y,t) is the value of the output for the simulation tegtihe variation of input X at a rate i, on
year y and treatment t. Here, the sensitivity isstaxpressed as the normalized range that thetodtpu
experience in response to a change of input X20% & 4 days for application date). For each couple
of input X and output Y, we analyzed the meé,’m a aGross cropping seasons and treatments, which
is named I. It is interpreteasfollowing one example. Considering the effect change of TAN conten

of the EOMs applied in winter on crop yield, | = 4%ans that if we change the TAN content of EOM
applied in winter by + 20%, the simulated yieldlwthange of 4% on average depending on the year

and treatment.

In addition, the output of the simulation runs @GS using (EOM_def), as well as the simulation runs
using (NH3_meas) or (NH3_STICS), were comparechéodutput of reference simulation ruvge

studied the same six outputs. For each simulationwe computed the normalized change of output
variables, compared to the reference instance 8 STfor each year and each of CSM, RD, and LSD
treatments. We also summarized those changes iputorg the mean absolute normalized change of

each output across the three years and the tieaenents.

4.3 Results

4.3.1 Calibration and evaluation of STICS module for residue
mineralization

The incubations has been already described in €hdptand are briefly summarized here. The
mineralization of C in EOM reached a plateau atethe of the incubations. The amount of mineralized
C is an indicator of the stability of the organiatters of the EOM. The proportions of mineralized C
was similar for all EOMs (between 30% and 40%) ekdéepthe raw digestate (20%) (Figudel.A).

The solid digestate and cattle slurry induced amaddfoilization of mineral N in the soil, the
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decomposition of the raw digestate and the catésmure had no impact on SMN, and only the

decomposition of the liquid digestate induced aasé of mineral N.

The two sets of parameters used in the EOM minat&iz submodule are detailed in Supplementary
Material 2.

In the (EOM_def) set, the proportion of C in theilalpool RES was 0.24 for all three digestates and
cattle manure, and 0.42 for cattle slurry. In B®K_cal) setRES were 0.27, 0.57, 0.27, 0.22, 0.51
for cattle manure, cattle slurry, raw digestatyili digestate, and solid digestate, respectiizdfault
values ofRES were close to the parametrized one for cattleagsleattle manure, and raw digestate. It
revealed that during phase separation, the saiektite was enriched in labile C (higR&S than raw
digestate), and the liquid digestate in recalctt@flowerRES than raw digestate). In the (EOM_cal)
set, the proportions of organic N in the laljileol, defined fromRES andacni, were 0.03, 0.06, 0.03,
0.13, 0.05 for cattle manure, cattle slurry, ravgediate, liquid digestate, and solid digestate,
respectively. They were different than the onehm (EOM_def) set that were 0.08 for cattle manure,
0.20 for cattle slurry, and 0.02 for all three digges. The high N quantity in the labile pooligtid
digestate could be one explanation of the early iNeralization after being applied in the soil, in
particular compared to raw digestate. The degradatite of labile poolKes1) and the proportion of C
incorporation in zymogeneous microbial bioma¥% lfad similar values between (EOM_cal) and
(EOM_def) for all EOMs, except for liquid digestaléhe labile organic pool of liquid digestate was
characterized by a fast degradation rat€es{ = 0.34 day) compared to other EOMs
(Kres1< 0.06 day). The labile organic pool of liquid digestate vga®rly incorporated into the biomass
and C was thus mainly emitted under theG@m (low Y = 0.1). This was related to the very quick
CO; emission after liquid digestate incorporationhia soil. The parametrization indicated that organic
matter inside the liquid and solid digestates hédrént properties, the singleGLJH VW D WeHof GHID X O
parameters might not be appropriate. The incubsitadso enabled to better simulate the behaviour of
SMN after the application of EOMs in the ksoi

The (EOM_cal) set of parameters enabled a good atranlof C mineralization with RMSE = 3.3% of
organic C from EOM mineralized®q added Gg), MD = 0.1% added &, r> = 0.93, and EF= 0.90
(Figure4.1.A). The plateau observed at the end of the incubatias not reproduced, because the
mineralization of the stable organic pool occured tke same rate than the active SOM
(Kres2 = Ka= 3.78 10" year'). However, the (EOM_defjetof parameters also enabled to model the C
mineralization of EOM with a¥easonable accura¢yFigure4.1.A), with RMSE = 5.8% addedfg

MD = -1.4% added G, > = 0.76 and EF = 0.70.
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Figure 4.1 +A) C mineralization from EOMs during incubationsnil in controlled conditions. B
mineralization from EOMs during incubation in siwilcontrolled conditions. Measures are displayed
with dots, and simulated values with lindsvo sets of simulations are represented with theote
calibrated parameters (EOM-cal) or with the defawdlues proposed in STICS (EOM-def). Error bars
show one standard error.
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The (EOM_cal) set of parameters successfully siradlathe N mineralization of all EOMs
(Figure 4.1.B), with RMSE =11% of added organic N mineralized from EOM (% addegy)N
MD = 0.4% added M, r? = 059, and EF = &4. Similarly as C mineralization, becausekafs;being
equal toK,, the N mineralization increased linearly from &yfor all EOM, even if this phenomenon
was not measured during the incubations. (EOM_a@éd to correctly reproduce the N mineralization
of EOMSs during the incubation, as shown by high RMB8E4% added b), low r? (0.01), and negative
EF (-0.45). It causedstrong overestimation of the mineralization of binfr EOMs (MD = 8.2% added
Norg)-

4.3.2 Evaluation of volatilization submodule of STICS
The ammonia volatilization following EOM applicatiomas already described in Chapter 3 and is
briefly summarized here. Concerning the liquid EONli& raw digestate was the most sensitive to
volatilization (high TAN content, low infiltration)followed by liquid digestate then by cattle sjurr
(lower TAN content). The ammonia volatilizationefisolid EOM applications was important (up to

25 kgN hat), despite their burrowing 24h after their applicat

STICS were able to simulate ammonia volatilizafiemm liquid digestate and slurry with a reasonable
accuracy (RMSE = 5 kgN HarRMSE=69%), slightly underestimating it (rM® -34%). However,
STICS strongly underestimated the volatilizaticonirraw digestate, solid digestate, and cattle neanur
Considering all EOM, STICS failed to reproduce ttends of volatilization (RMSE = 14.7 kgN-ha
rRMSE = 109%, rMD = -67%?2r= 0.03, EF = -0.59) (Figure 4.2). Additionally, ttiing of simulated
volatilization with STICS did not reproduce the ree@ments: in the model, emissions could occur
during two months or more (data not shown), whewas measured to last less than one week
(Chapter 3.

ALFAM2 simulated ammonia volatilization from slurgnd liquid digestates, with a good accuracy
(RMSE = 3.8 kgN h& rRMSE = 52%, rMD = -10%,’r= 062, EF = 058), superior to STICS
(Figure 4.2). The ammonia volatilization of raw esate vasunderestimated. However, the evaluation
of ALFAM2 to simulate the volatilization of all liqgd EOM (slurry, liquid digestates, and raw digestate
remained correct (RMSE = 9.7 kgN‘haRMSE = 75%, 4= 0.47, EF = 0.37). The measured emission
factors after application of solid EOM were useddpresent ammonia volatilization after solid EOM
application, thus explained their good accura€he volatilization from synthetic fertilizers sifated
with STICS was underestimated (rMD = 2.9kgN‘hand were simulated with a RMSE of
4.1 kgN ha The evaluation of the ammonia volatilization igter detailed in Supplementary
Material4.
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Figure 4.2 - Comparison of measured volatilization to sintedbvolatilization by A) STICS model, and
B) ALFAM2 model (cattle slurry, raw digestate, liduligestate) and emission factors (manure, solid
digestate). Error bars show one standard error.

Considering the 3 years, total volatilization usiMH3 ALFAM2) submodule were 36 kgN Ha
98 kgN hal, 97 kgN ha for CSM, RD, and LSD treatment, respectively. Onbyatilization in RD
treatment were significantly underestimated congbarith measured total volatilization (46 kgN+ha
147 kgN ha, 89 kgN ha for CSM, RD, and LSD treatments, respectively). tBa contrary, total
volatilization using (NH3_STICS) submodule wer@sgly underestimated (11 kgN-ha32 kgN ha,
47 kgN ha for CSM, RD, and LSD treatment, respectively).

4.3.3 STICS performances

The agronomical results of the field experimentgendescribed in Chapter 3. Briefly, the use of
digestate (LSD and RD) had globally similar yietdat the (MN) treatment using synthetic fertilizers.
The yields obtained with raw digestate (RD) weightly lower than the one using liquid and solid
digestates (LSD) treatment, which was attributeulgb volatilization. The use of cattle effluen®&3M)

resulted in lower yields than with other fertiligebecause of the lower inputs of mineral N.

In the reference simulation runs, SWC of the topatwhg the three years were correctly simulated
(RMSE = 3.58% w/w, rRMSE = 17%, rMD = 7%, 0.70, EF = 0.62). The water stocks in the whole
soil profile were also well reproduced in 2019 (RMSB9 mm, rRMSE = 13%, rMD = 9% = 0.89,

EF = 0.50) (Supplementary Material 5). STICS coasity simulated the variations of SMN content
in the topsoil (Figurd.3), the RMSE were 22 kgN HgTable4.2). SMN on the whole soil profile were
underestimated (M = -17 kgN hal, ARE = -34%), for all treatments (Supplementary Mates).The
plant aerial and grain biomass and N uptake atdsarwere reasonably well predicted (Ta#Blg,
Figure4.4). RMSE were2.90 t ha' for aerial plant DM, 32.0 kgN Hafor aerial N uptake, 0.74 t fa
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for grain yield, and 15.5 kgN Hafor N export in grain. STICS slightly overestimatesheat aerial
biomass (rMD = 20%) and N uptake (rMD = 25%), and uesténated rapeseed aerial biomass (rMD
= -25%) and grain yield (rMD= -19%) (Figure4.4, Supplementary Material 5). The dry bionesss
returned to soil with crop residues at harvest vemerestimated: RMSE = 2.02 th@RMSE = 51%),
MD =1.25t ha (rMD = 32%), EF =0.3Q, r = 0.22. Similar performanceasobtained for N returned
to soil with crop residues at harvest: RMSE = 1118 kg! (rRMSE = 50%), MD = 4.7 kgN ha(rMD

= 21%), EF = 0.34,%r= 0.62. The general performances of STICS werelaimihen considering all
treatments, or only organic treatments CSM, RD,L81d treatments (Supplementary Material 5): only
topsoil SMN (rRMSE = 90%,r= 0.31) and aerial N uptake£0.20) were slightly less well predicted

considering only those three amended treatments.

In summary, STICS was able to simulate the crop switl variable with a correct accuracy. The
sensitivity of STICS enabled to differentiate theatments with important differences (Figdté). The
treatments were well differentiated in 2017 and&nd slightly less in 2019. The application of a
high dose of TAN in (RD) treatment before rapessmiing led to an overestimation of rapeseed growth
and yield.

The use of (NH3_STICS) or (NH3_ALFAM2) submodule didt degraded the overall STICS
performances compared to the use of measured valuedatilization (NH3_meas) (Tablé.2); only

the prediction of topsoil SMN was slightly degrad@&dble4.2, Supplementary Materia) 5Therefore,
the change of volatilization submodule mainly iefheced the prediction of NH/olatilization. The use

of (EOM_def) instead of (EOM_caparametrization increased N mineralization from EQMd thus
increased the SMN content in the entire soil lagamsequently, the use of default values (EOM_def)
slightly decreased the prediction quality of aeNaliptake and N in grains, and slightly the predict
quality of grain yield compared to (EOM_cal) (TaBlg).
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Figure 4.3 +Simulated and measured SMN content in topsoitt@D cm). STICS simulations used
(NH3_ALFAM2) submodule and (EOM_xphrametrization. Solid line represent the simulaS&dN
content. Dots represent measured SMN content, baorepresent one standard error.
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Figure 4.4 +Performance of STICS to moddé) aerial plant dry matter, B) aerial plant N upe C)
grain yield, and D) N exported in grain. For A) a@j error bars represent measurement uncertainty
(type B uncertainty). For B) and D), error bars shone standard error. STICS simulations used
(NH3_ALFAM2) submodule and (EOM_kphrametrization.
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Table4.2 tEvaluation of STICS model, among the differenapeatrizations.

STICS calibration variable RMSE rRMSE (%) MD rMD (%) EF r2
Reference Aerial dry matter (ha') 2.89 26 092 8 0.22 0.65
(NH3_ALFAM2)  Aerial N uptake (kgN hg  32.0 25 20.1 16 0.05 0.67
(EOM_cal) Grain yield (t ha) 0.74 15 -0.24 -5 0.85 0.88
N in grain (kgN h&) 15.5 16 3.3 4 0.61 0.79
SMN (0-20 cm) (kgN h&@)  22.0 83 4.0 15 0.16 041
SMN (0-100 cm) (kgN hg 27.1 54 -19.7 -39 -0.33 046
(NH3_STICS) Aerial dry matter (t hd) 2.74 25 121 11 0.29 0.69
(EOM_cal) Aerial N uptake (kgN h&  37.0 29 26.6 21 -0.27 069
Grain yield (t ha) 0.76 15 -0.18 -4 0.85 0.86
N in grain (kgN ha) 16.1 17 5.8 6 0.58 0.78
SMN (0-20 cm) (kgN hd) 214 81 5.2 20 0.20 0.47
SMN (0-100 cm) (kgN hg 26.3 52 -17.2 -34 -026 045
(NH3_MEAS) Aerial dry matter (t hd) 2.74 25 0.74 7 0.29 0.66
(EOM_cal) Aerial N uptake (kgN hg  29.0 23 17.4 14 0.22 0.69
Grain yield (t ha) 0.76 15 -0.24 -7 0.85 0.88
N in grain (kgN ha) 14.4 16 1.2 1 0.65 0.78
SMN (0-20 cm) (kgN g 203 77 32 12 0.28 0.46
SMN (0-100 cm) (kgN h& 27.1 54 -19.7 -39 -0.35 047
(NH3_ALFAM2)  Aerial dry matter (t hd) 2.84 25 1.29 12 0.24 0.70
(EOM_def) Aerial N uptake (kgN hg  35.4 28 26.8 21 -0.17 0.72
Grain yield (t ha) 0.58 12 -0.07 -1 0.91 0.92
N in grain (kgN ha) 18.4 20 8.6 9 0.45 0.75
SMN (0-20 cm) (kgN hd)  21.6 82 5.3 20 0.18 0.43
SMN (0-100 cm) (kgN hg  23.7 47 -15.9 -31 -0.02 0.58
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4.3.4 STICS sensitivity to EOM parameters
The change of outputs in function of the paramatian of the EOM mineralization submodule are
shown in Supplementary Material 6. The response utputs in function of the choice of EOM
volatilization submodule are shown in Supplementdaterial 7. The response of outputs in function
of the variation of inputs linked to EOM characttcis are shown in Supplementary Materials 8 and 9.
The Figure45.A summarized the change of output induced by angd of submodule (EOM
mineralization or volatilization); Figurd.5.B summarized the change of outputs induced by the

variation of the EOM characteristics (sensitivitdizators 1).

The parametrization of EOM mineralization submodudlgnificantly affected STICS outputs
(Figure45.A). The effect of the parametrization methodswigher in20172018 and 2018/2019,
compared to 2016/2017. It was also higher for CSHlI 288D treatment compared to RD treatments
(Supplementary Material 6). This could be relatethe higher amount of organic matter applied & th
field, including during summer: a similar relativariation of the mineralization had higher absolute
consequences. Compared to (EOM_cal), (EOM_def) génencreased SMN content in soil (change
of 15%) and thus crop characteristics at harvésti(y11%), NO emissions (14%), and leaching (39%)
(Figure4 5.A).

The choice of EOM volatilization submodule affectedatilization, which was negatively correlated to
SMN contents, crop biomass and N uptake at harie§, emissions, and leaching (Supplementary
Material 7). Compared to the use of measured vahiegolatilization (NH3_meas), the use of
(NH3_STICS) submodule underestimated volatilizatmmevery year and treatment, excepted for LSD
treatment irR0162017. The relative changes in volatilization weeeywhigh (65%), inducing changes

of SMN contents, BD emissions, and leaching of 14 to 17%, and cr@pacteristics at harvest from

9 to 11% (Figurd.5.A). Compared to (NH3_meas), the use of (NH3_ALFAMBIZmodule could over-

or underestimate volatilization depending on treatts and year. The mean absolute changes in STICS
output induced by (NH3_ALFAM2) were about twice lavtban the one induced by (NH3_STICS).
For both (NH3_STICS) and (NH3_ALFAM2), RD treatmeawas more impacted than LSD or CSM

treatments.

Considering the two investigated submodules, aghamthe parametrization method or equations can
affect output variables. These changes were loatively to the error of the model; rRMSE was up to
c.a. 25% for crop characteristics and 80% for SMhteats. Therefore, the fine parametrization oféhes
submodules did not improve the performance of STe@Srop growth. However, it was important to

estimate N losses consistently.
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Figure 4.5 tSensitivity analysis of EOM modelling and charesties on STICS outputs. A) Changes
in STICS output induced by the parametrization ©MEmineralization submodule, and by the choice
of EOM volatilization submodule. 10% indicate thathange of submodule affect the output of +10%
on average. B) Sensitivity indices | for each ceupl outputs and EOM characteristics. | = 10%
indicate that a variation of input of £20% (+4 dafgy spreading dates) will induce on average a d&n
of 10% in the output. For B), STICS simulationsdugdH3 ALFAM?2) submodule and (EOM )al
parametrization.
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The change of TAN content in EOM applied in winter spring was positively correlated to all
considered outputs. The effect of its change wamdgeneousin all treatments and years
(Supplementary Material 8). A change of up to + 2604 AN content induced on average sensitivity
indices (I) comprised between 8 and 21% dependimghe considered output (Figure 4.5.B). The
application date of EOM applied in winter or spristgongly impacted EOM volatilization (I = 18%)
and more moderately grain yield (I = 6%) and N iaigi(l = 6%) (Figure 4.5.B). This was attributed to
changes in meteorological conditions, and chamngesop development at fertilization date. A change
in DM content was positively correlated to volatiiion in winter and spring, with a relatively high
sensitivity (I = 8%). In summer, volatilization wast impacted by application date nor DM content
because of the use of emission factors for soliggtate and manure. The change of TAN content in
EOM applied in summer importantly increased annudatilization (I = 21%) and increased more
moderately SMN content (I = 6% in the topsoil and ir#soil profile), NO emissions (5%), and
leaching (I = 6%) (Figure 4.5.B, Supplementary Matle®). Changes iVS or C:Nyyg ratio of EOM
applied at both season had only low impact onaib@ered outputs (Figure 4.5.B

4.3.5 Modelling nitrate leaching, - emissions, and soil organic N

storage during therop rotation

We analyzed the N balance in the different treatmaiith the reference simulation (NH3_ALFAM2
and EOM_cal) (Figurel.6). The use of digestates (LSD and RD) insteadattfeceffluent (CSM)
induced higher N inputs, leading to higher N exjpothe crops, higher soil organic N storage, &t a
higher N losses. The three organic treatments (F8D),and LSD) induced an increase in soil organic
N storage compared to (MN) treatment. In (RD) treatinthe input of organic matter was lower than
in (CSM) and (LSD) treatments. This conclusion wadirie with the conclusion from the field
experiment alone (Chapter 3). Thanks to modellvegysimulated leaching,A emissions, and organic

N storage, that were only approximately estimatethé field experiment

Simulated total MO emissions during the three years were 9.4 kg 84 kgN hd, 13.2 kgN hd,
and 10.6 kgN hafor MN, CSM, RD, and LSD treatments, respectivelye Pnoportion of total yearly
N>O emissions occurring in summer and autumn (frofid&1June to 2% of December) were 62 %,
81%, 77%, and 63%, for MN, CSM, RD, and LSD treatmerdspectively. CSM treatment emitted
lower NbO emissions compared to the other treatment beaduew/er input of mineral N, which was
a conclusion of the field experiment (Chapter 3)dwdver, the conclusion from modelling and field
observation diverged concerning the MN treatment: tkfdtments emitted less® than RD and LSD
treatments in the simulation when the emissiongwsignilar in the 3 treatments for the field obsd¢ion
(Chapter 3). With static chambers, punctuaDNemissions were measured. This cannot easily be
compared to the daily simulated®l emissions, as the amplitude of the two measunddsamulated
emissions do not represent the same thing. Howawercompared the dynamics ob®l emissions

(Supplementary Material 5). The emission peaksmksen winter and spring after the application of
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the fertilizers were well reproduced. The simulasigredicted several peaks ofNemissions during
the summer and autumn. We did not observed ti@@ @&mission during all those periods. However,
during some of them, there were experimental exideari the absence of,® emissions. STICS could
therefore overestimate 0 emissions in this field experiment. As a resthg proportion of NO
emissions between the summer/autumn season comjgavddter/spring season was higher than the
observed measurements in the field experiment (€h&p This could be a reason explaining why the
MN treatment emitted similar &0 emissions than RD and LSD in the observationsléag NO

emissions than RD and LSD in the simulation.

During the 2016/2017 and 2017/2018 cropping seassimulated nitrate leaching was lower than
2 kgN ha' in each treatments, excepted for RD treatmen@it82vhere leaching reached 12 kgNtha

In 2018/2019, nitrate leaching was 33 kgNtha8 kgN ha, 58 kgN ha, and 29 kgN h& for MN,
CSM, RD, and LSD treatments, respectively. Thereftbre simulation confirmethe low leaching in
2016/2017 and 2017/2018, and that the use of axgaméndments in summer before wheat in summer
2018 promoted leaching (Chaptexr Ihe difference between treatments in simulatedhieg were
lower than the one from estimated leaching fromsuesd SMN stocks (Chapter 3). This was partly
explained by the simulation of less N mineralizatioom solid digestate, than the one that can be

estimated from the measured SMN stocks.

STICS simulated a change of soil organic N (SONh@glthe three cropping season of -137 kgN, ha
212 kgN ha, 109 kgN hd, and 287 kgN h& for MN, CSM, RD, and LSD treatments, respectively.
The simulated changes of soil organic C (SOC) wer@d tC hat, 2.64 tC ha, 0.42 tC ha, and 2.81
tC hat, for MN, CSM, RD, and LSD treatments, respectiv@lye use of EOM increased the SON and
SOC storage. In RD treatment, the absence of &Yl application did not allow to store as many
SOC as CSM and LSD treatments.
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Figure 4.6 £Simulated fluxes of N in the field, during theezdycrop rotation. Inputs of total N are on
the the left (1), and output of N in the right (Jhe variation of N stocks include soil organicSWIN,
and N in fresh crop residues. We observed a deergall stocks in MN treatment, and an increase in
N stocks in CSM, RD, and LSD treatments (highastsghan outputs).

4.4 Discussion

4.4.1 STICS performance to simulate EOM mineralization in controlled

conditions
(EOM_cal) and (EOM_def) sets of parameters did eofopm as well as in the previous study from
Levavasseur et al. (2021b) where eight parameters warametrized, instead of four in the present
work. However, the RMSE were comparable to the operted by Levavasseur et al. (2021a). The
performance of STICS using incubation-based caldmg EOM_cal), was similar to the one obtained
with RothC for C mineralization (Mondini et al., ZQ1and NCSOIL model for C and N mineralization
(Noirot-Cosson et al., 20164l calibration were comparable to the performan€simulation of crop

residues mineralization (Justes et al., 2009) (Béled Gy).

The use of laboratory experiments to calibrate-s@mp models in order to simulate field experiments
assume an adequacy between results obtained iratabpand field conditions. This hypothesis is
assumed in many studies and gave good resultsedyddiscussed by Mondini et al. (2017) for C
mineralization. Regarding N mineralization from EO®lavalli et al. 2017)found a good adequacy

beween incubation in controlled conditions and mafieation of digestate in the field (Chapter 3). We

also found a good adequacy between the EOM N minatiain and field N balance in the same field
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experiments as the one used in the present stuuy.ohly exception being solid digestate that

immobilized N in the incubation, although it wa®pably not the case in the field (Chaptgr 3

Both the use of default parameters and the caliratff some parameters with EOM incubation allowed
to simulate topsoil SMN contents with an acceptabtairacy. STICS was not sensitive enough to detect
any improvement in the overall simulation. The pag&rization of the EOM mineralization submodule
allowed to differentiate some EOM, and influencesl diatput with a higher amplitude than most of the
other EOM characteristics. We would recommend pandzivey EOM if they are an important factor
of the treatments, e.g. to compare the use ofrdifiteEOMs on SOM storage. Otherwise, the use of

default parameters might be sufficient.

4.4.2 STICS performance to simulate EOM volatilization
In this study, we found that STICS strongly undénested the NHvolatilization from raw digestate,
solid digestate, and farmyard manure. The simulatfoammonia volatilization after EOM application
was evaluated once on swine slurry, and the erffanadelling were approximately 10 kgN -ha

(Jingetal., 2017)slightly lower compared to the present evaluatib8DICS.

ALFAM2 successfuly simulated the NElemissions of liquid and raw digestate. ALFAM2 modek
selected because of its simplicity, its calibratmased on a large dataset, and the ability to densi
different type of slurry application method for ther modelling experiments. ALFAM2 performed
slightly better than the volatilization submodufelte soil-crop model DNDC (Congreves et al., 2016)
(RMSE: 12 kgN had). The simplicity of ALFAM2 did not enable to considvariables such as soil
humidity or canopy development, which can influemgkatilization and are available in STICS (Brisson
et al., 2008). Gericke et al. (2012) found a bgdtediction of volatilization after digestate agplions,
with a more complex model (RMSE = 2.0 kgN*haSuch more complex model with finer time step

could perform slightly better to simulate volatiltion from liquid EOM.

Both STICS and ALFAM2 underestimated the volatii@atirom raw digestate. One hypothesis is that
the raw digestate did not efficiently infiltrateilsafter application, as observed in the field ekpent
(Chapter 3). Digestate could have a different \dggahan slurries used to calibrate ALFAM2 model.

Better understanding liquid infiltration could ingwe volatilization model (Pedersen et al., 2021).

One issue in this study was the modelling of am@amission from solid EOMs. There were less
studies interesdin the volatilization from solid EOMs compared todid EOMs. To our knowledge,
no mechanistic model to predict volatilization afield application of solid EOMs has been developed
Misselbrook et al. (2005) designed an empiricaldimeodel that could be used to predict ammonia
emissions. The model importantly overestimatedvthlatilization in the present field experiment and

was not kept (data not shown). Currently, emisdiators may bea robust way to predict field
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volatilization of poorly investigated EOM such asmposts, sewage sludge, or solid digestates
(Houotetal., 2014).

STICS simulated the volatilization from EOM with @M accuracy, in particular with EOMs with
medium or high DM contents (raw digestate, farmyaahure, solid digestate). The dynamics of the
emissions were not satisfactory. We recommend tasmthis submodule to estimate Nidlatilization
from EOM. Instead, we recommend to use emissiomfacr another model, ALFAM2 being a good
candidate for liquid EOM. These recommendationsat@oncern the NElvolatilization from synthetic

N fertilizers.

4.4.3 STICS performance using organic fertilizers
In our study, STICS performance for the predictisrwater content (topsoil and soil profile), SMN
(topsoil and soil water content), and plant chamastics at harvest were similar than the one iteplor
in Coucheney et al. (2015), who evaluated STICS ehdor different crops and soil and climate
conditions in France. Only the SMN content in thestal was highly underestimated in our study in all
treatments. The underestimation of rapeseed yieldarial biomass by STICS was already highlighted
by Coucheney et al. (2015). Levavasseur et al. {@D2valuated STICS in a long-term experiment
using EOMs as soil amendment. Comparing only crappiystems using EOMs (Supplementary
Material 4), our simulations were of similar qualdgmpared to the one they obtained (grain yield,
agial biomass, SMN content in soil profile and aeNaliptakg. They underestimated SMN content in
the soil profile by 17 kgN hag similarly to our resultsGuest et al. (2017) also found that STICS
underestimated SMN in soil profile compared to ttreensoil-crop models DNDC and DayCent. The
performance of STICS to predict SMN content in tdlps@ssimilar to the one predicted by Jing et al.
(2017) who simulated timothy growth under mineratl aorganic fertilization with SICS. STICS
performed as well in our study to simulate croppggtems using digestates and effluents than &roth

studies.

Few other soil-crop models were evaluated undeppminy systems using EOMs. Li et al. (2015)
evaluated DSSAT-CSM model, on SOC, SON, and yiate, toeatment being fertilized with manure.
Wheat yield under manure fertilizatioragpredicted with a rRMSE of 22%, which was consistent
our findings with STICS. Begum et al. (2017) evédaeDailyDayCent on Rothamsted site, with manure
additions. Yields were correctly simulated (rRMSEBEgad from 30 to 40%), which is still a less good
prediction than in the present study. With CERES-ERS@rot-Cosson et al. (2016) obtained good fits
for yields (rRMSE ranged from 7 to 27%) and N expdrRMSE ranged from 16 to 35%); however
SMN was less accurately predicted (rRMSE > 100%). gdibét al. 2020) developed a plant-soil-
atmosphere model to simulate N leaching under emgabswheat, and barley fields fertilized with
digestates. The mineralization rate of digestate eaibrated on field data, no ammonia volatiliaati

nor NbO emission were modelled. SMN in topsoil was simjlamulated in the present study compared
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to the modelling of Rabiger et al. (2020% (anged from 0.08 to 0.38, RMSE raad from 16 to
30kgN ha?).

Here, we studied the sensitivity of the outputsdgponse to a change in inputs associated to EOM
characteristics. We concluded that the TAN contéi@@M were the main parameter of interest when
considering crop growth and N losses. The ammarigtilization was also sensitive to applicationedat
and DM content of the EOMs. Variations of C contan€d\.rg content could however have impacts at
longer-term, e.g. on SOC content. A more sophigitglobal sensitivity analysis would give more
insight in the EOM characteristics interacting watdch other (Monod et al., 2006). Such analysis would
also benefit to investigate the interaction betwE€M characteristics and diverse soil and climate

conditions.

Compared to the literature, we concluded that STp@®ided a good representation of EOM. We
argued that STICS is able to simulate a crop aratiased on fertilization with EOMs, if the ammonia
volatilization model is changed. The main parangetkat should be assessed precisely are the TAN
contents of EOM applied during crop growth. The matization of EOM can be parametrized, but the
default values should lead to consistent simulati®ight differences between two similar EOMs may

not lead to different simulation outputs.

4.4.4 Using STICS to simulate cropping system with organic fertilization
STICS performance allowed comparing N fluxes incigdones not measured in the field experiment.
It included NO emissions during the whole cropping season,teitigaching, and the SOM storage.
The use of the simulation together with the fietgperiment strengthened our conclusion on the use of

digestates as fertilizers.

Compared to synthetic fertilizers, the use of EQlgréased the N content in the soil. This effect was
already highlighted (Bhogal et al., 2018). The 0BEOMs may also increase ammonia volatilization
depending of their TAN contents. Here, the nittateching was only increased due to the application
of EOMs just before wheat sowing, consistently ® findings of Sieling et al1097) The effects of
the use of EOM on YO emissions were contradictory. The importance @ Bmissions during summer

is crucial. EOMs can bring N to the soil during suenpand could lead to high.® emissions because
of high temperature and when the soil is moist ghotdowever, if the soil is too dry, the applicatio

of EOM in summer can have very low effect osCN\Nemissions. Indeed, soil moisture and temperature
are the two main drivers of280 emissions (Butterloé-Bahl et al., 2013). Both low (Parnaudeau et al.,
2009; Pezzolla et al., 2012) and high (Bell et2015, 2016) MO emission during summer after EOM

application have been reported in the literatuik this question could be further investigated.

The use of digestate instead of cattle effluerdsd@ed a higher TAN input, and therefore higherdsel

simultaneously to higher N losses (BJHN2O). This was consistent with the findings in therkture,
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although the different effects were often studigdependently (e.g., Méller, 2015; Méller and Mdller,
2012; Nicholson et al., 2017). The use of raw dagesinstead of liquid and solid digestates inazdas
the ammonia volatilization, although it was nothg@hulated. Raw digestates also induced lowertinpu

of organic matter in the field.

4.5 Conclusion

In this study, we calibrated and evaluated the STi8odel on a field experiment using organic
fertilizers and amendments, including cattle effliseand digestates. We investigated the role of the
parametrization of EOM mineralization submodule, #mel role of the choice of EOM volatilization
submodule. We showed that STICS performed reasonaddlyto predict plant yield and N content at
harvest, and SMN content. The choice of the pararagitn method for the EOM mineralization
submodule @i not affect the ability of STICS to simulate a dstent crop rotation, despite the fact that
the absolute value of the outputs can be impactbé. submodule of STICS predicting ammonia
volatilization from EOM underestimated volatilizati, especially for solid EOMs or raw digestates,
ALFAM2 model performed better (for liquid EOMs). Aasonable uncertainty on EOM characteristics
should not affect importantly STICS outputs. Furtbse of STICS should include the effect of using
digestates with different characteristics, at défe¢ doses, or on different crops. STICS could theis
used to estimate impacts that are difficult to meage.g. NO emissions, leaching, volatilization, C

storage) at a longer-term, especially with digestat which long-term experiments are still scarce.
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Chapitre 5
Evaluation du modéle de méthanisation
SYSS-OHWKD j OfDLGH GHV GRQQp
GTXQ PpWKDQLVHXU WUDLWDQ

Le Chapitre 4 a permis de montrer que le modélpkoite STICS, associé au modéle de volatilisation
ALFAM2, SRVVqQGH GHV FDSDFLWpV GHr®Wwhs XMW IOR Y pV KRIRF B QRXAV ISC
HQYLURQQHPHQWDOH GH SUDWVYHRXRMW D DKXKRRPETIWH H& R R PSSUDpF W
GH OD PpWKDQLVDWLRQ GpSHQGGEHNM VW IHW ¥ )G A KPS DRNG. VI plJ D O
impacts du traitement des déchets, au niveau glateforme de méthanisation. Le but de cette thése

HVW DLQVL GIpWXGLHU HQ TR O KW@V FE&X QCWHPIHVQHP B @ W5 GIHW LHT 1 O X
un effet sur la qualité agronomique des digestats/@ir des effets indirects sur les effets au gham

Pour atteindre ce but, un modéle de prédictioradgélité des digestats est nécessaire et doéragat

étre évalué. Dans ce Chapitre 5, nous présentonaagiele de méthanisation simple, SYS-Metha

(UR OPAALE, INRAE, Rennes), prédisant les carastigiies des digestats, les productions de biogaz,

HW OHV pPLVVLRQV JD]HXVHWORW GRXWWIRANDXIRQE HAVHGRLRE O H
méthaniseurdd RX]LOO\ &H &KDSLWUH HVW $REDWFEOEMNQR @ ¥ ARH® YWI IGT
pas vocation a étre publié. Le travail présentésdam chapitre a participé a un travail plus large
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Abstract

Farms equipped with anaerobic digestion benefihftioe production of digestates as organic fertifize
The physico-chemical characteristics of digestatisence both their fertilizing potential, as wek
their associated environmental risks. SYS-Metha $émple anaerobic digestion model that simulates
the biogas production, the gaseous emissions dstimgge, and the digestate characteristics from
operational data. The purpose of this study wavatuate the model on a territorial digester prsiogs
multiple agricultural and urban inputs. Operatiodalta were obtained from the managers of the
anaerobic digestion plant. We realized a mass balém@ssess the consistency of the dataset, and
selected an adequate period to evaluate SYS-Metiragdstationary functioning. A period of 56 weeks
was selected, with homogeneous inputs, biogas ptiodi hydraulic retention time (HRT), and
consistent analyses of the digestate. During dmgsthe export of digestate fitted the predicted
production of digestate from inputs and biogas patidn, with a slight overestimation of 12%. The
phase separation and storage were found consexvfativP and mineral matters. During this period
SYS-Metha consistently simulated flows of nutrieatsl digestate characteristics (relative erromnoft
lower than 20%). The simulated biogas productiors @E%6 higher than measured biogas consumption.
Slight adjustments in some input characteristidstéedecrease this overestimation, with a predicted
biogas production that was 41% higher than meadiogrhs consumption. The digestate characteristics
were simulated reasonably well. Considering itspéitity and assumptions, the simulation of the
anaerobic digester by SYS-Metha was considerediesessful. This work has been integrated in a
broader scientific publication aiming at evaluati®ByS-Metha in regards to twelve digesters. SYS-
Metha is a promising simple tool for further worlgng at evaluating the environmental performance

of anaerobic digestion.
Keywords

Anaerobic digestion; mass balance; storage; modeligestate; emissions.
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5.1 Introduction

On-farm anaerobic digestion is developing in Fralf@ms equipped with anaerobic digestion produce
energy and benefit from the production of digestase organic fertilizer. The physico-chemical
characteristics of digestate influence both itslfeing potential, as well as its associated eoninental
risks (Chapter 1, Chapt&). Moreover, anaerobic digestion is subject to bidgakage (Hrad et al.,
2015) as well as gaseous emissions during storbgeastes and digestates (e.g., £ N0, NH)
(Baldé et al., 2018, 2016; Daniel-Gromke et al120which influence the environmental performance
of anaerobic digestion (e.g., Hijazi et al., 20¥&neeckhaute et al., 2018). The modelling of dajest
characteristics and emission during storage coeldabrelevant tool to evaluate the environmental

impacts of anaerobic digestion.

During the last decades, the scientific communéyaioped a diversity of anaerobic digestion models
(Lauwers et al., 2013). Among them, ADM1 (Batstoh@le 20®) is a complex mechanistic model
ZKLFK KDV EHHQ WKH PRVW XWH® L QL XWAHHURKIVHOR\QWILAL ERRRRQV G
$'0 PRGHOV® WR LQFOXGH QHZWKH FEIEIMSAS ! Bl.F2013Y. An@ Majas H
issue of these mechanistic complex models is thd tedeeply characterize the inputs (Fisgativa. et
2018; Girault et al., 2012; Jimenez et al., 20liGtlal., 2021), and often to calibrate some patarse

of the model to consistently simulate the obsemdai (Donoso-Bravo et al., 2011). Other modelling
approaches included simpler mechanistic modelsdbardirst-order kinetics (Ericsson et al., 2020;
Linke et al., 2013; Muha et al., 2015), or the usdata based models such as artificial neural ndtwo
(Gonzalez-Fernandez et al., 2011). All those model® primarily used to predict biogas production
at a fine time scale in order to improve the digesprocess (Lauwers et al., 2013), to evaluatethe
digestion of diverse effluents (Mata-Alvarez et 2014), or to evaluate the benefits of the prettneat

of inputs (Esposito et al., 2012). Other simpleegiobic digestion models have also been developed t
easily predict the biogas production or the ecomalrionsequences of anaerobic digestion at the farm
level (Kythreotou et al., 2014). Such models oftaused on very specific types of plants or geodki@p
area, and they rarely consider environmental assads or quality of digestate (Kythreotou et al.,
2014).

With the increasing interest for the environmentfgrmance of anaerobic digestion, the anaerobic
digestion models were sometimes used to prediciptileitants or greenhouse gas emissions from
digestate during storage, or to predict the digestharacteristics. Ericsson et al. (2)20nke et al.
(2013) and Muha et al. (2015) used simple mechanistidels to predict methane emissions from raw
digestate storage. Vergote et aD19)modified ADML1 to predict biogas emission from digés during
and after digestion. They explored the impact afrhulic retention time (HRT), temperature, and
frequency of digestate removal on biogas emissthuring storage. To our knowledge, no model

predicting the gaseous emissions from solid digestdaginating from solid/liquid phase separati@s h
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been developed. Many composting models has beetogede which could sometimes predict gaseous
emissions (Walling et al., 2020). They could bepaed for the modelling of solid digestate storage.
Some authors focused on the prediction of digestaeacteristics. Although ADM1 was initially not
focusing on digestate quality (Lauwers et al., 30i®latile solid (VS) content, total ammoniacal
nitrogen (TAN) content, or pH can be predicted bme versions of ADM1 (Donoso-Bravo et al., 2020;
Gali et al., 2009), because they are linked todsqayoduction. More recently, Bareha et al. (20108) a
Fisgativa et al. (2020a) investigated the mineasilin of organic N during digestion. The predictan
the stable fraction of organic matter in digestate also been investigated, which could be uséukin
future to predict the digestate capacity at countiily to carbon storage in soils (Jimereal., 2015)
Finally, some other types of models were specificdédicated to provide information for life cycle
assessment (LCA) (Gentil et al.,, 2010). Among thé¢ine, ORWARE model aimed at predicting
environmental impacts of diverse waste treatmémttjding anaerobic digestion (Carlos-Pinedo et al.
2020; Dalemo et al., 1997; Eriksson et al., 2002xhSmodels consider a large spatial scale and is
relevant for environmental assessment, e.g. to ecangiifferent waste treatments. However, it redies
many hypothesis that are sometimes difficult tofyeand does not aim at exploring the effect of
different processson the environmental performance of anaerobicatige. ORWARE assumptions

are for example based on a single plant, based/@u&n (Eriksson et al., 2002)

SYS-Metha (Bareha et al., 2021b, 2021a) is a recdateloped anaerobic digestion model (continuous
stirred tank reactor, mesophilic conditions). Iba&sed on a mass balance approach, to predictshioga
production and digestate characteristics from a tevadatabase including physico-chemical
characteristics, potential biomethane producticsh l[drmineralization. The model aims to be a robust
tool to predict digestate characteristics, and @asemissions during storage using emission factors
The advantages of SYS-Metha compared to the prdyiqresented models are 1) the ability to
simulate different initial mixtures with a broad ste description, 2) the simplicity of its input daénd

3) the consideration of all major gas emissions {NEHs, CO,, N2O) during all steps of the process.
Therefore, it could be used for environmental asgesit, considering different initial mixtures used
anaerobic digestion. The aim of this study wasvadueate the ability of the SYS-Metha model to predic
digestate characteristics for an agricultural digiesvith large external inputs, using the operation
dataset from the plant manager. This work has loednded in a broader evaluation of SYS-Metha
model (Bareha et al., 2021b).
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5.2 Material and Methods

5.2.1 Description of SYS-Metha, mass balance model of anaerobic

digestion
The SYS-Metha model (Bareha et al., 2021a, 20213 ai predicting digestate characteristics, biogas
production, and gaseous emissions during digestatage, in an anaerobic digestion plant, baseal on
simple operational dataset. It is a mass balanaemdhe model assumes a stationary functionind, an
a wet mesophilic process. The data needed to rus-I8&tha model are the inputs of the digester
(masesof fresh weight), the hydraulic retention time (HRinformation on digestate phase separation
(screw press, centrifugation, or none), and almitcbver or not of liquid or raw digestate tankise T
model predicts the production 600, and CH in the biogas, the quantity of digestate produtiezltotal
solid (TS), VS, carbon (C}otal nitrogen (TN), and TAN contents in digestataisall steps (with or
without phase separation, before and after stoyageyell as gaseous emissions during storage,(NH
N20O, CQ, CH,). Briefly, it is constituted of 5 steps.

Step 1) All inputs have to be listed in an orgaméste database in which the characteristics oya@st

of inputs are described by their contents in TS, @STN, TAN. Each input is also characterized sy i
bio-methanogenic potential (BMP, in N@H, tTS?!) which represents the quantity of methane that
could be emitted, and the GKCH4+CQ,) volumetric ratio inside biogas produced during thigestion

of the input . Each input is also characterizedtdppparent nitrogen mineralized potential (ANMP, i
gN-NH4* kgTS?), which represents the quantity of organic N thatld be mineralized under
ammoniacal N form during input digestion. ANMP caless organic N mineralization, biomass growth
and biomass decay. BMP, GHCH,+CQ,) ratio, and ANMP are computed as described and dkfine

Bareha et al. (2018). Standard errors are assddiateach characteristics.

Step 2) For each input, Gldnd CQ production as well as organic N mineralization@mputed. Chl

production is computed as:
(equation.1) CHs =TS . BMP. PMRswp

where CH is the methane produced (RInTS is the quantity of total solid within the inpin the
digester (tITS). PMRup (potential mineralization rated obtained) is adawarying from 0 to 1.05 used

to adjust BMP in function of HRT, BMP, and TS andddents in inputs. PM&e is thus an increasing
empirical function of HRT (Bareha et al., 2021bpproduction is deduced from Glgroduction and
CH4:(CH4+CQ,) ratio. TN, water, mineral matter (MM) of each inpare conserved during digestion.
The C emitted as biogas is removed (mass balax&eis degraded with the same proportion as C. It
induces a slightly higher mass of outputs (digestedter and gas) compared to inputs, because the C
content inside the volatile solid is different ihet inputs and in the biogas. Additionally, the

mineralization of organic N is computed as:
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(equa'[IOI’BZ) Norg/&mmz Norg . ANMP%Norg . PMRANMP

Norgamm (tN) is the total mass of organic N mineralizetbiammoniacal N. b is the initial mass of
organic N from the input in the digester (tN). ANBARsis ANMP expressed in percentage of organic
N in the input. Like PMBvr, PMRanvp is a factor used to adjust ANMP in function of HRENMP,
and TAN and TN contents in inputs. PMIgpr is thus an increasing empirical function of HRT
(Bareha et al., 2021b).

Step 3) The bhiogas production is computed by sumrtia biogas produced by each input. The biogas
production can be used to predict the electric pafi¢he plant, assuming that the generator ru@®80

h yeart with an energy yield of 0.38 (kW electricity per ki¥ primary energy). The raw digestate
production is computed by mass balance, summinglémaents brought by each input, considering the
mass loss in biogas. There is no interactions balee inputs. The TS, VS, C, TN, and TAN contents
in raw digestate are also computed by mass balatmesidering inputs characteristics, biogas

production, and mineralization of organic N.

Step 4) After phase separation, the characteristnts quantities of solid and liquid digestates are
computed using separation efficiency ratio for egleiment (fresh weight (FW), TS, VS, C, TN, TAN).

These ratios come from (Guilayn et al., 2019b).selseparation is conservative for all elements.

Step 5) During digestate storage, the simulatedgages are the anaerobic and aerobic degradation of
organic matter that emit G@nd CH (solid, liquid, and raw digestates), the organirabf ammoniacal

N that affect TAN:TN ratio and emit Nand NO from solid digestate, and the volatilization dfiN
from solid, liquid, and raw digestates. Storagadglelled using degradation ratios and gaseous iemiss
factors, described in Tabtel. Considering solid digestate, organic matteresomnposed, leading to a
decrease of TS, VS, and C contents. 1% of theQdstemitted under CHform, the other part being
COQ.. Part of the TN is also lost through emissiondlafN.O, NHs. 51% of TAN is lost or organized:
26% is emitted under NdHorm, 8% is emitted under the® form, and the last part (17%) is organized
or lost under other forms such as. NConsidering liquid and raw digestate, organicterais also
decomposed, leading to a decrease of TS, VS, atwhténts. The emission factors were similar with
or without storage cover. The lost C was emittedenrCH, and CQ forms, with the same ratio as the
one found in the digester. The Blkolatilization depends on the presence of stocayer. Organic N
was conserved, N organization, N mineralizatiom, atmer N emissions, including:®, were assumed
to be null. For solid, liquid, and raw digestatesal mass of digestate is deduced from initial sreasd

losses.

SYS-Metha provides uncertainties associated to eatguts, coming from the uncertainties of wastes

characteristics.
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Table 5.1 +Degradation ratios and gaseous emission factomdui® SYS-Metha to simulate the
digestate transformation during storage.

Reference Liquid digestate Raw digestate Solid digestate
Water loss (kgkO kgH.O?) 0 0 0

TS loss (kgTS kgT9y 0.08 0.05 0.22

TN loss (kgTN kgTNE) equal to NH emission equal to NH emission 0.09

TAN loss (kgTAN kgTAN) equal to NH emission equal to NH emission 0.51

VS loss (kgVS kgVS) 0.13 0.07 0.30

C loss (kgC kg@) 0.15 0.08 0.34
NHzemissions (with cover) 9% 7% 26%
(% initial TAN)

NHsemissions (without cover) 44% 36% 26%
(% initial TAN)

N2O emissions 0 0 8%

(% initial TAN)

CHs emissions Similar proportion of Similar proportion of 1% Goss

Cissas in the biogas  Ciessas in the biogas

TS: total solid. TN: total N. TAN: total ammoniaddl VS: volatile solid.

5.2.2 Case study: an agricultural digester with high external inputs
The present case study is based on an agricustnealrobic digester located in the Centkéal de Loire
region of France. A continuous wet mesophilic psscgontinuous stirred-tank react@’performed,
with one main digester (1600°jrand one post digester (70@)nirhe digester has the capacity to treat
12,000 t of waste per year. However, recentlynlydreated 7,500 t of wastes per yearnsisting in
cattle slurry (11%), cattle, sheep, and horse men(i7%), sewage sludge (29%), agroindustrial \saste
(18%), grease (8%), and cereal middlings (8%). fEmeaining inputs consisted in site water runoff
(9%) and other wastes (e.g. grass silage, bee}.pli@ biogas is used to produce electricity with a
combined heat and power unit. For this study, gtention timewas 100 days. The raw digestate is
post-treated by phase separation using a screw.prhe liquid phase is stored in an open lagoa, th
solid phase is stored outdoor, for about six manthey were sampled during their application in the

field. We sampled the raw digestate immediatelyraténg out of the post-digester (no storage).
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We interviewed the managers of the digester in otdeacquire operational management data. The
following dataset used in this study was obtaineanf 2017 to 2019: biogas consumption (volume
proportion of CH and CG, on a weekly time step), digester inputs (weekletstep), digestate exports
(mass of solid and liquid digestates a weekly time step). From 2017 to 2019, digestatere sampled
and analyzed regularly. Overall, the raw digestets analyzed on 7 dates (22 March 2017, 19 April
2017, 21 March 2018, 2 August 2017, 11 January 209%ebruary 2019, 12 March 2019), liquid
digestate on 7 dates (8 February 2017, 22 March, 2@ &pril 2017, 21 March 2018, 11 January 2019,
19 February 2019, 12 March 2019), solid digestate<! alates (8 February 2017, 2 August 2017,
19 September 2019, 11 January 2019). The followirgestate characteristics were analyzed in a
specialized laboratory (Aurea, Ardon, France): TN, TAN, VS, P, and K contents. C content was
assumed equal to half of VS content. Mineral maifieidl) were computed as the difference between
TS and VS. Those analysis included the one fromp@@na3 and additional analyses given by the

managers of the anaerobic digester and the farm.

5.2.3 Investigating periods of stationary functioning of the digester from

operational data to evaluate the model
As described in sectidh.2.1, SYS-Metha assumed a stationary functioningefdigester. Therefore,
a consistent period of time had to be found, durifgcl this assumption is probable, to correctly
evaluate the model. First, we identified candigeggods by analyzing the following variables: weekl
mass inputs, weekly biogaz production &h@T. We identified candidate periods, where those three
variables were as constant as possible. Moreovwergdahdidate periods had to be positioned between
two exports of liquid digestate. Indeed, liquid eitptewas stored continuously without indication on
production rate, until spreading period, which aoed twice, or three times a year. Af@espreading
period we assume that the lagoon is close to empty. @agraption enabled to assess absolute mass
of liquid phase digestate production. The solidgehaf digestate is exported regularly every twoksee
thus no constraints were needed to assess itste{®F (days) was computed every four weeks with

the equation:

(equations.3) *46L- Ly L1&®eC
é @R a
where V is the volume of digester and post-digegdter 1600 + 700 rh= 2300 ni), F is the input flux
(md* oW LV WKH FRQVLGHUHG SHWIRE KHUW WIKH RJPAMMRNIVL Q S X W
WKH WLPKH@ ! LV WKH PHDQ GHQVLWPHG MERSXW VHT2HKOE KW RV ZDW

=1 &w m'3).

5.2.4 Mass balance of the digester based on the operational dataset
We realized a mass balance of the digestion steasiatreatment step during the candidate periods,

in order to select the period with the most coesisbperational data for SYS-Metha evaluation. Dyirin
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the digestion step, due to the diversity of ing@t denominations) and the lack of chemical analyse
of inputs, only the fresh weight mass balance wesessed. This step was useful to evaluate the
consistency of inputs, biogas production, and dajesexports. We evaluated the production of raw

digestate both from the inputs and the outputs:
(equatior5.4) | E4L | aze | 60200
(equatiors.5) | 8SSL | as,E 1,

Where | £4js the mass of raw digestate estimated from infiatsof fresh weightRw), | %Ss the
mass of raw digestate estimated from outputs (tFdputs Moiogas Mip, Msp are the mass afputs,
biogas, exported liquid digestate, and exporteid slijestate, respectively (tFW)pidgaswas estimated
from the consumed volume of gas using the idealayasWe assumed that biogas was only constituted

by CG and CH, and that all biogas was consumed:

. E®A&, ®: E®4L& ®Ia
(equation5.6) | guaubad vip E lue L E®9!'5@ 0 E YT

where P is the gas pressure in normal conditioa. (£01325 Pa), R in the molar gas constant

(c.a. 8.314 J K mot?), T is the temperature in normal conditions (283K, / ., 4and / ,, gare the
molar masses (g mé)l of CHs ad CQ, respectively, andg,, gand 8, care the consumed volume (Rm

of CHs and CQ, respectively.

We used the analyses of digestates to verify thsis@mmcy of TS, VS, C, MM, TN, TAN, P, and K
mass balances during post-treatment (phase sepeeatil storage), and to evaluate the consistency of
these analyses. For both candidate periods, digestgere assumed to have constant average physico-
chemical characteristics, computed as the avetagmcteristics of digestates analysis realizedhduri
each period. It was a moderate assumption, beckgisstate characteristics were globally homogenous
during the three years (Chapter 3, data not shawe)used the mass balance approach described by
Guilayn et al. 201%). First, we computed the ratio of liquid fractiafter phase separation @rwith

the following equation :

(equatiorb.7) 44, Laa—v

AA >y,

Where mr and mr are the massof the exported liquid and solid digestates, respely (tFW). This
equation assumed that the exported liquid and dtiligstates correspond to the same period of

production. The ratio of solid fraction is compused
(equatiorb.8) 4, L s F 4,
It was then possible to estimate errors in mass hlisioin (Errofmp) on an element X, which was the

excess (Erraip > 0) or deficit (Errovio < 0) of the element X found in post-treated digestéselid and
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liquid), compared to raw digestate. It was expressparcentage of the flow of element X in the raw

digestate. We computed Ergerwith equatiorb.9:

Ei. ®@>N3E, ®>H.2
e Fs

(equatiorb.9) "N N kML

where [Xkr [X]ir, and [Xkr were the content of element X (kgX tR)Vin solid, liquid, and raw
fractions, respectively. The following elements avarvestigated: DM, VS, C, MM, TN, TAN, P, and

K. Theoretically, the perfect conservation of aangént during phase separation and storage would
induced a null Erraup. Guilayn et al. (2019b) considered that Ewgotower than 10% were small and
indicated a conservative mass balance. Here, walynatrified the conservation of MM, P, and K to
assess the quality of digestate analysis, bechose lements should not be degraded or lost during

phase separation and storage.

The interpretation of the mass balances at botbstiign and post-treatment steps enabled the salecti

of a single study period, during which we evalugd&5-Metha.

5.2.5 Evaluation of the SYS-Metha model to simulate biogas production,

digestate production, and digestate characteristics

To evaluate SYS-Metha, the operational data (inphitsgas production, digestate export, digestate
analyses) were restrained to only one study peBedause they were not present in thes3Métha
database, some waste inputs had to be groupeckimsitiulation. Thus, 15 types of inputs were
considered in the model: mixed liquid sludge (38%nputs, included liquid sewage urban sludge and
some liquid effluent from agro-industry), cattleirsyy (11%), waste from cereal storage (9%), solid
secondary sewage sludge (8%), ovine manure (8%t o@anure (7%), grease (7%, included solid and
liquid grease), brown water (6%), equine manure)(3yr@ass silage (2%), whey permeate (1%), corn
silage, vegetable wastes, cattle feed waste, rasteyeast production (<1% each). The absolute mass
of inputs were proportionally adjusted from operaél data to correspond to one year of functioning.

HRT was set to 100 days, as indicated by managers.

We first ran the model using the model databasdyouttany calibration step. We then evaluated a
second version of the model, called adjusted mddedetermine if adjustment of the waste
characteristics enabled to improve model perforraandn the adjusted model, we performed the

following changes:

The DM content of cattle slurry was adjusted from @%%, based on measured data. VS, C,
TN, TAN content, expressed in g kg¥Semained unchanged, as well as BMP, ANMP, and
CH4:CO; ratio in biogas.

Based on data collected from the managers, DM cbaofegrease were also adjusted from 36%
to 17%, similarly to slurry. The BMP of the greasaswadjusted, from 975 NmTS? to 359
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Nme tTS™ Indeed, the grease included in the database & gaase, whereas the input greases
were a mix of liquid and solid ones.

The CH;:(CH4+CGQO,) volumetric ratio of the waste from cereal storages adjusted from 58%

to 45%, which corresponded to the ratio from otegeal residues in the database. To conserve
the C degradation from the cereal wastes, we atjutst BMP from 450 NftTS? to 350 Nnd
tTSL. This last value was more consistent with the BNialyzed by the managers of the
anaerobic digester for one of the main type ofaenaste (c.a. 300 NiTS?). Indeed, the
correspondence between real cereal wastes inpdtseasal waste described in the database
was uncertain. Moreover, this waste produced hathethane from the digester, being a very

sensitive waste that had to be calibrated to olstaionsistent biogas composition.

The following outputs were compared to operatialah: raw digestate characteristics before storage,
liquid and solid digestate characteristics afterage, total fluxes of FW, DM, VS, C, TN, and TAN
exported from the digester, biogas production dedtiécal power of the cogeneration facility. We

evaluated the model by computing, for each variablaterest, the model error and relative error:

(equation5.10) ANNKN L 5 F 1
(equation5.11) NAH=PERA ANNKN L

where S is the simulated value, and O the obserakrb.

5.3 Results

5.3.1 Operational data: assessment of data consistency and selection of

study period
In 2017 and early 2018, we observed some variatwinsnputs, biogas production, and HRT
(Figure5.1). Two candidate periods were selected. The brs¢ strictly respected the stationary
conditions; it lasted fror@4™ of December 2018 td"™of April 2019 (15 weeks). The number of analyses
during that period were 2 for liquid digestate ot $olid digestate, and 2 for raw digestate. Tioese
candidate period lasted frad@" of August 2018 td 5" of September 2019 (56 weeks). It respected less
strictly the stationary functioning; however, itegrated a longer period and more digestate arslyse

(3 for liquid phase, 2 for solid phase, and 3 &w digestates).

Despite the variation of inputs mass and biogadymtion, the proportions of the different categsrie
of inputs were homogeneous during the three yeatata (not shown) and the digestate characteristics

did not vary extensively (Table 5.2
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Figure5.1 Investigation of period of stationary functionarging operational data from the digester.
The 15-weeks candidate period (dark grey) and 5éks/eandidate period (light grey) were indicated
in each subfigure. A) Weekly inputs in the digef2etted line represented the moving average aftsp
along the 13 weeks. B) Weekly biogas consumgdiiotied line represented the moving average of
biogas consumption along the 13 weeks. C) HRT, ectedevery 28 days. D) Exports of liquid digestate
(fresh weight). E) Exports of solid digestatesgffreveight).
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Table5.2 tDigestate characteristics during the three yeansd during the two candidate periods.
Variation coefficient are indicated between brask&tS, TAN, TN, P, and K content are given inrg pe
kg of fresh weight.

Number of DM VS TAN TN P K
Period Digestate analyses  (%FW) (gkg') (gkg?d (gkg? (gkg?) (gkg™?
15 weeks raw 2 6.1 43 3.0 4.5 0.8 4.0
(1%) (<1%) (38%) (3%) (1%) (7%)
liquid 2 47 29 2.2 44 0.8 3.7
(7%) (B%)  (14%) (6%) (22%) (21%)
solid 1 19 152 0.8 6.1 2.8 3.4
56 weeks raw 3 6.6 46 3.0 4.8 0.9 4.1
(14%) (11%) (28%) (13%)  (26%) (8%)
liquid 3 4.7 29 2.2 44 0.8 3.7
(7%) (3%) (14%) (6%) (2%) (21%)
solid 2 21 174 13 6.6 2.8 3.3
(15%) (17%) (54%) (9%) (3%) (5%)
3years raw 7 6.6 45 26 4.6 1.0 3.6
(9%)  (9%)  (25%) (11%)  (17%) (21%)
liquid 7 48 29 22 44 0.9 3.4
(20%) (17%) (14%) (13%) (32%) (26%)
solid 4 24 203 1.1 6.4 2.5 3.3
(20%) (24%) (57%)  (6%) (12%) (17%)
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Table5.3 +Mass balance during the two candidate digestiamiopls.

15weeks period

56 weeks period

minputs (tFW) 2488 8105
mbiogas(t) 207 755
| ¥ 3FW) 2281 7330
Mo (tFW) 2040 7490
msp (tFW) 261 772
| 2SRFW) 2301 8262
Mass balance errdt) 20 932
| EGF 129°
Relative mass balance error (%)
| EEF 1258 -1% -12%

Uag | ae
| g4E 125°

FW: fresh weight. LD: liquid digestate. RD: raw éggate. SD: solid digestate

Table5.4 +Errors in mass distribution (Erreio, %) during phase separation, for each elementufes

are reported as the mean * one standard error. bgrihe 15-week period, uncertainties were

unavailable (not enough digestate analysis).

Period

15 weeks 56 weeks
TS 4.2 -5.0+8.6
VS 0.6 -7.1+8.8
MM 13.1 0.4 +10.2
TN 4.1 -3.6 +10.6
TAN -34.0 -31.2+14.9
P 27.2 47+14.0
K -7.8 -11.9+11.8
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The fresh mass balance was perfectly closed duhagl5-weeks period (Table 5.3). During the
56 weeks period, there was more export of digesthgspredicted from inputs and biogas production.
The order of magnitude of the difference was 128 possible variations of stocks of digestatesimsi
the lagoon or the digester between the beginnidglamend of the period could explain the diffeeenc

The ratio of liquid fraction R was similar when considering both periods, and &&86 for the
15weeks period, and 0.907 for the 56 weeks periadorg& in mass distribution are indiedtin
Table 5.4. Because the number of analysis were Ewgrnyp was associated to high uncertainties.
During the 56-week period, MM and P balances wepsecko 0: those two elements were probably
better conserved during phase separation and stofais result indicated a good consistency between
raw digestates and liquid and solid digestatesyaiglln that regard, the mass balance based on the
15week period was of lower quality, with high suplof MM and P, without estimated uncertainty.
DM, VS, TN, and K were conserved for both candidaseods. We observed a loss of TAN, which
could be explained by N organization, or gaseolmsses (NH, N.O, N).

Because of the good conservation of P and MM dysimgse separation and storage (Table 5.4), and
despite larger error in fresh mass balance duriggstion (that remained reasonable) (Table 5.8), th
56-week period was selected to evaluate SYS-MethanBtinis period the mean HRT was 115, which
was consistent with the value of 100 days usedria-Sletha. The characteristics of digestates used for

SYS-Metha evaluation were the average of the cheniatics measures during the 56-week period.

5.3.2 Evaluation of SYS-Metha: fresh mass balance, nutrient flows, and

digestate characteristics
The model was evaluated on the 56-week period sithalated organic load rate was 1.8 kgVS8 dt
in the unadjusted model, and 1.6 kgVS®rd! in the adjusted model. The unadjusted model
overestimated by 61% the biogas production (43THg proportion of Chlinside biogas was also
overestimated. The adjusted model still overesthdhe biogas production by 40%, however the

proportion of CH in biogas was better simulated.

The simulated amount of produced raw digestate werlk estimated (Table 5.5). The simulated
amounts of exported liquid and solid digestatesswerderestimated from 12% to 15% for each phase
(adjusted and unadjusted model), compared to obdeatata (Table 5.5). This error was in the same

order of magnitude as the mass balance error sh freight (Table 5.3).

The mass of outputs (raw digestate and biogas)eeeceinputs by 203 tFW (2.7% of inputs) and
221tFW (2.9% of inputs) for adjusted and unadjustediehorespectively (Table 5.5). This was in the
same order of magnitude as model uncertainty. Aliegrto model hypothesis, the mass of gas was

correct, and the surplus mass was located in testiite.
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Regarding total element flow$S, VS, andTN were predicted with a correct accuracy of less @@

error for both phases by the unadjusted model €raldl). This error was comparable to the coeffisien
of variation of EOM characteristics (Chapter 3). Thimeral matter was overestimated. Total TAN
flows were well simulated in liquid digestate, aoderestimated by 36% in solid digestate: this
overestimation was low in absolute value, and ndtrgportant regarding model uncertainty. Adjusted

model showed similar performance. However, TN floas underestimated by 24% in the liquid phase.

Considering unadjusted model, for raw digestate, S TN, and TAN contents were overestimated
by 25% to 30% (Table 5.7). However, it was consistegarding model uncertainties. The simulated
C:VS ratio of the digestates was greater than ssuraption (C:VS = 0.5). As a results, GJ¥atio was
slightly overestimated. However, we did not meagheereal C content in digestates and we cannot
conclude if this is an error of the model or oumoagsumption. TAN:TN ratio was well simulated. The
performance of the unadjusted model to simulatédigigestate was similar to the one of raw digesta
TN and TAN contents in liquid digestate were wetidelled. Considering solid digestate, TS, and VS
contents were well modelled (relative errors be®8@). TN content was slightly overestimated by 19%,
which was consistent with model uncertainty. TANhtemt was highly overestimated, causing the

overestimation of TAN: TN contents.

The adjusted model simulated the digestate chaistate with similar performance compared to
unadjusted model (Table 5.7). As a result of therekese in the BMP of some wastes, the overestimation
of TS, and VS contents in raw and liquid digestateeased. The TS and VS contents in raw and liquid
digestate were inside the range of uncertaintigbeimodel. Those results illustrated the diffiguti
adjust biogas production without affecting digestattaracteristics, in a context where informatian o

inputs is limited.

Globally, the model had a good performance to saeuN content, a medium performance to simulate

TS and VS content in digestates.
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Table 5.5 +Observed and simulated fresh mass flows duringStheveek period: inputs, digestates, and biogasugited variables are indicated as:
mean * uncertainty. Relative errors (RE) are ind@hon the second line, in percentage of obseratal d

Type Inouts Biogas CH; in CO; in Raw digestate, befor Liquid digestate, Solid digestate. All digestates,
(tlfW ant) (tFVg\J/ ant) biogas biogas post-treatment export export export
(1°Nm®) (10®°Nmd®) (tFW an?) (tFW an?) (tFW an') (tFW ant)

Measure 7547 722 287 274 6825 6974 719 768
Unadjusted model 7546 1161 +121 617+60 367+58 6588 + 131 5899 + 178 619 £+ 60 6518 + 239
RE 61% 115% 34% -3% -15% -15% -15%
Adjusted mode 7547 1021+90 396+43 376+43 6747 £ 20O 6041 + B3 633+ 55 6673+ 218
REI 41% 38% 37% -1% -13% -12% -13%
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Table 56 +Measured and simulated nutrient and mass flowsligestates during the 56-week period, expressetd bserved values are indicated
as mean = standard error: standard errors were ded from digestate characteristics, no error colbddestimated on fresh mass flows. Simulated valges
reported as simulation results + uncertainty. Risfaterrors (RE) are indicated on the second limgpércentage of observed data.

Digestate Type Freshmass TS VS MM TN TAN

Liquid digestate measure 6974 325 +£13 204 £11 121 +8 31+3 15+1
unadjusted model 5899 + 178 352 £ 89 202 £70 151 25+5 13+£3
RE -15% 8% -1% 25% -20% -14%
adjusted model 6040 £ 163 371+ 82 222 + 64 149 24+5 12+3
RE -13% 14% 9% 23% -24% -17%

Solid digestate measure 719 154 £18 125 +15 29+ 4 4.7 +0.6 0.9+0.3
unadjusted model 619 + 60 141 + 36 99 + 35 41 48+1.1 1.3+£0.3
RE -14% -9% -20% 42% 2% 36%
adjusted model 633 £ 55 148 + 33 109 + 31 39 46+1.0 1.2+£0.3
RE -12% -4% -12% 33% -2% 31%
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Table5.7 Simulated characteristics of digestates during3Beweek period, on a fresh weight basis (simutat@sult £ uncertainty)Observed values are

indicated as mean * standard error. Relative err(RE) are indicated in percentage of observed data.

Digestate Type TS VS C :VSratio TN TAN C:Nog ratio TAN:TN ratio
(%FW) (9 kgFW) (g kgFW?) (g kgFW?)

Raw digestate  observed 6.6 0.5 46+ 3 48+04 3.0+£05 1317 0.62+£0.11
unadjusted model 8.6 + 2.1 57 +19 0.62 6.1+0.3 39+1.0 16 0.64 £0.16
RE 30% 23% 26% 29% 25% 2%
adjusted model 8.8+1.9 61+17 0.64 57+0.3 3.7+£0.8 19 0.64 £0.16
RE 34% 32% 18% 22% 49% 3%

Liquid digestate observed 47+0.2 29+04 44+0.2 22+0.2 611 0.48 £ 0.05
unadjusted model 6.0 + 1.5 34+12 0.61 42+0.9 22+05 10 0.52+£0.18
RE 28% 17% -6% 2% 63% 8%
adjusted model 6.1+1.4 37+11 0.62 3.9+0.8 21+05 12 0.53+0.17
RE 32% 25% -12% -4% 93% 9%

Solid digestate observed 21+2 174+ 21 6.6+0.4 1.3+05 162 0.20+0.6
unadjusted model 23 + 6.2 161 + 58 0.59 7.8+2 2005 16 0.26 £0.13
RE 6% -8% 19% 58% -1% 33%
adjusted model 23 +5.6 173 £ 52 0.60 732 19+£05 19 0.26 £0.11
RE 9% -1% 11% 49% 17% 34%
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5.3.3 Modelling gaseous emission during storage
The gaseous emissions during storage are indidatd8dble 5.8. CH: and NH emissions mostly
occurred during storage of liquid digestate. JCéinissions during storage of liquid digestate
corresponded to 4% to 6% of the produced biometf@neadjusted and adjusted model, respectively.
Gaseous emissions were similar for unadjusted dpgsted models. Without phase separation, the

storage of raw digestate would emit 11 t&Hand 9 t NH-N.

The used emission factors for hEnd NO relatively to initial TAN are displayed in Tab%l. For
solid digestate, the emission of Bldnd NO were 13% and 4% of initial total N before storage

respectively (adjusted model).

Table 5.8 +Simulated gaseous emissions during storage

Liquid digestate Solid digestate

CH4(tC) NHs(tN)  N2O(tN) CHs(tC)  NHs(tN) N20O (tN)
Unadjusted mode 14 +27 10+3 0 0.2+01 0.7+03 0.20+£0.10
Adjusted model 13 +19 102 0 0.3+01 0.6+x03 0.20+0.09

5.4 Discussion

5.4.1 Mass balances of anaerobic digesters
Several studies realizealmass balance during anaerobic digestion, to asigsster performance
(Banks et al., 2011; Chen et al., 2014; Pognaali £2012; Schievano et al., 2011), or to evalatatevite
precipitation (Marti et al., 2008). The mass balarmecerned fresh matter, but also TS, VS, C, K,P,
or even Mg, often with a few number of well charaeed inpus (Banks et al., 2011; Marti et al., 2008).
Here, due to missing information about the inpwis,were only able to evaluate a fresh mass balance
during digestion. The fresh weight mass balancerebtained in this study was similar to the one
reported in other studies (Banks et al., 2011;amio et al., 2011).

5.4.2 Performances of SYS-Metha compared to other anaerobic digestion

models
Bareha et al. (2021b) evaluated the SYS-Metha monlaleveral pilot-scale and real-scale digesters
They found on average good agreements between medaduogas production and digestate
characteristics, wittfrequal to 0.76, 0.92, 0.91, 0.72, and 0.78, foetr@uation of TS, VS, C, TN and
TAN contents, respectively, with absolute bias Iottan 10%. This chapter aimed at investigating the
evaluation of SYS-Metha model on a single anaerdigester, with numerous poorly characterized

inputs Thus, the results are much less powerful than #éidation across several digesters
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